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Anotacija

Promocijas darba “Magnétiskas rezonanses enterografija (MRE) Krona slimibas
diagnosticéSana, izmantojot diftizijas uzsverto att€lu ar kermena fona signala nomakSanas
(diffusion-weighted imaging with background body signal suppression — DWIBS) sekvenci”,
tiek apskatita Krona slimibas (KS) diagnosticésana un terminala ileita aktivitates novértéSana,
izmantojot uzsverto att€lu ar kermena fona signala nomaksanas (DWIBS) sekvenci.

Darba merkis bija izvérteét DWIBS sekvences iespgjamas prieksrocibas Krona slimibas
magnétiskas rezonanses diagnostika bez iepriek$€jas pacienta zarnu trakta sagatavoSanas un
ileum terminalaja cilpa lokalizétas KS aktivitates noteik$ana. Darba ir icklauti dati, kas iegiti
no 106 piecaugusiem pacientiem bez kliniskam, laboratoriskam un radiologiskam iekaisigas
zarnu slimibas pazimém, ka arT no 5 pieaugusSiem pacientiem un 12 b&rniem ar pieraditu ileum
terminalaja cilpa lokalizétu KS.

Darba analizéti 1idz $im nepietickami pétitie difuzijas uzsvérto attélu (Diffusion-
Weighted Imaging — DWI) aspekti — diftizijas ierobezojuma kvantitativs novértéjums zarnu
sieninas bez iepriek$gjas tievo un resno zarnu sagatavosanas, ka art KS skartas zarnas sieninu
difuzijas ierobezojuma kvantitativa noteikSana, izmantojot Skietamo difuziju koeficientu
(Apparent diffusion coefficient — ADC). P&tijuma mérkis bija novértét DWIBS sekvences
iesp&jamas priekSrocibas un ieguvumus, izmantojot neselektivo tauku signala nomaksanas
tehniku STIR (Short T1 inversion recovery — inversijas atjaunoSanas ar Tsu T1 laiku), to
salidzinot ar klasisko DWI sekvenci ar selektivo tauku slapésanas tehnologiju SPIR (Spectral
pre-saturation with inversion recovery — spektrala piesatinasana ar inversijas atjauno$anos).

Petijuma klasiskajai DWI sekvencei ar selektivo SPIR tehniku salidzinajuma ar DWIBS
sekvenci tika konstatéti statistiski nozimigi labaki rezultati. Rezultati paradija, ka, neraugoties
uz uzlabotu izskirtsp&ju un kvalitativi labaku iekaisigi izmainito zonu att€lojumu, DWIBS
sekvence nav piemérota ne kvantitativai KS diagnosticéSanai bez pacienta iepriek$&jas
sagatavoSanas, ne slimibas aktivitates izvertejumam. P&tijuma ari tika konstatets, ka arl
klasiskas DWI sekvences ADC vértibu mérijumi nav pieméroti KS kvantitativai izvértéSanai
pacientiem bez iepriek$€jas zarnu trakta sagatavoSanas ar hiperosmolaru peroralu kontrastvielu.

P&tijuma ietvaros tika izstradati ieteikumi par DWI sekvencu tauku supresijas tehnikas
izveli ileum terminalaja cilpa lokaliz&tas KS aktivitates izvérteSana, ka ar1 par ADC mérjjumu
piemérotibu KS kvantitativai diagnostikai, veicot MRE izmekl&jumus bez iepriek$&jas pacienta

zarnu trakta sagatavosanas.



Annotation

The Doctoral Thesis “Magnetic resonance enterography in diagnosis of Crohn’s disease
using diffusion-weighted imaging with background body signal suppression (DWIBS)
sequence” deals with diagnosis of terminal ileitis and evaluation of activity using the DWIBS
sequence.

The aim of the Thesis is to evaluate possible advantages of DWIBS sequences in
diagnosis of Crohn’s Disease (CD), without prior preparation of the bowel and evaluation of
the activity of CD localised in the terminal ileum. The Thesis includes data gathered from 106
adult patients without any clinical, laboratory-based or radiological evidence of the
inflammatory bowel disease, as well as 5 adult patients and 12 children with proven CD
localised in the terminal ileum.

The dissertation analyses the hitherto insufficiently studied aspects of diffusion-
weighted imaging (DWI) (quantitative evaluation of diffusion restriction in bowel walls of
patients without prior preparation of small and large intestines), as well as the application of
quantitative evaluation of diffusion restriction in CD using apparent diffusion coefficients
(ADC). The scope of the research was to estimate potential advantages and benefits of the
DWIBS sequence using the non-selective fat suppression technique STIR (inversion recovery
with a short T1 time) over the conventional DWI sequence with the spectrally selective fat
suppression technique SPIR (spectral pre-saturation with inversion recovery).

The study found that the performance of the DWIBS sequence statistically significantly
lags behind the conventional DWI sequence with the spectrally selective SPIR fat signal
suppression technique. The results showed that despite improved resolution and qualitatively
better representation of inflamed areas, the DWIBS sequence is not reliable for both quantitative
diagnosis of CD without prior preparation of the patient and evaluation of disease activity using
ADC measurements.

Within the framework of the research, recommendations have been developed on the
choice of fat suppression technique for DWI sequences for evaluating activity of Crohn’s
disease, located in the terminal ileum, as well as on the suitability of ADC measurements for
quantitative diagnosis of CD by MRE without prior preparation of the patient's intestinal tract.
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Abbreviations

ADC — Apparent diffusion coefficient

ADC-DWIBS — ADC based on DWIBS fat suppression technique

CA — Contrast agent

CD — Crohn’s disease

CDEIS — Crohn’s disease endoscopic index of severity

CHESS — (Chemical shift selective fat suppression)

CI — Confidence interval

CNR - Contrast-to-noise ratio

DWI - Diffusion-weighted imaging

DWIspir — DWI with SPIR fat suppression technique

ADC-DWIspir — ADC based on DWlspir

ADC-DWIBS — ADC based on DWIBS

DWI-MaRIA — Magnetic resonance index of activity based on DWI

DWIBS - Diffusion-weighted imaging with background body signal suppression
ECCO — European Chron’s and Colitis Organisation

ESGAR — European Society of Gastrointestinal and Abdominal Radiologists
Gd — Gadolinium

IBD — Inflammatory bowel disease

IR — Inversion recovery

1/v — intravenous

MaRIA — Magnetic resonance index of activity

MR — Magnetic resonance

MRE — Magnetic resonance enterography

MRI — Magnetic resonance imaging

RCE — Relative contrast enhancement

RF — Radiofrequency

ROI — Region of interest

SD — Standard deviation

SD-postGd — Standard deviation in the T1 weighted images after gadolinium contrast
administration

SD-preGd — Standard deviation in the T1 weighted images before gadolinium contrast
administration

SI — Signal intensity



SNR — Signal-to-noise ratio

SPAIR — Spectral attenuated inversion recovery

SPIR — Spectral pre-saturation with inversion recovery

STIR — short T1 inversion recovery

TI — Inversion time

WSI — Wall signal intensity

WSI-postGd — Wall signal intensity after gadolinium contrast administration

WSI-preGd — Wall signal intensity before gadolinium contrast administration



Introduction

Topicality, novelty and practical implications of the study

Crohn’s disease (CD) is a chronic idiopathic inflammatory bowel disease which can
affect any part of the digestive tract, and is characterised by unpredictable periods of
exacerbation and remission (Gajendran et al., 2018). Globally, the incidence of CD has
increased markedly in both paediatric and adult patients over the past 50 years (Molodecky et
al., 2012; Barnes and Kappelman, 2018). Although mortality from CD is relatively low, several
manifestations of CD, such as chronic inflammation, fistulae, stricture, and abscess formation,
impair patients’ quality of life. As a result of CD progression, up to 80 % of cases require
surgical resection of the inflamed intestinal zone, and in more than 10 % of cases a stoma is
required (Cosnes et al., 2011). The progression of CD can be prevented only by an active
therapeutic approach (Dulai et al., 2015; Torres et al., 2020), based on both timely primary
diagnosis of the pathology and dynamic follow-up. Today, there is still no common “gold
standard” in diagnosis of inflammatory bowel disease (IBD), and CD is diagnosed by
combining endoscopic, histological, radiological examinations and/or laboratory tests (Panes et
al., 2013; Tontini et al., 2015).

In diagnosis of CD, the method of choice is videocolonoscopy with morphological
analysis of tissue specimen. However, its initial diagnosis and follow-up can be complicated,
as this method allows visualisation of only a limited part of the small intestine and selective
evaluation of mucosa. With the help of video capsule endoscopy in the case of non-obstructive
mucosa CD, the entire length of the small intestine can be assessed (Wang et al., 2013);
however, this method does not allow obtaining tissue samples for morphological analysis.
Relying solely on endoscopic imaging techniques may lead to incomplete diagnosis of full-
scale changes, especially due to strong regenerative capacity of the intestinal mucosa (Okamoto,
2011; Shimizu et al., 2019) and the possible presence of inflamed or fibrotically altered
subcutaneous mucosa, as well as deeper localised tissues (Sankey et al., 1993; Surawicz et al.,
1994; Martin et al., 2012; Magro et al., 2013; Gajendran et al., 2018). Endoscopic examination
methods do not always provide an objective picture of the depth and extent of inflammation in
CD; however, accurate assessment of changes is very important. In cases of newly diagnosed
CD, it is important to start appropriate treatment in time, and in pre-diagnosed cases it is
important to make objective judgements about the effectiveness of treatments and prescribe the
right medication. For this purpose, a method of visual diagnostics is needed, which provides

relief to the intestinal wall and allows evaluation of any transmural changes.



Due to the high resolution of MR, excellent soft tissue contrast, and the designed
dynamic post-contrast series, magnetic resonance imaging (MRI) is the most optimal and
promising method for assessment of intestinal wall pathologies without exposing patients to
potentially carcinogenic ionising radiation (Martin et al., 2012; Masselli and Gualdi, 2012;
Smith et al., 2012). In 2019, cross-sectional imaging methods, including magnetic resonance
enterography (MRE), have been recognised for the first time as an alternative to endoscopy for
assessment of CD activity in guidelines issued by the ECCO (European Chron’s and Colitis
Organisation) and ESGAR (European Society of Gastrointestinal and Abdominal Radiologists)
(Maaser et al., 2019). According to the ECCO-ESGAR guidelines on imaging methods for
assessment of CD, in intestinal MRI, the T1 dynamic series with intravenous (i/v) gadolinium
(Gd)-containing contrast agent (CA) is mandatory (Panes et al., 2013), being the basis of the
only validated magnetic resonance activity index MaRIA (Magnetic resonance index of
activity). However, multiple administrations of Gd CA have been associated with the
development of serious complications such as systemic nephrogenic fibrosis (Schlaudecker and
Bernheisel, 2009), as well as the formation of Gd deposits in the basal ganglia and soft tissues
of the brain (Gibby W. and A., 2004; Daram S. and B., 2005; Koreishi A., Nazarian R., Saenz
A., Klepeis V., McDonald A., Farris A., Colvin R., Duncan L., Mandal R., 2009; Gulani et al.,
2017; Quattrocchi and van der Molen, 2017). Thus, it is important to design and develop
solutions for clinical abdominal radiology that would replace the administration of i/v Gd-
containing CA during MRI scanning.

With the development of magnetic resonance (MR) technologies, diffusion-weighted
imaging (DWI) sequences have been an indispensable part of the MRE protocol over the last
decade (Choi et al., 2016; Dohan et al., 2016). In the DWI sequence, the tissue contrast is based
on differences in movements of water molecules in different tissues (Chilla et al., 2015). DWI
images highlight normal hypercellular tissues and provide information on tissues with diffusion
limitation, i.e., inflammatory changes, including abscesses, and benign and malignant
formations (Luna, 2012). The DWI sequence is able to identify pathological changes before
they appear in conventional MR images (Baliyan et al., 2016). Studies show that limited
diffusion in the intestinal wall correlates with areas of active disease in histological preparations
(Anupindi et al., 2013). DWI is a useful sequence for both identification of inflammatory bowel
segments and evaluation of inflammatory activity and treatment efficacy (Stanescu-Siegmund
et al., 2017). The sensitivity of DWI sequences to differentiate inflammatory changes,
outperforms the T1 dynamic series with i/v administration of Gd CA (Oto et al., 2011; Neubauer
etal., 2013; Sirin et al., 2015). Thus, it can be assumed that in CD diagnosis, the DWI sequence

is more informative than the T1 post-contrast series. It more realistically reflects the actual
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extent of the inflammatory process and has the potential to replace i/v administration of CA,
not only in the initial diagnosis of CD, but also when evaluating inflammatory activity in pre-
diagnosed CD (Buisson et al., 2013; Hordonneau et al., 2014) using DWI-based MaRIA, called
Clermont score. The diffusion restriction found in DWI images can be assessed both
qualitatively and quantitatively, using the apparent diffusion coefficient (ADC) expressed in
mm?/s. ADC values for inflamed intestinal walls have been shown to be 0.8-2.4 x 102 mm?/s
lower than unchanged intestinal wall ADC values (Dohan et al., 2016). Although the addition
of a DWI sequence to a range of traditional MRE protocols increases the overall sensitivity and
specificity of the method (Kim et al., 2015), the specificity of the DWI sequence, when used
alone, is low at 39-61 % (Qi et al., 2015; Choi et al., 2016). To date, there is no single MRE
algorithm for patients with suspected IBD, including DWI sequences.

DWI image acquisition is complex and based on difficult physical processes that result
in various image distortions (Sanchez-Gonzalez and Lafuente-Martinez J., 2012; Drake-Pérez
et al., 2018). To prevent them, DWI protocols incorporate one of the fat signal suppression
techniques (Javier Sanchez-Gonzalez, 2012). They can suppress the resonant signal from fat,
both selectively and non-selectively. Selective fat signal, or spectral, suppression
(hereinafter — spectrally selective fat suppression) techniques, suppress only the fat resonant
frequency spectrum. Examples of spectrally selective fat suppression techniques, are CHESS
(Chemical shift selective fat suppression), SPAIR (Spectral attenuated inversion recovery) and
SPIR (Spectral pre-saturation with inversion recovery) (Del Grande et al., 2014; Indrati, 2017).
A disadvantage of spectrally selective fat suppression techniques are the artifacts caused by
magnetic field heterogeneity (Del Grande et al., 2014; Moore et al., 2014).

One of the newest and most clinically relevant derivatives of the DWI sequence is
DWIBS — diffusion-weighted imaging with background body signal suppression. It was
developed in 2004 by a research team at Tokai University School of Medicine, led by Taro
Takahara, in order to examine oncology patients and obtain whole-body images to identify
tumour recurrences and metastases (Takahara et al., 2004). It is currently widely used in
diagnosis of inflammatory changes, abscesses, intravascular thrombi, as well as in visualisation
of peripheral nerves (Kwee et al., 2009). The DWIBS sequence includes the non-selective fat
suppression technique STIR (Short T1 inversion recovery). Unlike spectrally selective fat
suppression based on suppression of the fat resonant frequency spectrum, STIR technique is
based on the differences between the T1 relaxation times of fat and water protons, as scanning
suppresses the signal from the fat tissue with short T1 time, similar to the fat tissue (Horger,
2007). The DWIBS sequence is intended for scanning with the patient breathing freely. In order

to compensate for movements, it allows for the simultaneous excitation of multiple scan slices,
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and the reading of signals over a long period of time (Takahara et al., 2004). DWI with the non-
selective STIR fat suppression technique provides a sustained and homogeneous fat suppression
in large areas of the body (Takahara et al., 2004; Moore et al., 2014), including sites located on
the periphery of the body (Del Grande et al., 2014), providing higher contrast-to-noise ratio
(CNR) (Kwee et al., 2009). The non-selectivity of the STIR technique may be a disadvantage
in cases where tissues contain other substances with short T1 time, such as methaemoglobin,
mucus-containing and viscous substrate, protein, and melanin (Del Grande et al., 2014).
Another disadvantage of STIR fat suppression is the reduced signal-to-noise ratio (SNR) with
partial loss of proton signal during inversion (Kwee et al., 2008b), which causes noise in the
images. There is also literary data on the analysis of ADC values based on DWI with STIR fat
suppression. The sequence of DWI with STIR has been shown to be superior to DWI with
spectrally selective fat suppression in the diagnosis of malignant and benign breast processes
(Stadlbauer et al., 2009). It has also been reported that ADC values of the DWIBS sequence are
not affected by motility (Stone et al., 2012), which could be an important factor in the study of
peristaltic intestines.

Similarly to the conventional DWI with spectrally selective fat suppression
(hereinafter — conventional DWI), the DWIBS sequences can very accurately differentiate the
intestinal sections affected by CD, and despite the noise in the images, DWIBS images can
more accurately visualise small structures such as lymph nodes, and the intestinal wall contours
are sharper (Fig. 1). Judging by the ability of the conventional DWI sequence to diagnose
inflammatory processes in the intestinal wall with high sensitivity, and considering the
advantages of the DWIBS sequence (increased CNR), this sequence could be promising in the
diagnostics of CD. However, there is no literary data on its use in patients with CD, and

comparison with conventional DWI sequences so far.

Figure 1. Tracking images of the conventional DWI sequence with the spectrally selective SPIR fat
suppression technique (a) and DWIBS (b) with a b value of 800 s/mm? in a 56-year-old patient with
active CD in the terminal ileum loop

12



There is a high signal intensity (SI) in the wall of the inflamed intestinal segments,
indicating a diffusion restriction within this localisation. Despite the reduced SNR, resulting in
grainy images, compared to the conventional DWI sequence (white arrow), the image of the
inflamed intestinal wall in the DWIBS sequence is clearer (black arrow). Images from the
Author’s archive.

There are two directions currently in theory in which, by improving the visualisation
capabilities of DWI, the diagnostic capabilities of CD would expand:

1) Primary diagnosis of CD. MRE examination still requires prior preparation of a
patient with an oral CA, which limits the use of this method to patients requiring general
anaesthesia. There is evidence in literature that MRI without prior patient preparation in the
diagnosis of intestinal wall inflammation cannot replace MRE, but the possibilities of DWI to
perform MRI without patient preparation have not been fully explored so far, as the published
data is based only on visual evaluation of DWI, without performing quantitative measurements.

2) Evaluation of CD activity. By replacing the post-contrast MRI series required to
assess CD activity using the CD activity index MaRIA (Dohan et al., 2016; Ordas et al., 2019)
based on relative contrast enhancement (RCE), the use of the Clermont score, or DWI-based
MaRIA, is becoming relevant.

To date, there are no publications on selection of specific DWI sequences in MRI
diagnostics of CD; however, given the benefits of DWIBS, this sequence may have a greater
potential to characterise intestinal wall inflammation in situations where accurate diagnosis of
DWI is not possible; it also allows for a more accurate reflection of the activity of the

inflammatory process.

Hypothesis of the study

The DWIBS sequence has advantages, and it is superior in the diagnosis of intestinal
wall inflammation when compared to conventional DWI sequences with spectrally selective fat

suppression.

Aim of the study

To compare the performance of conventional DWI sequence with spectrally selective
SPIR (DWIspir) and DWIBS — the DWI sequence with the non-selective STIR — in the primary
diagnosis of CD without prior peroral preparation of the patient’s intestinal tract, and in the

quantitative assessment of active CD in the terminal ileum.
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Tasks of the study

1. To evaluate potential advantages of the DWIBS sequence over conventional DWI for
examining patients without prior peroral preparation with osmotically active enteric CA, by
studying the ADC values of conventional DWI and DWIBS prior to and post preparation of the
patient’s intestinal tract in patients without evidence of CD.

2. To evaluate the suitability of the DWIBS sequence used in the Clermont index for the
evaluation of CD activity in comparison with the conventional DWI sequence, by evaluation of
mutual correlations between the Clermont scores obtained from conventional DWI and DWIBS
with the MaRIA, between the ADC values of conventional DWI and DWIBS with the MaRIA,
and between the ADC values of the conventional DWI sequence and the ADC values of the
DWIBS sequence in patients with radiological features of active CD, localised in the terminal
ileum.

3. To study the repeatability of ADC measurements of the conventional DWI and

DWIBS sequences, in patients with active CD in the terminal ileum.

Novelty of the research

This is the first research to focus on the DWIBS, in the diagnosis and the evaluation of
CD activity. This is also the first research to quantify the effect of prior intestinal tract

preparation on ADC values of bowel walls in diffusion-weighted images.
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1. Literature

1.1 General characterisation of Crohn’s Disease

Crohn’s disease (CD) is an idiopathic chronic relapsing transmural and segmental
inflammatory bowel condition, which tends to develop fistulae, abscesses and strictures (Dulai
et al., 2015). The digestive tract can be affected throughout its entire length (Gajendran et al.,
2018). Although CD may develop at any age, the most common age for diagnosis is between
15 and 30 years (Rajesh and Sinha, 2014; Boyapati et al., 2015). CD has high complication
rates (Yoon et al., 2015), requiring surgical treatment upon progression (Cosnes et al., 2011;
Sakuraba et al., 2014). Approximately half of CD patients require surgery within 10 years
following diagnosis, and 35 % needs a second resection within the following ten years (Ma et
al., 2017). CD results in a negative impact on patients’ quality of life (Lénnfors et al., 2014).

CD most commonly affects the terminal ileum and caecum (55 %). The locations less
affected are other small bowel areas (11-48 %), the colon (19-51 %), and a combination of the
small and large intestine (2648 %) (Goetsch et al., 2017). Extraintestinal symptoms of CD
related to intestinal inflammatin include skin involvement (10-15 %, mainly erythema
nodosum and puyoderma gangrenosum), ocular inflammation (1.6-4.6 %, mainly episcleritis
and uveitis), spondylarthropathy (5-20 % — peripheral arthritis and axial arthropathy —
ankylosing spondylitis and sacroileitis), osteoporosis and osteoopenia (23-59 %), oral
manifestations (mainly oral aphthous stomatitis — 5-10 %), and primary sclerosing cholangitis
(1.6-7.4 %). In children, CD can cause growth impairment (80 %) (Jose and Heyman, 2008).
Prolonged persistence of CD may also be associated with the development of small bowel
adenocarcinoma (Lichtenstein et al., 2018).

The typical presentation of CD is abdominal pain, fever, bloody or non-bloody diarrhoea,
and weight loss. In children, CD may present with failure to thrive, growth restriction and
delayed puberty (Laass et al., 2014).

As a chronic relapsing course of disease, CD may have periodical exacerbations and
remissions throughout a patient’s life. This means that patients with CD will have a greater need
for repeated diagnostic tests, endoscopical and radiological examinations throughout their lives,
to confirm or refuse the presence of the disease, to diagnose early relapse and assess their
response to treatment. According to the ECCO-ESGAR consensus guidelines, the disease should
be kept under control with mucosal healing (Panes J. et al., 2013). However, CD is a transmural
inflammation that can persist despite healed mucosa (Castiglione et al., 2019a; Nardone et al.,

2019). It 1s proven that, compared to mucosal healing, transmural healing is associated with
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improved long-term outcomes, including sustained long-term steroid-free clinical remission,
reduced less need of rescue treatment, lower rates of CD-related hospitalisations and CD-related
surgical treatment (Serban, 2018). Therefore, the paradigm for the treatment of Crohn’s disease
has recently changed, setting the transmural healing as the new therapeutic goal of treatment
CD (Peyrin-Biroulet et al., 2015), thus making it impossible for an endoscopist to answer this

question.

1.2 Epidemiology

During recent decades, the prevalence and incidence of CD has grown significantly
worldwide, both in adults and children (Baumgart and Sandborn, 2012; Molodecky et al., 2012;
Barnes and Kappelman, 2018) at between 0.1 and 16.0 per 100,000 person-years. The highest
incidence and prevalence of inflammatory bowel disease (IBD) is observed in westernised
countries. Until 2012, the highest annual incidence of CD was 20.2 per 100,000 person-years
in North America, 12.7 per 100,000 person-years in Europe, and 5.0 per 100,000 person-years
person-years in Asia and the Middle East. The highest prevalence for CD reported in Europe is
322 per 100,000 persons and in North America — 319 per 100,000 persons (Molodecky et al.,
2012). Although the actual incidence rates in children are uncertain, CD diagnosed annually in

paediatric patients is 0.2—8.5 per 100,000 persons (Cuffari, 2009).

1.3 Aethiopathogenesis

Although the precise aethiopathogenesis of CD is unknown, data from studies indicates
a combination of genetic, environmental and immunobiological factors (Baumgart and
Sandborn, 2012; Guan, 2019). The most popular hypothesis points to an immune-mediated
condition in individuals with genetic susceptibility, where disease onset is provoked by
environmental factors perturbing the mucosal barrier, impairing the healthy balance of the
bowel microbiome, and stimulating bowel immune responses in an abnormal way (Boyapati et
al., 2015). CD may be predisposed by Western factors, such as urban environment (Baumgart
and Sandborn, 2012), lack of exposure to breast milk (Barclay et al., 2009; Molodecky and
Kaplan, 2010) and childhood hygiene, as well as history of appendicitis, helminths, and
smoking (Molodecky and Kaplan, 2010). Smoking can also worsen the onset of CD (Guan,
2019).
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1.4 Histopathology

1.4.1 Macroscopic pattern

The appearance of CD is similar within the entire gastrointestinal tract (Geboes, 2003;
Riddell, 2014). The most common locations of CD are the terminal ileum and the proximal
colon, followed by the anorectum and colon (Geboes, 2003). In CD, inflamed sites abruptly
alternate with “skip areas” of intact bowel walls (i.e., skip lesions) (Magro et al., 2013; Riddell,
2014). Macroscopic lesions are present in both the mucosal and serosal surface of the bowel
wall (Geboes, 2003).

The surface of the altered bowel wall may show hyperaemia (Magro et al., 2013).
Serosal inflammatory exudation with or without serosal adhesions to adjacent loops may be
present (Geboes, 2003). A specific sign of CD is partial or complete encroachment of the
circumference of the inflamed intestine, by hypertrophic mesenterial fat named ““fat wrapping”
or “creeeping fat” (Riddell, 2014).

In CD, the earliest visible mucosal pattern is small aphthous ulcerations, typically
appearing over lymphoid follicles. By enlarging, the aphthous ulcers converges to large deep
serpinginous of linear ulcers with oedematous mucosal edges. Oedematous, non-ulcerated
mucosa alternating with deep discrete ulcers, may form the classic cobblestone pattern.
Inflammatory polyps and pseudopolyps may develop (Magro et al., 2013).

Fistulae are commonly found in small bowel CD; however, they are more rare in colonic
CD. Strictures may result from transmural inflammation with fibrosis and fibromuscular

proliferation (Magro et al., 2013; Riddell, 2014).

1.4.2 Microscopic pattern

The most common microscopic features of CD are focal chronic inflammation, focal
crypt irregularity and granulomas. The chronic inflammation means an increase of cellularity
within lamina propria, migration of lymphocytes and plasma cells as well as increase of the
round cells (Magro et al., 2013; Zhu et al., 2015). The crypt irregularity means either crypt
distortion, branching or shortening. The granuloma in CD is defined as a focal aggregation of
epithelioid histiocytes (Magro et al., 2013).

Although the morphological pattern of CD is generally similar in adult and paediatric
patients (Feakins, 2013), the main difference between the histopathology of paediatric and adult
CD, is the more frequent appearance of epithelioid granulomas in the inflamed bowel wall of

children (Geboes, 2003; Magro et al., 2013; Feakins, 2014).
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1.5 Classification

CD presents itself as a complexity of phenotypes, clinical behaviour and severity.
Therefore, an accurate classification is needed to assess the different signs and manifestations,
to predict the course of the disease and to apply the most appropriate treatment for each case
(Vermeire et al., 2012). The phenotypical Montreal classification, a revision of the former
Vienna classification, is the most recognised classification widely used in both clinical practice
and investigations (Table 1.1) (Gajendran et al., 2018). It includes age at the presentation of the
disease, location, and the clinical behaviour. In paediatrics, an updated version, the Paris
classification, is used (Table 1.1) (Laass et al., 2014). These classifications commonly are used

in combination with any activity indices (Skuja, 2020).

Table 1.1
Montreal and Paris classification of Crohn’s disease
(Laass et al., 2014; Gajendran et al., 2018)
Criterion Montreal classification Paris classification

Age at the diagnosis | Al: <16 years Ala: < 10 years
(years) (A) A2: between 17 and 40 years Alb: from 10-16 years

A3: > 40 years A2: between 17 and 40 years

A3: > 40 years

Location L1: ileal L1: ileal

L2: colonic L2: colonic

L3: ileocolonic L3: ileocolonic

L4: isolated upper disease L4a: upper disease proximal to

ligament of Treitz
L4b: upper disease distal to
ligament of Treitz and proximal to

1/3 ileum
Behaviour B1: non-stricturing, non-penetrating B1: non-stricturing, non-
B2: stricturing penetrating
B3: penetrating B2: stricturing
P: perianal disease modifier B3: penetrating

B2B3: both penetrating and
structuring disease, either at the
same or different times

P: perianal disease modifier

GO: no growth delay

G1: growth delay

CD can also be classified based on visual diagnostic findings. In this context, four
distinct subtypes are distinguished: active inflammatory disease, fistulising/perforating disease,

fibrostenotic disease, and reparative or regenerative disease (Maglinte et al., 2003).
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1.6 Diagnosis

There is no a single gold standard for the diagnosis of CD. The diagnosis is based on a
combination of clinical investigations, at least, laboratory studies, endoscopical, histological

investigations, and often — radiological examinations (Maaser et al., 2019).

1.6.1 Laboratory studies

The aim of assessing laboratory studies assessed in CD is to objectively evaluate disease
activity and to repeat invasive clinical tests. An ideal test should be simple, cheap, reproducible,
sensitive and specific. It should support the follow-up of the disease activity and response to
treatment, whilst also predicting relapse and the course of the disease (Cappello and Morreale,
2016).

To diagnose CD, patients undergo a laboratory assessment, which includes full blood
count, inflammatory markers (mainly C reactive protein (CRP), electrolytes, liver enzymes, and
a stool sample for microbiological analysis). The full blood count may reveal anaemia,
leucocytosis and thrombocytosis caused by an inflammatory response. The presence of raised
inflammatory markers may correlate with the severity of CD; however, CRP and leucocytosis
are not IBD-specific. Apart from biochemical signs of malnutrition, severe hypoalbuminaemia
can be an indicator of severe inflammation. The serum ferritin level can help in diagnosing iron
deficiency (Maaser et al., 2019).

Faecal calprotectin (FC) is a calcium-binding protein located in the cytosol of
neutrophils. In active bowel inflammation, there is a leakage of neurophils migrated from the
circulation to the bowel mucosa, and FC is excreted into faeces (Walsham and Sherwood, 2016)
being the most sensitive but non-specific fecal marker of inflammation in CD (Maaser et al.,
2019).

While diagnosing CD, stool sample for microbiological analysis should be obtained to
exclude gastrointestinal infections (Maaser et al., 2019).

Serological markers may be useful in differential diagnosis between CD and ulcerative
colitis. Anti-Saccharomyces cerevisiae antibodies (ASCA) are antibodies against
oligomannosidic epitopes of Saccharomyces cerevisiae present in CD patients (Abu-Freha et
al., 2018). Perinuclear anti-neutrophil cytoplasmic antibodies (pANCA) are autoantibodies
which fight a protein called myeloperoxidase. They are present in majority of ulcerative colitis
cases (Mitsuyama et al., 2016). The combination of positive ASCA and negative pANCA tests
suggest CD, whereas the inverse pattern — positive pANCA and negative ASCA test — is more
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specific for ulcerative colitis (Bernstein et al., 2016). Moreover, ASCA positive CD patients

face an increased risk for necessity of requirement for early surgery (Abu-Freha et al., 2018).

1.6.2 Endoscopy

For suspected diagnosis of IBD, ileocolonoscopy and biopsies from the inflamed bowel
region, the terminal ileum or colon, are the first line procedures (Panes et al., 2013). At least
two tissue specimens from the regions of altered bowel walls should be obtained, along with
biopsies from unaltered regions (Maaser et al., 2019). Therefore, colonoscopy is widely used
in the diagnosis of CD, assessment of its complications, validation of its severity and monitoring
of response to treatment (Jesuratnam-Nielsen, 2015). However, apart from causing general
patient discomfort, the ileocolonoscopy has several drawbacks as it is invasive and allows
visualisation of the colon and terminal i/leum. Its use is limited to the bowel mucosa, and only
in non-stricturising disease (Van Rheenen et al., 2010; Panes et al., 2013; Buisson et al., 2017).

Wireless video capsule endoscopy (VCE) allows examination of the endoluminal
mucosa within the entire length of the bowel, thus is appropriate for evaluating small bowel CD
(Triester et al., 2006). There is no conclusive evidence on the suitability of VCE for colonic
assessment (Sturm et al., 2018). The limitations of VCE are the chance to miss lesions and the
ampulla of Vater due to lack of bowel inflation, inability to take bowel specimens and the
prolonged time necessary for reading the results (Kwack and Lim, 2016). Also this endoscopy
technique can be used in non-stricturising disease only.

To get a complete picture of transmural changes that cannot be evaluated by endoscopic
methods, in addition to endoscopic investigations, cross-sectional imaging is used as an adjunct

to assess the bowel wall within its entire thickness (Panes et al., 2013).

1.6.3 Imaging

For appropriate management of CD patients and prognosis of the disease course,
assessment of the bowel wall requires objective tools for characterisation of the location,
extension, severity, activity of inflammation, and identification of potential complications. For
this reason, both ECCO and ESGAR scientific societies have issued evidence-based

recommendations on the use of imaging methods in the diagnosis of CD ( Panes et al., 2013).
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Conventional radiography

The use of plain film radiographs is limited to emergency situations — for assessment of
distribution and extent of faecal masses, bowel dilatation and wall thickening, bowel
obstruction and perforation. Plain film radiography has no role in routine assessment of non-
urgent clinical presentations (Panes et al., 2013).

Small bowel enteroclysis and small bowel follow-through have historically been
considered the standard approach when evaluating suspected or established CD. In SBFT, the
barium CA is ingested orally whereas in SBE it is administrated via a nasojejunal tube which is
inserted under fluoroscopic guidance (Jesuratnam-Nielsen, 2015). The radiologic pattern
includes irregular thickening and impairment of the circular mucosal folds, the bowel lumen
narrowing,the persence of ulcerations, and the bowel adhesions and separation due to the wall
thickening and inflammatory infiltration of mesentery (Panes et al., 2013). Due to insertion of
the nasojejunal tube, SBE can cause patient discomfort. The disadvantage of both methods is
ionising radiation exposure, as well as lack of the capability to evaluate the extent of the disease

beyound the bowel mucosa (Jesuratnam-Nielsen, 2015).

Ultrasonography (US)

US is a cheap, quick, non-invasive and radiation-free cross-sectional imaging method.
Diagnosis of CD relies on the assessment of the thickned bowel wall considered the most
important US sign in CD (Panes et al., 2013). Ultrasound also shows deteriorated echogenicity,
loss of normal visible bowel wall stratification, increased vascularisation via color Doppler
imaging and decrease or lack of bowel peristalsis. It also reveals extra-mural findings including
the thickned and hyperechoic juxtaintestinal mesenterium, enlarged lymph nodes (Casciani et
al., 2014) fistula tracts and abscesses. The contrast-enhanced ultrasound (CEUS) is a new
technique involving intravenous administration of ultrasound contrast media containing
microbubbles. It provides information of the micro-perfusion on mural and juxtaintestinal
vascularisation, which characterises the inflammatory activity (Jesuratnam-Nielsen, 2015).
Ultrasonography strain elastography and shear wave elastography measures the bowel wall
stiffness, and in CD patients is used in differentiating fibrotic from inflammatory strictures (De

Sousa et al., 2018).
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Computed tomography (CT)

CT is the choice imaging modality of IBD in the United States. It can visualise the bowel
lumen, bowel wall, visceral fat, intra-abdominal lymph nodes and mesenterial vasculature
around the bowels. CT is also informative in evaluation of post-surgical changes, and in
diagnostis of acute complications, such as bowel obstruction and presence of abscess. However,
CT cannot reveal small mucosal ulcers (Sheth and Gee, 2016).

Two ways in which CT imaging can be applied in diagnosis of IBD are using large
volume enteral contrast distention of the small bowel, combined with intravenous
administration of iodine CA. In CT enterography, enteric CA, water, or commercially available
preparations, is ingested by the patient. CT enteroclysis, through insertion of a naso-jejunal tube
under the guidance of fluoroscopy, provides a more uniform and consistent luminal filling.
However, this method can cause discomfort for the patient.

The CT signs of CD are thickened bowel walls (> 3 cm), mucosal hyperenhancement,
submucosal oedema, mural stratification, vasa recta adjacent to the bowel engorgement named
as “comb sign”, as well as secondary signs include mesenterial fat stranding, focal effusion
close to the bowel and lymphadenopathy (Sheth and Gee, 2016).

The major drawback of CT is the radiation exposure, which is an important concern for
IBD patients, as the majority of them are young and often require repeated examinations for
evaluation of the disease course, as well as response to treatment (Sheth and Gee, 2016).
Without administration of iodine CA an adequate CT enterography cannot be performed (Baker

et al., 2008). Therefore, use of CT is also limited in patients with impaired renal function.

Magnetic resonance imaging (MRI)

MRI has advantages in evaluation of CD within the entire bowel thickness and around
inflamed sites, due to high soft tissue contrast resolution, lack of use ionising radiation, facility
to provide both real-time and functional imaging and ability to examine locations not accessible
through endoscopic techniques (Amitai et al., 2013; Jesuratnam-Nielsen et al., 2015a). MRI has
been proven to be an excellent method for detecting and follow-up of perianal fistulae (Criado
et al., 2012; Balc1 et al., 2019). MRI can also reveal extraintestinal complications, such as
sclerosing cholangitis and sacroileitis (Mollard et al., 2015). MRI for bowel imaging differs
from the routine abdominal MRI since bowel distension with an enteric CA is a fundamental
requirement of imaging the small intestines. Enteric CA can be administered orally (MR
enterography) or injected through a naso-jejunal proble (MR enteroclysis) (Panes et al., 2013).

MR enteroclysis, compared to MRE, ensures better luminal distension of both jejunum and
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ileum within the entire length of the small bowel (Masselli and Gualdi, 2012). However, few
studies comparing MR enteroclysis and MRE demonstrate equal performance of MRE
(Schreyer et al., 2004; Ram et al., 2016) providing high diagnostic accuracy and reproducibility
(Negaard et al., 2007). Due to insertion and positioning of the naso-jejunal probe, MR
enteroclysis can be a very stressful intervention, which also involves the use of ionising
radiation; therefore, MR enterography is preferred in clinical practice (Arrivé, 2013). A more
detailed description on MRE in the diagnosis of CD, is provided in chapter 3.7 “Magnetic

resonance enterography in the diagnosis of Crohn’s Disease”.

1.7 Magnetic resonance enterography in the diagnosis of Crohn’s Disease

MRE is a proven tool in diagnosis of CD, including assessment of its complications,
disease activity and severity as well as for follow-up during the course of CD (Ahmed et al.,
2015). Established from multiple and evidence-based reports, the ECCO-ESGAR Guidelines
for Diagnostic Assessment in IBD, issued in 2019, states that cross-sectional imaging
modalities, and thus MRE, are used as an an alternative for the evaluation of disease activity
(Maaser et al., 2019). Due to its high resolution, invasiveness, lack of ionising radiation and
ability to obtain findings not only within but also around the bowel wall, MRE is proven to
have a great potential for evaluating CD activity (Rozendorn et al., 2018).

Indications for MRE include, but are not limited to, the following:

1) diagnosis of IBD;

2) assessment of the activity and extent of IBD;

3) evaluation of IBD-related complications, such as stricture, fistulae, abscess etc.;

4) follow-up of IBD, including assessment of the disease activity and its extent;

5) differential diagnosis between CD and ulcerative colitis;

6) evaluation of suspected bowel disease in previously negative CT and/or endoscopy;

7) evaluation of small bowel masses (American College of Radiology, 2015).

Prior to the MRE examination, patients should be prepared to provide maximum
distention of bowel walls. This is necessary for improvement of visibility of luminal disease,
for improvement in quality of motion-sensitive MR sequences by weakening intestinal
peristalsis, and for avoiding susceptibility artefacts in images acquired by gradient-echo
sequences (American College of Radiology, 2015). 4-6 hours prior to the MRE examination
patients may be asked to fast. 45-60 minutes prior to examination, ingestion of > 1000 ml
enteric CA is necessary (Maaser and Novak, 2019). To avoid motion artefacts deteriorating

image quality, intravenous antiperistaltic medications such as glucagon of buthylscopolamine
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can be administered immediately prior to motion-sensitive sequences (e.g., DWI sequences and
dynamic T1 post-contrast series) (Chavhan et al., 2013; American College of Radiology, 2015;
Dohan et al., 2016).

Oral CA are classified into positive, negative and biphasic agents. Positive CA are not
practically used. Negative CA contain superparamagnetic non-absorbable substance of iron
oxide particles, yielding black intraluminal signal in both T1 and T2 sequences (Panes et al.,
2013). Biphasic CA contain non-absorbable iso- or hyper-osmolar solution producing black
signal in T1-weighted images and bright signal in T2 sequences (Panes et al., 2013; Yoon et al.,
2015). Solutions of mannitol sorbitol and polyethylene glycol are the most popular substances
used for this purpose (Panes et al., 2013; Ram et al., 2016; Schmidt et al., 2016).

The MRE protocol includes a variety of sequences:

1) coronal free-breathing ultrafast cinematic MR sequences (MR fluoroscopy), based
on steady-state precession, for demonstrating bowel anatomy, motility and strictures (Mollard
et al., 2015; Greer, 2016);

2) coronal and axial free-breathing T2-weighted sequences, with and without fat
saturation, for visualisation of ulcers, bowel wall oedema and collections (Sinha et al., 2011a;
Mollard et al., 2015);

3) coronal pre- and post-contrast gradient-echo T1-weighted fat suppression sequence,
to acquire contrast-enhanced images for assessment of disease activity and for identifying
penetrating disease (Rimola et al., 2009; Greer, 2016);

4) axial DWI sequences, to localise the bowel segments affected by CD, and to identify
lymph nodes (Mollard et al., 2015; Greer, 2016) as well as abscesses and enteric fistulas (Dohan
etal., 2016).

In addition to MRE sequences, T2 fat saturation sequences are used in the perianal
region for identifying occult perianal disease, and MR cholangiopancreatography sequence —
for excluding sclerosing cholangitis (Mollard et al., 2015; Sturm and White, 2019). Sequences
covering sacroiliac joints (for example, STIR) to exclude sacroileitis can be added to the
examination protocol (Mollard et al., 2015; Sarbu and Sarbu, 2019).

In CD, the following findings can be found in MR images:

1) bowel wall thickening,

2) bowel wall ulceration;

3) bowel wall hyperenhancement;

4) bowel wall oedema;

5) “skip” pattern of the bowel loops involved;
6) sinus tracts and fistulas;
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7) luminal narrowing;

8) mesenteric hyperaemia;

9) mesenteric stranding;

10) fibrofatty proliferation;

11)  lymphadenopathy;

12)  abnormal fluid,

13)  perineal manifestations;

14) sclerosing cholangitis;

15) sacroileitis (Sinha et al., 2011b; Mollard et al., 2015; Mantarro et al., 2017).
Since 2009, inclusion of DWI sequences in investigation protocol has made a significant

improvement in MRE technology (Dohan et al., 2016).

1.8 DWI in the assessment of Crohn’s disease

1.8.1 General characterisation of DWI

DWI is an MR technique sensitive to the Brownian motion of molecules. Unlike the MR
basic sequences T1 and T2, the DWI sequence is based on differences of water molecules, in
ability to move freely within tissues (Westbrook et al., 2011). Pathological processes alter the
diffusion characteristics of water molecules. Certain pathological changes in tissues cause
perfusion disorders, swelling of cells and inability of water molecules to move as far as in
unchanged tissues (Graessner, 2011).

DWI is performed by supplementing a T2-weighted fat-suppressed MR sequence
(Dohan et al.,, 2016) by two strong and symmetrical gradients on two sides of the
180° refocusing pulse. These pulses of diffusion gradients make the magnetic field variable,
and the proton precession frequencies also change accordingly.

The purpose of using diffusion gradients is to suppress transverse magnetisation. The
first gradient pulse disrupts the synchronous precession of proton spins in one phase (dephasing
occurs), whereas the second gradient pulse having opposite direction restores this proton
synchronous precession in one phase (rephasing occurs). If, during the entire pulse sequence,
the spins are in a static state, i.e., the diffusion of the molecules is limited, they will all be
prevented from being in one phase by the second gradient pulse. These spins will not participate
in changes in tissue SI, and the tissue signal will not be suppressed. On the contrary, if the spins
are highly mobile and actively participating in the diffusion process, they will move between

the first and second gradient pulses. In this case, the second gradient pulse will not be able to
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restore their precession in one phase, resulting in loss of proton phase coherence and tissue
signal suppression (Dietrich et al., 2010).

The strength of diffusion is determined by the diffusion coefficient, or b value, reflecting
the strength (amplitude), duration and temporal separation of both gradients. The b value

includes several physical quantities and is calculated according to the equation:
b =72G*8* (A - 8/3),

where G is the amplitude of the gradient used, o is the duration of the gradient used, A is the
time between the two gradients, and y is the gyromagnetic ratio equal to 42 MHz/ T. The b value
is expressed in seconds per square millimetre, sec/mm? (Maxfield, 2018). Increasing the
diffusion coefficient will result in more rapid attenuation in areas where diffusion is not
restricted, whilst in areas where diffusion processes are limited, signal attenuation will be

slower (Dohan et al., 2016) (Fig. 1.1).
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Figure 1.1. Effect of diffusion gradients

The diffusion gradients cause a spatially varying additional magnetic field, AB(x) (upper row), and thus alter
precession frequencies of the spins involved. The first diffusion gradient dephases the spins. If the spins do not
participate in the diffusion, the second diffusion gradient with opposite sign rephases the spins (middle row). If
however, spins participate in the diffusion, rephasing is incomplete because the spins have moved between both

diffusion gradients (bottom row). Thus, a diffusion-dependent signal attenuation is observed by the “vector sum”
arrows (Dietrich et al., 2010).
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DWI is shown to have a potential to replace the administration of gadolinium contrast
media by detecting lesions earlier than they appear in conventional images (Baliyan et al., 2016).
It is proven to outperform the T1 post-contrast dynamic series (Oto et al., 2011; Neubauer et al.,
2013; Sirin et al., 2015; Dubron et al., 2016). DWI is proven to be useful for the detection of
inflammation in CD (Oto et al., 2009; Buisson et al., 2013). The sensitivity of DWI in
diagnostics of IBD can be even up to 100 % (Choi et al., 2016), and, when added to the MRE
protocol, DWI yields increased sensitivity from 62 % to 83 %, compared to conventional MRE
alone. By contrast, the specificity of adding DWI to the conventional MRE decresed from 94 %
to 60 % (Kim et al., 2015). Also, in diagnosis of bowel inflammation, the specificity of the DWI
sequence alone remains low being 39-61 % (Qi et al., 2015; Choi et al., 2016). A factor
contributing to the low specificity is the false positive signal from normal bowel walls, due to
the T2 shine-through effect from the long T2 time of the bowel wall, in the presence of bowel
content (Dohan et al., 2016). This effect must be excluded from the signal of restricted diffusion.
This is done by an apparent diffusion coefficient (ADC) map. The ADC map is a matematically
calculed display of consolidated ADC values. It quantifies the diffusion restriction and its value
for any voxel is generated by combining at least two DWI sequences with different b values.

The ADC is calculated as per the following equation:

D=- (1/b) In (S/Sy).

The ADC values are expressed in square millimetres per second, mm?/s (Maxfield,
2018).

On diffusion-weighted images, inflamed bowel wall presents high SI, along with low SI
on the ADC maps. The ADC values are low (Sinha et al., 2013). However, despite the theory
that measuring ADC values can avoid interpreting shine-through as a diffusion restriction, low
ADC and an increased SI in DWI images can also be seen in disease-free bowel segments
(Jesuratnam-Nielsen et al., 2015b)

The cause of restricted diffusion in bowel inflammation remains unclear; however, there
are several ruling theories. Narrowing of the extracellular space is caused by increased cell
density from inflammatory cells, lymphoid aggregates, dilated lymphatic vessels and
granulomas. The reduced ADC values found in bowel inflammation are related to increased
perfusion. Also, the presence of bowel wall fibrosis yields in restricted diffusion (Morani et al.,
2015).

DWI is proven to be useful in evaluating CD activity, which allows for assessment of

treatment efficacy (Dohan et al., 2016). Reports from CD activity studies suggest ADC values
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of DWI is of equal importance compared to the relative contrast enhancement (RCE) used for
calculation of MaRIA (Kopylov et al., 2016). A DWI-based MaRIA, or Clermont score, is
designed to serve as an alternative to avoid gadolinium administration (Buisson et al., 2013). It
is reported not only to have excellent correlation compared to MaRIA (Hordonneau et al., 2014),
but also in the detection of ulcers (Buisson et al., 2015), mucosal healing (Buisson et al., 2017)
and prediction of remission following biological therapy (Buisson et al., 2016, 2018) and reduce
risk of surgery (Buisson et al., 2018). However, the Clermont score still requires validation by
confirmatory studies.

The limitation of the DWI is low spatial resolution (Lin and Chen, 2015), sensitivity to
motions, poor SNR caused by shorter transversal (T2) relaxation times and susceptibility
artefacts (Le Bihan et al., 20006).

Due to the low sensitivity to motion-induced phase errors and advantages of short
imaging times, DWI normally uses single-shot echo-planar imaging (EPI) acquisition, related
to the presence of susceptibility artefacts at tissue interfaces (Drake-Pérez et al., 2018), and
chemical shift-induced ghosting artefacts deflecting the fat signal several pixels away from the
water signal. To avoid these artefacts, DWI protocols should include a fat saturation techniques:
CHESS, SPAIR, SPIR, and STIR (Kwee et al., 2009; Luna, 2012). In relation to fat suppression,
these techniques are simply classified into two categories: fat (or spectral) selective and non-

selective fat saturation.

1.8.2 Fat saturation techniques used in DWI

All conventional DWI techniques use selective fat saturation, where spectrally selective
pulses suppress signal from only fat protons. Chemical shift selective fat suppression (CHESS)
is a common fat saturation technique where an excitation pulse with a bandwidth selective to
the resonance frequency of fat is applied, followed by a dephasing gradient (Del Grande et al.,
2014). A spectrally selective pulse tuned to the fat resonance, deflects the fat magnetisation to
the transverse plane. The fat magnetisation is then dephased by a spoiler gradient pulse so that
the net magnetisation is zero and only the water magnetisation (represented by blue arrows) is
remaining. Therefore, in the subsequent excitation, only water magnetisation is available for
producing MR signal (Lin et al., 2015) (Fig. 1.2).

There are also two spectrally selective hybrid sequences using an inversion recovery
(IR) pulse. In spectral attenuated inversion recovery (SPAIR), the signal from fat is inverted
with an adiabatic spectrally selective radiofrequency (RF) pulse. Acquisition starts from the
moment of inversion time (TI) that nulls the fat signal (Del Grande et al., 2014). Another

technique, a vendor-specific solution used by the company Philips, is SPIR — spectral pre-
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saturation with inversion recovery. It implements a spectrally selective inversion pulse tuned to
fat frequency (Del Grande et al., 2014). After the TI, a conventional 90° spin-echo pulse is
applied to saturate just the fat signal (Indrati, 2017). As a result, the signal from fat protons is

nulled, and only water protons are available for signal production (Fig. 1.3) (Lin et al., 2015).
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Figure 1.2. Mechanism of CHESS fat suppression

A spectrally selective radiofrequency pulse tuned to the resonance frequency of fat deflects the fat magnetisation
vector to the transverse plane (brighter arrow). Afterwards, it is dephased by the spoiler dephasing gradient pulse
(G), resulting the net magnetisation to be zero. As a result, only water protons (darker arrow) are available for
signal production in the subsequent excitations (Lin et al., 2015).
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Figure 1.3. Mechanism of SPAIR and SPIR fat suppression techniques using either adiabatic or
spectrally selective FR pulse tuned to fat resonance frequency

An adiabatic spectrally selective RF IR pulse is applied to deflect the fat protons (brighter arrow) for 180°
followed by the inversion recovery process that leads to nulling of signal after a certain delay time. Meanwhile,
the water magnetisation remains, and only water protons (darker arrow) are available for signal production in the
subsequent excitations (Lin et al., 2015).
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Alongside spectrally selective fat saturation techniques, the DWI weighted sequence
with short T1 inversion recovery (STIR) fat suppression technique is also used. STIR is an IR
technique that does not rely on a spectrally selective RF pulse but is based on the different
relaxation behaviour between water and fat tissues. Before the excitation pulse, an inversion
pulse is applied, inverting both water and fat proton spins which subsequently perform T1
relaxation. Fat has a significantly shorter T1 relaxation time compared to other tissue types. By
selecting the TI such as the longitudinal magnetisation of fat at the time point zero, fat spins

will not participate to the MR signal (Horger, 2007; Lin et al., 2015) (Fig. 1.4).
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Figure 1.4. STIR fat suppression

In this technique, a non-selective 180° RF pulse inverts the magnetisation of both fat (brighter arrow) and water

(darker arrow) protons. Due to the shorter T1 relaxation of the fat, its magnetisation recovers faster compared to

water. After a definite time, the fat magnetisation is nulled (reaches zero). If the excitation pulse is given at this
moment, only water protons will participate in signal production (Lin et al., 2015).

DWTI using STIR as a fat suppression technique was developed in the early 2000s by the
research group of Professor Taro Takahara from Tokai University School of Medicine, Japan,
who named it Diffusion Weighted Imaging with Background Body Signal Suppression (DWIBS)
(Takahara et al., 2004).

1.8.3 DWIBS sequence

The DWIBS sequence is based on free-breathing DWI acquisition, selecting STIR as
the fat supression technique. This sequence allows free breathing, permitting multiple slice
excitation and signal averaging over an extended period to average motion (Takahara et al.,
2004). Compared to spectrally selective fat saturation techniques, the use of DWI with non-
selective STIR allows robust and more homogenic fat suppression within large body regions

(Takahara et al., 2004; Moore et al., 2014), including off-center localisations (Del Grande et al.,
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2014). The DWIBS sequence provides an increased CNR (Kwee et al., 2009), insensitivity to
magnetic field inhomogeneities and decreased image distortion (Kwee et al., 2008b), making it
suitable for scanning large areas. Therefore, it is suitable for conducting high quality volumetric
three-dimensional acquisitions (Takahara et al., 2004). It also suppresses the signals from bowel
content (Kwee et al., 2008b).

Initially, the DWIBS sequence was developed for the whole-body imaging of patients
with known neck, chest and abdominal malignancies, in order to identify results similar to the
positron emission tomography (PET), used in detecting tumour relapse and metastases
(Takahara et al., 2004). Nowadays, it is widely used in a number of other applications including
detecting inflammation, abscesses, intravascular thrombi, visualisation of the peripheral nerves
(Kwee et al., 2009) and certain kinds of arteritis (Davidovic and Tsay, 2019; Matsuoka et al.,
2019; Oguro et al., 2019). Due to full suppression of the background signal, when compared to
conventional DWI, DWI with STIR technique is reported to have improved image quality and
less image artefacts (Ouyang et al., 2014). Regarding ADC analysis, DWI with STIR is proven
to be superior in the assessment of breast lesions, compared to the conventional DWI with SPIR
fat saturation technique, (Stadlbauer et al., 2009). Using DWI sequence with STIR in MRE
examinations is recommended according to several publications (Kiryu et al., 2009; Park, 2016).
It is also reported to be used in the assessment of CD activity (Kiryu et al., 2009; Caruso et al.,
2014).

The non-selectivity of STIR can be a disadvantage wherever there is a presence of
substances with short T1 time, such as methaemoglobin, mucoid tissue, proteinaceous material,
and melanin (Del Grande et al., 2014). Another disadvantage of STIR is decreased SNR caused
by partial loss of proton signal during the TI (Kwee et al., 2008b), resulting in noisy images.
However, despite the reduced SNR, DWIBS contributes to improved detection of subtle lesions
due to higher CNR (Kwee et al., 2009). This also applies to the intestinal walls affected by
inflammation (Fig. 1.5).
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Figure 1.5. Tracking images of DWIspir (2) and DWIBS (b) with a b value of 800 s/mm? in a 35-
year-old male with active CD in the terminal ileum
There is a high SI in the wall of the inflamed intestinal segments, indicating a diffusion restriction within this
localisation. Despite the reduced SNR, resulting in grainy images compared to the DWI sequence (white arrow),
the resolution of the inflamed intestinal wall in the DWIBS sequence is improved (black arrow). Small lymph
nodes are also more visible in DWIBS images (black arrowhead), compared to DWIspir. Images from the
Author’s archive.

Nevertheless, by allowing whole body imaging with homogenous fat suppression,
DWIBS is one of the most important discoveries related to DWI (Takahara et al., 2004;
Takahara, 2005). Its use improves diagnosis in oncology (tumour staging, detection of tumour
relapse, monitoring response to therapy), especially in settings where PET is not available
(Takahara et al., 2004; Takahara, 2005; Kwee et al., 2008a). DWI with STIR is reported to be
suitable for identification and characterisation of lymph nodes in patients with uterine cervical
cancer (Jeong et al., 2008). ADC values calculated from DWI images with STIR are proven to
outperform ADC values derived from DWI images with spectrally selective fat suppression in
differentiating between malignant and benign breast lesions (Stadlbauer et al., 2009). It is also
reported to be non-dependent on motions (Stone et al., 2012), which can be crucially important
in assessment of the bowel walls. However, no studies have been published on the comparison
between DWI sequences with non-selective STIR and spectrally selective fat saturation

techniques in the diagnosis of Crohn's disease and assessment of its activity.

1.9 Determining Crohn’s disease activity

1.9.1 Clinical scoring systems

Disease activity can be grouped into mild, moderate and severe (Gajendran et al., 2018).
To evaluate CD activity, various scoring systems can be used. The most commonly used scoring
systems for Crohn’s clinical disease activity, recommended in the ECCO guidelines, are the
Crohn'’s disease activity index (CDAI) and Harvey-Bradshaw index (HBI) (Sturm et al., 2018).
In paediatrics, instead of CDALI, the paediatric Crohn’s disease activity index (PCDAI) is used
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(Casciani et al., 2014). Measuring clinical activity is important, however as the use of clinical
scoring systems is limited by subjective interpretation; it is insufficient for objective activity

assessment (Sturm et al., 2018).

Crohn’s disease activity index (CDAI)

The CDALI is used in adults with alrealy diagnosed CD. It allows CD activity to be
quantified, comparing different patients, and monitored throughout follow-ups to evaluate the
patient response to treatment (Gajendran et al., 2018). CDAI is a sum of eight clinical and
laboratory parameters recorded during a period of seven days and added together after
adjustment of corresponding coefficients or weighting factors. Each of the parameters evaluates
a certain aspect of CD. All parameters are estimated for seven days, and each of the parameters
is scored and multiplied with the corresponding weighting factor. The sum of the weighted
parameters forms the total CDAI score. The parameters are as follows: number of evacuations
with liquid/soft stools, patient pain score, subjective feel of well-being, number of extra-
intestinal symptoms (presence of joint, eye, skin, mouth, anal manifestations or other fistula,
presence of fever), necessity for anti-diarrhoeal medication, presence of abdominal mass,
laboratory data (haematocrit), and body weight (Best et al., 1976; Hutchings et Alrubaiy, 2017)
(Table 1.2). Despite shortcomings of the CDAL it is currently used worldwide as a standard for
evaluating CD activity in both clinical trials and daily practice. Various calculators are available

for estimating CDALI in internet.

Table 1.2
Crohn’s Disease Activity Index (Best et al., 1976)
Clinical or laboratory variable Weighting factor

1. Number of very soft or liquid or stools x 2
2. Abdominal pain score (0 =none, 1 = mild, 2 = moderate, 3 = severe) | x5
3. General well-being (0 = generally well, 1 = slightly below par, x5

2 = poor, 3 = very poor, 4 = terrible)
4, Presence of extraintestinal manifestations (one point for each) x5
1. Arthritis/arthralgia

Iritis/uveitis

Erythema nodosum/
Pyoderma gangrenosum/aphthous
Stomatitis

Anal fissure, fistula, or
abscess
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Table 1.2 (End)

Other fistula
Fever
5. Taking antidiarrheal medication (1 = yes, 0 =no) x 30
6. Abdominal mass (0 = none, 2 = questionable, 5 = definite) x 10
7. Haematocrit (male: 47-critg, female 42-crit) % 6 (add or subtract
according to sign)
8. Body weight: the maximum weight deduction of 10% x 1

Severe CD is defined as where the total CDAI exceeds 450, whereas CD remission is
considered if the total CDALI is less than 150. Response to the treatment is considered if the
CDAI decreases by more than 70 points (Hutchings et Alrubaiy, 2017).

Harvey-Bradshaw index (HBI)

The HBI is a simple index including five clinical parameters based on the results
regarding the previous day. Each of the parameters provides a certain number of points. These
items are as follows: the patient’s general well-being (0 = very well, 1 = slightly below average,
2 = poor, 3 = very poor, 4 = terrible), abdominal pain (0 = none, 1 = mild, 2 = moderate,
3 = severe), number of liquid or soft stools, abdominal mass (0 =none, 1 = dubious, 2 = definite,
3 =tender), and identically to the CDAI, complications (arthralgia, uveitis, erythema nodosum,
aphrhous ulcers, pyoderma gangrenosum, anal fissure, new fistula, abscess, one score for each).
Compared to CDAI, the use of HBI is simpler, and it does not require the use of laboratory

results. It is based on subjective symptoms and thus refers to the well-being of patients.

Paediatric Crohn’s disease activity index (PCDAI)

The PCDALI, accepted as the CD activity measure for paediatric use, is formed of
11 clinical parameters as follows: three subjective criteria of patient medical history (abdominal
pain, number of liquid stools, general well-being), five physical examination parameters
(abdominal examination, perirectal disease, extraintestinal manifestations, weight, height), and
three laboratory tests (hematocrit, albumin, erythrocyte sedimentation rate). There are three
choices for each parameter — 0, 5, or 10 points, except for hematocrit and erythrocyte
sedimentation rate, which are scored as 0, 2.5, or 5 points. The PCDAI ranges from 1 to 100
points (Hyams et al., 2005). The cut-off rate for mild disease is 10-27.5 points, and for moderate

disease 30-37.5 points, for severe disease 40—100 points. Remission is considered when the
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PCDAI < 10 points, whereas a positive response to treatment is identified when the change of

PCDALI exceeds > 12.5 points (Turner et al., 2010).

1.9.2 Endoscopical scoring systems

Several scores based on endoscopic evaluation of the bowel have also been designed for
monitoring CD. The endoscopic index of severity (CDEIS) and simplified endoscopic score of
CD (SES-CD) are the scoring systems most commonly used for estimation of CD activity
(Sturm et al., 2018). However, as endoscopy allows visualisation of only a limited part of the
small intestine, assessing solely mucosa, its use in assessment of the full extent of the disease

is limited (Zorzi et al., 2014; Civitelli et al., 2016; Nardone et al., 2019).

Crohn’s disease endoscopic activity index of severity (CDEIS)

The CDEIS scores CD activity in five bowel segments (terminal ileum, right colon,
transverse, left colon and sigmoid, rectum) and assesses the presence of specific mucosal
lesions (i.e., ulcers and stenosis) as well as the extent of disease. The score ranges from 0 to 44.
However, this score has limitations due to the transmural nature of CD, and the fact that mucosal
appearance alone cannot reflect the true extent of the condition. The assesment of CDEIS is
also time consuming, its use is complicated and operator-dependent. Therefore, it has
consequently not become routine in clinical practice and is used mainly in clinical trials (Sturm

et al., 2018).

Simplified endoscopic score of CD (SES-CD)

The SES-CD is a simplified version of the CDEIS. It correlates highly with CDEIS. The
score includes four parameters (ulcer size, extent of ulcerated surface, extent of affected surface,
and stenosis), and each of them is assessed in five bowel segments. The scores range from 0 to
6. SES-CD, however, does not define the mucosal healing, thus limiting its use in clinical

practice (Sturm et al., 2018).

1.9.3 Cross-sectional imaging scoring systems

According to a number of reports, cross-sectional imaging modalities have a clearly
defined role for assessment of bowel alteration in patients with CD (Sturm et al., 2018).
Therefore, in 2019, ECCO-ESGAR Guidelines for Diagnostic Assessment in IBD published a

revolutionary statement, stating that cross-sectional imaging methods, US, CT and MRI, can be
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used as an alternative in IBD activity assessment (Maaser et al., 2019). Due to its high contrast
resolution and lack of ionising radiation, magnetic resonance imaging (MRI) is proven to be
informative both in diagnosing Crohn’s disease and assessing its activity along the entire length
and thickness of the altered bowel. To assess CD activity, a variety of MRI scoring systems
have been developed for standardising the measured outcomes (Rozendorn et al., 2018).
Amongst them, the magnetic resonance index of activity (MaRIA), Clermont score and Lémann

score are the most significant MRI scoring systems.

MaRIA score

Among the cross-sectional indices, the MaRIA score, developed by the scientific gropup
of Jordi Rimola, is the first and the only validated MRE-based score, based on data a large
population of patients as having high and significant correlation with CDEIS (Dohan et al.,
2016). The MaRIA score is composed of the values of intestinal wall thickness (in mm) and
relative contrast enhancement (RCE), as well as the rating of the presence of oedema
(1 — present, 0 — absent) and ulcers (1 — present, 0 — absent) in the bowel wall. RCE is calculated
from the wall signal intensity (WSI) series before (WSI-preGd) and after (WSI-postGd)
administration of gadolinium CA (Rimola et al., 2009).

MaRIA score is to be calculated using the following formula:

MaRIA = 1.5 x wall thickness (mm) + 0.02 X RCE + 5 X oedema + 10 X ulcers,

where the presence or absence of ulcers and oedema was rated as 1 or 0, accordingly. RCE was

calculated as follows:

RCE = (WSI-postGd—WSI-preGd)/(WSI-preGd)) x100x(SD-preGd/SD-postGd),

where the SD-preGd and SD-postGd corresponded to the mean of the six SD values of SI,
measured outside of the body before and after gadolinium administration, accordingly (Rimola
et al., 2009).

The cut-off point for diagnosis of active CD is a MaRIA score > 7. The cut-off point for
diagnosis of severe CD is MaRIA score > 11) (Rimola et al., 2011).

A global MaRIA score is calculated by adding the values from all six bowel segments
(terminal ileum, ascending, transverse, descending, sigmoid colon and rectum). It produces a
high and signifficant correlation with CDEIS (rho =0.78, p <0.001), the Harvey-Bradshaw
index (rho = 0.56, p <0.001), and C-reactive protein (rho = 0.53, p < 0.001) (Rozendorn et al.,
2018).
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The main limitation of MaRIA is that it is proven to be valid for the terminal ileum but
not for the colon (Jairath et al., 2018).

A disadvantage of MaRIA is the necessity to administer gadolinium contrast media
related to potentially severe adverse reactions like systemic nephrogenic fibrosis (Broome,
2008; Perez-Rodriguez et al., 2009) and accumulation of gadolinium deposits in the brain and
other body tissues (Gulani et al., 2017; Quattrocchi and van der Molen, 2017). Since CD is a
relapsing disease requiring multiple follow-up examinations, CD patients are exposed to the
risk of gadolinium accumulation. Therefore, solutions replacing the contrast medium

administration are important.

Clermont score

The Clermont score, developed by the scientific group from Clermont-Ferrand
University, is an alternative MRI index of activity. It has been developed on the basis of DWI
by replacing RCE with apparent diffusion coefficient (ADC), which is a quantitative
measurement of diffusion restriction in bowel inflammation. It is reported to have an excellent
correlation with MaRIA score (Hordonneau et al., 2014) and a moderate correlation with
CDEIS (Buisson et al., 2017). The Clermont score is also proven to detect ileocolonic ulcers
(Buisson et al., 2015) and mucosal healing (Buisson et al., 2017), to predict remission following
biological therapy (Buisson et al., 2016, 2018) and reduce risk of surgery (Buisson et al., 2018).
However, further confirmatory studies are needed to validate the Clermont score. DWI images
(Hordonneau et al., 2014). Clermont score is therefore also called DWI-MaRIA. It is reported
to be a reliable tool for assessment of

The Clermont score, or DWI-MaRIA, is calculated as per the following formula

(Hordonneau et al., 2014):

DWI-MaRIA = 1.646 x wall thickness (mm) — 1.321 x ADC + 5.613 x oedema + 8.306 X
ulcers + 5.039,

where, as in the MaRIA score, the presence or absence of ulcers and oedema was rated as 1 or 0.
A Clermont score of > 8.4 is reported to be predictive of active ileal disease, which was
defined as MaRIA > 7, and a score >12.5 is reported to be to be predictive of severe ileal
disease (MaRIA > 11). It is reported that the Clermont score highly correlates with the MaRIA
score (rho = 0.99) in ileal CD but not in colonic CD (rho < 0.8) (Hordonneau et al., 2014).
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Lémann score

The Crohn’s Disease Digestive Damage Score (the Lémann score) differs from other

indices since it assess bowel damage rather than activity (Pariente et al., 2011; Rimola et al.,

2011; Rozendorn et al., 2018). For the assesment of the Lémann score, endoscopy, colonoscopy,

or cross-sectional diagnostic imaging modalities CTE and MRE, are used to visualise the

location of lesions. Each of the segments (upper gastrointestinal tract, small bowel, colon from

caecum till rectum, and anus) is evaluated regarding to three parameters, penetrating lesions,

stricturing lesions, and the history of surgical resection (Pariente et al., 2011; Rozendorn et al.,

2018) (Table 1.3). The Lémann index represents the patient’s disease course and assesses the

response to medical treatment (Maaser et al., 2019).

Table 1.3
Estimation of Lémann index
Upper tract Small bowel Colon/rectum Anus
Surgical Grade 1 - - - Reconstruction
intervention procedure, flap,
coring out
fistula track or
laying open of
fistula
Grade 2 | Bypass Bypass Stomy. Bypass Major surgery
diversion or diversion or diversion or leading to
strictureplasty | strictureplasty | strictureplasty substantial
sphincter
damage
Temporary
diversion
Grade 3 | Resection Resection Resection Resection
Stricturing  |Grade 1 | MRI/CT: MRI/CT: MRI/CT: Clinical
lesion Wall Wall Wall thickening examination:
thickening thickening <3 mmor Mild stricture
<3 mmor <3 mm or segmental
segmental segmental enhancement
enhancement | enhancement | without pre-
without  pre- | without pre- stenotic dilatation
stenotic stenotic
dilatation dilatation
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Table 1.3 (End)

Grade 2 | Endoscopy: MRI/CT: Colonoscopy: Clinical
Lumen Wall Lumen narrowing, | examination
narrowing, thickening passable MRI/CT: | : Frank
passable > 3 mm/ Wall thickening stricture,
MRI/CT: mural > 3 mm/segmental | passable
Wall stratification enhancement
thickening without pre- without pre-
> 3 mm/mural | stenotic stenotic
stratification dilatation dilatation/< 50 %
without pre- of the lumen
stenotic
dilatation
Grade 3 | Endoscopy: MRI/CT: Colonoscopy: Clinical
stricture, non- | stricture with Stricture, examination
passable pre-stenotic Nonpassable : Frank
dilatation MRI/CT: Stricture | stricture,
with pre-stenotic passable
dilatation/> 50 %
of the lumen
Penetrating |Grade 1 | Endoscopy: - Colonoscopy: Clinical
lesion Superficial Superficial examination
ulceration ulceration . Anal
ulceration
MRI/CT:
Simple
fistula
Grade 2 | Endoscopy: MRI/CT: Colonoscopy: Clinical
Deep Deep Deep ulceration examination:
ulceration transmural MRI/CT: Trans- Multiple fistula
MRI/CT: ulceration mural ulceration MRI/CT:
Deep Branching
transmural fistula, multiple
ulceration fistulae, or any
type of abscess
>1cm
Grade 3 | Endoscopy: MRI/CT: Colonoscopy: Clinical
Fistula Phlegmon or Fistula examination:
MRI/CT: any type of MRI/CT: Multiple fistula
Phlegmon or fistula Phlegmon or any | with extensive
any type of type of fistula anal
fistula and perianal
tissue
destruction
MRI/CT:
Extensive anal
and perianal
suppuration,
horseshoe
abscess, or
fistula(e)
involving or
extending
above the

levator plate
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2. Material and methods

A prospective cross-sectional study, consisting of three parts, was carried out during the
PhD thesis:

1) investigation of the effect of preparation of the patient’s intestinal tract with oral
hyperosmolar CA on ADC values of the conventional DWI and DWIBS sequences in intestinal
and large bowel walls. This study is described in the publication by Ilze Apine, Monta Baduna,
Reinis Pitura, Juris Pokrotnieks, Gaida Krumina “The Influence of Bowel Preparation on ADC
Measurements: Comparison between Conventional DWI and DWIBS Sequences”, published
in Medicina (Kaunas, Lithuania) July 2019, 55(7): 394, pp.1-13;

2) investigation of the ADC values of conventional DWI and DWIBS sequences in
patients with signs of active CD MR, and investigation of the use of these values for the
calculation of the Clermont index. This study is described in the publication by Ilze Apine,
Reinis Pitura, Ivanda Franckevica, Juris Pokrotnieks, Gaida Krumina “Comparison between
Diffusion-Weighted Sequences with Selective and Non-Selective Fat Suppression in the
Evaluation of Crohn’s Disease Activity: Are They Equally Useful?”, published in Diagnostics
2020, 10, 347, pp. 1-21;

3) evaluation of the repeatability of the component measurements for the MR indices of
Activity MaRIA, based on the administration of Gd CA, and the Clermont index based on the
ADC-DWI and ADC-DWIBS values. The study is described in the publication by Ilze Apine,
Ieva Pirksta, Reinis Pitura, Juris Pokrotnieks, leva Pukite, Gaida Krumina “Repeatability of
magnetic resonance measurements used for estimating the Crohn’s disease activity”,
Proceedings of the Latvian Academy of Sciences. Section B. Volume 74 (2020), No 2 (725),
pp.75-82.

The dissertation was carried out in the state tertiary care institution Children’s Clinical
University Hospital of Riga, Latvia, from March 2016 to April 2019. The dissertation
summarises data on: 1) false-positive signal hyperintensity in a DWI series of the highest
b value without other radiological features of IBD and without clinical or laboratory signs of
IBD in patients with dyspeptic complaints; 2) patients with active CD in the terminal ileum.
The patients included in the study were scanned with a 1.5 T MRI scanner Philips Ingenia
(Philips Medical Systems, Best, The Netherlands) using a 16-channel body coil. All patients
were fasted for at least six hours prior to the MRE examination and prepared with 1.25to 1.5 L
of 2.5 % mannitol solution orally, prior to scanning. Scanning was performed in the prone
position. The MRE protocol included a conventional DWI sequence with the spectrally
selective fat suppression technique SPIR (DWIspir), and DWIBS sequence. To prevent
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movement artefacts in DWIspir and DWIBS images, intestinal peristalsis was suppressed with
butylscopolamine (Buscopan, Sanofi) by i/v administration with 20 ml of 0.9 % saline. In
patients who required intravenous CA administration, the butylscopolamine injection was also
performed before the dynamic T1 post-contrast series. Image evaluation and ADC
measurements were performed using the Philips Intellispace Portal 5.0 image post-processing
server (Philips Medical Systems, Best, The Netherlands). Intestinal WSI in T1-weighted images
following i/v CA administration and image noise measurements were performed using the Clear
Canvas DICOM Viewer, v. 13.2 (Synaptive Medical, Toronto, Canada, 2019). All images were
analysed and measured by one radiologist, with experience in abdominal MRI since 2000.

In patients with active CD in the terminal ileum, MaRIA in each inflamed altered

segment was calculated according to the formula:

MaRIA = 1.5 x wall thickness (mm) + 0.02 x RCE + 5 x oedema + 10 x ulcers,
where the presence or absence of ulcers and oedema was rated as 1 or 0, accordingly. RCE was

calculated as per formula:

RCE = (WSlI-postGd — WSI-preGd) / (WSI-preGd)) x 100 x (SD-preGd / SD-postGd),

where SD-preGd (standard deviation in the pre-contrast T1-weighted images) and SD-
postGd (standard deviation in post-contrast T1-weighted images) correspond to six mean
values of standard deviation (SD), for SI measured outside the body in the pre-contrast and
post-contrast T1-weighted images (Rimola et al., 2009).

The Clermont score, or DWI-MaRIA, for both DWIspir and DWIBS sequences, was

calculated per following formula (Buisson et al., 2013; Hordonneau et al., 2014):

DWI-MaRIA = 1.646 x wall thickness (mm) — 1.321 x ADC + 5.613 x oedema + 8.306 x
ulcers + 5.039.

Since oedema was one of the inclusion criteria representing inflammation, it was present
in all intestinal segments that met the study criteria; therefore, its rating was always equal to 1.
The study was performed in accordance with the Declaration of Helsinki and approved
by the statement on compliance with bioethical norms 6/10.09.2015 issued at the meeting of
the Ethics committee of Riga Stradin$ University on September 10, 2015. All patients included
in the study or their legal representatives (parents of children), signed a written informed

consent form to participate in the study.
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2.1 First study. Effect of previous preparation of the patient’s intestinal tract with
enteric hyperosmolar CA on the ADC-DWIspir and ADC-DWIBS values of the intestinal
and large bowel walls

The study is described in the publication by Apine, 1., Baduna, M., Pitura, R.,
Pokrotnieks, J., Krumina, G. 2019. “The Influence of Bowel Preparation on ADC
Measurements: Comparison between Conventional DWI and DWIBS Sequences”, Medicina

(Kaunas, Lithuania), 55(7): 394, pp. 1-13.

2.1.1 Patient population

This prospective study included 106 primary care patients (1876 y.o.). The patients
were referred to MRE from March 2015 till March 2018, due to dyspeptic complaints but with
no clinical, laboratory and radiological evidence of IBD. The inclusion criteria were: absence
of typical IBD symptoms — diarrhoea, bloody and/or mucous stool, severe and/or crampy
abdominal pain and rectal involvement (Tontini et al., 2015; Mazza M, Cilluffo MG, 2016) as
well as absence of any radiological or laboratory evidence of IBD.

The exclusion criteria were: age < 18 years, FC level > 200 pg/g, acute bowel infection,
proven or previously diagnosed IBD, endoscopically proven enteropathy (e.g., coeliac disease,
collagenous colitis etc.), radiological signs of IBD, present bowel tumour and systemic diseases

such as cystic fibrosis.

2.1.2 The study

In this prospective observational cross-sectional study, ADC of DWIspir (ADC-DWIspir)
and DWIBS (ADC-DWIBS) were assessed in bowel walls before and after preparation with
hyperosmolar enteric CA. The DWIspir and DWIBS scanning sequences were solely performed
in patients prior to bowel preparation. Afterwards, patients were given the enteric CA, and
scanned as per complete MRE protocol with DWIspir and DWIBS sequences included.

The study included two cohorts: 1) assessment of ADC-DWIspir and ADC-DWIBS in
intestinal walls before and after patient preparation, and 2) assessment of ADC-DWIspir and
ADC-DWIBS in colonic walls before and after preparation. The ADC measurements were only
performed on bowel segments where high SI was present at b = 800 mm?/s image mimicking
bowel inflammation. In order to compare ADC before and after bowel preparation, only patients
with measurements both before and after preparation were included in the further data analysis.

Similarly, for comparison between ADC-DWIspir and ADC-DWIBS, only patients with
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measurements performed in both DWIspir and DWIBS sequences were included in the further
analysis. In both cohorts, data was grouped by the preparation state of the patient (non-prepared

versus prepared bowels) and mutually compared.

2.1.3 1%t cohort

The first cohort was formed of patients in whom high SI bowel walls at b = 800 s/mm?
showing false-positive bowel wall hyperintensity in DWI sequences, mimicking bowel
inflammation were identified in at least one intestinal site. High SI regions in at least one
intestinal region were identified in all 106 patients. Prior to bowel preparation, one collapsed
jejunal segment in DWIspir and DWIBS image series was identified for each patient. After
bowel preparation, one distended jejunal segment in DWIspir and DWIBS image series was
identified in for each patient. ADC values were measured in three sites per segment using 10—

20 mm? region of interest (ROI), both before and after preparation (Fig.2.1).

Figure 2.1. Selecting ROIs for apparent diffusion coefficient (ADC) measurements, in
localisations of false-positive hyperintensity mimicking inflammation on DWIspir tracking
images of b = 800 s/mm? of collapsed (a) and distended (c) jejunum
ADC values appear on the ADC map (b, for collapsed jejunum, d, for distended jejunum). MRE examination of a
53 y.o. female patient with dyspeptic complaints, with no morphologically proven CD, Images from the Author’s
archive.
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2.1.4 2" cohort

The second cohort was formed of patients in whom high SI bowel walls at b = 800
showing false-positive bowel wall hyperintensity in DWI sequences mimicking bowel
inflammation were identified in at least one colonic site. 78 of the 106 patients were identified
to have high SI regions in at least one colonic region. Before bowel preparation in the DWlspir
and DWIBS image series, one caecum or ascending colon segment with presence of
intraluminal faeces was identified in each patient. After bowel preparation in the DWIspir and
DWIBS image series, one caecum or ascending colon segment with presence of intraluminal
mannitol was identified in each patient. ADC values were measured in three sites per segment

using 10-20 mm? ROI both before and after preparation (Fig. 2.2).

Figure 2.2. Selecting ROIs for ADC measurements in localisations of false-positive
hyperintensity, mimicking inflammation on DWIBS tracking images of b = 800 s/mm? of the
walls of ascending colon before preparation of patient with mannitol, at presence of intraluminal
faeces (a) and after preparation, at presence of enteric contrast agent (b)

Note the higher SI of colonic wall in presence of mannitol, when compared to the presence of faeces in the
colonic lumen. ADC values appear on the ADC map (b, for non-prepared colon, d, for prepared colon). MRE
examination of a 45-year-old male patient with dyspeptic complaints, with no morphologically verified
inflammatory bowel disease (IBD). Images from the Author’s archive.
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2.1.5 MRI examination

All patients fasted for at least 6 hours prior to MRE. After the initial scanning of DWIspir
and DWIBS in the prone position, patients were instructed to intake 1.250—1.500 1 of 2.5 %
mannitol solution within 45-60 minutes, followed by a full MRE exam in the prone position.
During the MRE exam and prior to DWIspik and DWIBS sequences, 20 mg dose of
butylscopolamin was intravenously administered to reduce bowel peristalsis.

Patients were scanned with 1.5 T MRI system (Ingenia, Philips Medical Systems, Best,
the Netherlands) using a 16-channel body coil. The applied DWIspir and DWIBS protocols
were obtained from the Philips standard abdominal protocol, and included in the protocol
repository of the MRI system. To enable DWIBS-ADC measurements, the standard DWIBS
protocol was amended by replacing a single b factor b = 1000 by three b factors 0, 600 and
800 s/mm?, consistent to b values in DWIspir protocol.

The scanning parameters for DWIspir and DWIBS protocols are given in table 2.1.

Table 2.1

Scanning parameters of DWIlspir and DWIBS techniques included in the MRE protocol

Scanning Protocol DWIlspir! DWIBS?

Sequence SE-EPI® STIR-EPI*

Mode Single shot Single shot

Coil SENSE?® body SENSE body

Slice orientation Axial Axial

FOVS RL7 400 mm, AP® 350 mm, RL 400 mm, AP 350 mm,

FH’ 303 mm FH 303 mm

ACQ! voxel size RL 3.03 mm % AP 3.57 mm x slice | RL 2.5-0 mm x AP 2.98 mm x
thickness 6 mm slice thickness 6 mm

Reconstruction voxel size RL 1.79 mm X AP 1.79 mm X slice | RL 1.3-9 mm x AP 1.39 mm x
thickness 6 mm slice thickness 6 mm

Fold-over suppression No No

Reconstruction matrix 224 288

SENSE Yes Yes

P reduction (AP) 2 2.5

Number of stacks 1 1

Type Parallel Parallel

Slices 46 46

Slice gap (mm) 0.6 0.6

Slice orientation Transverse Transverse

Fold-over direction AP AP

Fat shift direction A P

TE! 66 ms 78 ms

TR'? 1426 ms 7055 ms
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Table 2.1 (End)

Scanning Protocol DWIspir! DWIBS ?
TI' - 180 ms

Fast imaging mode EPI'4 EPI

Flip angle 90°

Fat suppression SPIR STIR

b factors 0, 600, 800 s/mm? 0, 600, 800 s/mm?
Respiratory compensation Trigger No
Number of signal averages 3 5

Total scan time 4 min. 12 s 5 min. 56 s

1 DWIspir — Diffusion-weighted imaging with spectral pre-saturation with inversion recovery technique. 2
DWIBS — diffusion-weighted imaging with background body signal suppression. * SE-EPI — spin echo-echo
planar imaging. * STIR-EPI — short T1 inversion recovery-echo planar imaging. > SENSE — sensivity encoding. ¢
FOV — field of view. " RL — right-left direction. 8 AP — anterior-posterior direction.® FH — foot-head direction.®
ACQ — acquisition. 1 TE — echo time. *2 TR — repetition time. 2 TI — inversion time. * EPI — echo planar
imaging.

2.1.6 Image analysis

The ADC values were measured by one radiologist with 17 years of MR experience in
abdominal radiology, using standard diffusion calculation software provided by the image post-

processing server Intellispace Portal v.5 (Philips Medical Systems, Best, the Netherlands).

2.1.7 Statistical analysis

Statistical analysis was performed using software Stata/IC, mean ADC values were
compared with unpaired t-test, and 99 % CI were calculated for differences. The statistical
significance of differences between mean values within groups was determined using a one-
way ANOVA with Bonferroni correction. P values of < 0.05 were considered to be statistically

significant.

2.2 Second study. Investigation of ADC-DWIspir and ADC-DWIBS values in patients with
MRI signs of active CD and use of ADC-DWIspir and ADC-DWIBS values in calculating
of Clermont index

The study is described in the publication by Apine, 1., Pitura, R., Franckevica, I.,
Pokrotnieks, J., Krumina, G. 2020. “Comparison between Diffusion-Weighted Sequences with
Selective and Non-Selective Fat Suppression in the Evaluation of Crohn’s Disease Activity: Are

They Equally Useful?”, Diagnostics, 10, 347, pp. 1-21.
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2.2.1 Patient population

In this prospective observational cross-sectional study, the patients underwent MRE
examinations between April 2016 and April 2019. All patients involved in the research had
either symptomatic CD, or they underwent MRE examinations for monitoring the disease
course under treatment. The faecal calprotectin levels in all study subjects exceeded 1000 pg/g.
The inclusion criteria were: proven active non-stricturing non-penetrating CD in the terminal
ileum, presenting with thickened bowel wall (thickness > 3 mm), presence of mural oedema
(hyperintensity of the bowel wall in T2-weighted images compared to the psoas muscle)
(Rimola et al., 2009), signs of restricted diffusion in both DWIspir and DWIBS sequences,
presenting with high SI in DWI tracking images of b =800 s/mm? along with low SI in the
ADC map and early mucosal hyperenhancement in the postGd series (Moy et al., 2016). The
exclusion criteria were: locations of CD other than the terminal ileum, bowel thickness less than
3 mm, dynamic blurring in either of the DWI or T1 postGd images, inability to locate active
bowel wall inflammation in both DWIspir and DWIBS sequences, and postGd T1 within one

and the same segments.

2.2.2 MRI examination

All patients fasted for 6 hours prior the MRE examination, being allowed to intake only
water. No bowel cleansing was carried out. The bowel distension was maintained with 1.000—
1.500 mL of 2.5 % mannitol solution, consumed slowly before the MRE procedure for 45
minutes. After that, patients were asked to lie in the right decubitus position, and they received
another 250 mL of 2.5 % mannitol solution to intake slowly for another 20 minutes. The MRE
examinations were performed with a 1.5T scanner (Ingenia, Philips Medical Systems, Best, The
Netherlands) covering the region from the diaphragm to the pelvis with a 16-element phased
array body coil. The patients were scanned in the prone position. The MRE protocol included:

1) coronal bTFE (Balanced Turbo Field Echo) cine sequence for real-time assessment
of the bowel peristalsis;

2) axial DWIspir sequence, using diffusion factors b fixed at 0, 600 and 800 s/mm?, with
corresponding ADC maps;

3) axial DWIBS sequence, using diffusion factors b fixed at 0, 600 and 800 s/mm?, with
corresponding ADC maps;

4) axial and coronal T2-weighted sequences without fat suppression (T2 TSE);

5) axial and coronal T2-weighted sequences with fat suppression (T2 SPAIR);
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6) coronal T2 fat suppression magnetic resonance cholangiopancreatography (MRCP)
sequence with radial 3D reconstructions;

7) coronal T1-weighted dynamic postcontrast images e-THRIVE (T1 high-resolution
isotropic volume excitation), followed by delayed post-contrast axial e-THRIVE images.

The scanning parameters of the DWIspir and DWIBS protocols are given in Table 2.1.
To reduce bowel peristalsis, hyoscine butylbromide (Buscopan, Sanofi, Athens, Greece) was
intravenously administered, prior to the DWIspir and DWIBS sequences and the coronal
dynamic contrast sequences. The dosage was 10 mg in patients under 50 kg and 20 mg in

patients 50 kg or above, diluted in 20 mL of saline solution.

2.2.3 MR image analysis

All measurements used in MR image analysis were standardised across the patient
groups. The altered locations of the terminal ileum were identified and divided into
approximately 3 cm long segments. The total number of segments was 78, 32 in adults and 46
in paediatric patients. In each segment, wall thickness was measured in mm, the presence of
ulcers (present or absent) was estimated, and six measurements of ADC-DWIspir and ADC-
DWIBS in the corresponding DWIspir and DWIBS tracking images of b = 800 s/mm?* were
performed in each segment, in the zone of the highest SI within the bowel wall. Six
measurements of the WSI were taken in the same location both before (WSI-preGGd) and after
(WSI-postGd) administration of gadolinium contrast medium, in the site with the highest SI in
the postcontrast images. Six measurements of SD representing the image noise were performed
outside the body before (SD-preGd) and after (SD-postGd) administration of gadolinium
contrast medium (Rimola et al., 2009). The mean value of all measurements was used for

calculations. In each altered bowel segment MaRIA was calculated using the following formula:

MaRIA = 1.5 x wall thickness (mm) + 0.02 x RCE + 5 % oedema + 10 x ulcers,
where the presence or absence of ulcers and oedema was rated as 1 or 0, accordingly. RCE was

calculated as follows:

RCE = (WSI-postGd—WSI-preGd)/(WSI-preGd)) x100x(SD-preGd/SD-postGd)
where the SD-preGd and SD-postGd corresponded to the mean of the six SD values of SI,
measured outside of the body before and after gadolinium administration, accordingly (Rimola
et al., 2009). Since oedema was one of the inclusion criteria representing inflammation, it was
always present, and its rating was always equal to 1. The Clermont score or DWI-MaRIA for

both DWIspir and DWIBS sequences was calculated per formula (Hordonneau et al., 2014):
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DWI-MaRIA = 1.646 x bowel thickness — 1.321 x ADC + 5.613 x oedema +
8.306 x ulceration + 5.039

The i/v gadolinium CA used before October 2018 for all adult patients and all but two
children was gadodiamide (Omniscan 0.05 mmol/mL, GE Healthcare, Cork, Ireland, dosage
0.2 mL/kg, or 0.1 mmol/kg). Gadobutrol (Gadovist 1 mmol/mL, Bayer, Berlin, Germany,
dosage 0.1 mL/kg, or 0.1 mmol/kg) was used for the two paediatric patients examined after
October 2018.

The ADC, WSI and SD measurements were performed using 4-9 mm? oval ROI. The
image analysis and the measurements were performed by one radiologist with 19 years’
experience in abdominal MRI imaging. The review of images and ADC measurements were
performed using a dedicated Philips Intellispace Portal postprocessing server, v. 5.0 (Philips
Medical Systems, Best, the Netherlands, 2014). The WSI and image noise measurements were
performed using Clear Canvas DICOM Viewer, v. 13.2 (Synaptive Medical, Toronto, ON,
Canada, 2019).

2.2.4 Statistical analysis

The statistical analysis was performed using software SPSS 20.0 (IBM Corporation,
Armonk, NY, USA, 2011). The median values with SD for ADC-DWIspir and ADC-DWIBS,
MaRIA, DWIspir-Clermont, and DWIBS-Clermont scores were calculated. 95 % CI was
calculated for median differences. The statistical significance of differences between the groups
was determined using the Wilcoxon signed rank test. Spearman’s correlation coefficient was
used to assess the correlations between quantitative parameters. P values of < 0.05 (two-tailed)
were chosen as a level of statistical significance. The Bonferroni correction was used to control

Type 1 error in multiple comparisons.

2.3 Third study. Evaluation of repeatability of magnetic resonance measurements used to

determine CD activity

The study is described in the publication by Apine, L., Pirksta, 1., Pitura, R., Pokrotnieks,
J., Pukite, I., Krumina, G. 2020. “Repeatability of magnetic resonance measurements used for
estimating the Crohn’s disease activity”, Proceedings of the Latvian Academy of Sciences.

Section B. Volume 74, No 2 (725), pp.75-82.
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2.3.1 Patient population

The study involved 17 patients (5 adults, 23—57 y.o., and 12 children, 10—17 y.o.; see
Table 2.2 for details) with faecal calprotectin levels over 1000 pg/mg and histologically proven
active Crohn’s non-stricturising and non-penetrating disease in the terminal ileum, and signs of
active Crohn’s disease in MRE examination: these signs included small bowel wall
thickness > 3 mm, presence of mural oedema (hyperintensity of the bowel wall in T2-weighted
images comparing to the psoas muscle) (Rimola et al., 2009), signs of active inflammation in
DWIspir sequence (high SI in DWI tracking images of b=800 s/mm?, along with low SI in the
ADC map) and early mucosal hyperenhancement in the series following administration of
gadolinium CA (postGd) (Moy et al., 2016). CD located outside the terminal ileum, areas of
bowel thickness of less than 3 mm, lack of signs of active bowel wall inflammation in DWIspir,
DWIBS and postGd T1 series within one and the same segments, and dynamic blurring in either

of the DWI or T1 postGd images were not accepted for performing measurements.

Table 2.2
Demographic data of patients included in the study
Data Adult group Paediatric group
Gender Males; n = 4, females; n=1 Males; n =9, females; n =3
Age 23y.0,n=1,25y.0;n=1, 11y.0.;n=2,12y.0.;n=3,
36y.0;n=140y.0;n=1, 13y.0.;n=1,14y.0.;n=4,
57y.0;n=1 17y.0;n=2

According to the Montreal and Paris classification of CD (Moon, 2019), the phenotype
of 10 patients was A1 L1 B1, the phenotype of the remaining seven patients was A2 L1 B1.

2.3.2 MRI examination

All patients were examined without prior bowel cleansing. Fasting was required 6 hours
prior to MRE procedures. Patients were asked to slowly intake 1.000—1.500 ml of 2.5 % peroral
mannitol solution 45 minutes prior to the MRI procedure, and then to lie in the right decubitus
position, drinking extra 250 ml of 2.5 % mannitol solution for another 20 minutes. The MRE
examinations were performed with 1.5T MRI scanner (Ingenia, Philips Medical Systems, Best,
the Netherlands), covering the region from the diaphragm to the pelvis with a 16-channel body
coil. All patients were scanned in the prone position.

The MRE protocol included:

1) coronal breath-hold balanced turbo field echo (bTFE) cine sequence for real-time

assessment of the howel peristalsis;
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2) axial and coronal breath-hold turbo spin echo, T2-weighted sequences without fat
suppression (T2 TSE);

3) axial and coronal breath-hold spectral attenuated enversion recovery T2-weighted
sequences with fat suppression (T2 SPAIR);

4) axial respiratory triggered conventional DWI sequence — DWI with spectral pre-
saturation inversion recovery (SPIR) fat saturation technique, using diffusion factors b fixed at
0, 600 and 800 s/mm?2, with the corresponding ADC map;

5) axial free-breathing DWIBS sequence — DWI with Short T1 Inversion Recovery
(STIR) fat saturation technique, using diffusion factors b fixed at 0, 600 and 800 s/mm?, with
the corresponding ADC map,

6) coronal respiratory triggered T2 fat suppression magnetic resonance
cholangiopancreatography (MRCP) sequence with radial 3D reconstructions;

7) coronal breath-hold dynamic T1-weighted high-resolution isotropic volume
(THRIVE), where scanning was started simultaneously with intravenous administration of
gadolinium contrast media. Gadodiamide (Omniscan) 0.05 mmol/ml, GE Healthcare, dosage
0.2 ml/kg, or 0.1 mmol/kg was used in patients before October 2018, except in 2 children
examined after October 2018, who received gadobutrol (Gadovist) 1 mmol/ml, Bayer, dosage
0.1 ml/kg, or 0.1 mmol/kg.

To stop intestinal peristalsis, hyoscine butylbromide (Buscopan, Sanofi) was
administered in slow intravenous injection prior to DWIspir and DWIBS sequences as well as
the dynamic contrast sequences. A dosage of 10 mg was used in patients under 50 kg, increased

to 20 mg in patients of 50 kg or above, and the dose was diluted in 20 ml of saline solution.

2.3.3 Image analysis

The measurements were performed by one radiologist with 19 years’ experience in
gastrointestinal MRI imaging, and repeated by the same radiologist after two months.

The measurement approach was standardised. Prior to measurements, the whole parts
of the inflamed terminal ileum were divided into approximately 3 cm long segments (n =32 in
adult patients, n = 46 in children), and the below process was performed when taking
measurements in each of the segments: 1) one measurement of bowel wall thickness was
performed in the location of the largest thickness, 2) presence or absence of ulcers was defined
(1 —yes, 0 — no), 3) three measurements of ADC of the DWIspir (Fig. 2.4.a), and ADC of the
DWIBS (Fig. 2.5.a) were performed at the site of the maximum SI within the inflamed bowel
wall. The ADC value along with the ROI was automatically propagated on the corresponding

ADC map (Fig. 2.4.b for DWIspir and 4.5.b for DWIBS), 4) three measurements of WSI were
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taken before (WSI-preGD) and after (WSI-postGd) administration of gadolinium contrast
medium in exactly the same locations of the highest SI in the bowel wall in both DWI sequences,
and 5) three measurements of the image noise — SD were performed outside the patient’s body
before (SD-preGd) and after (SD-postGd) administration of the contrast medium (Rimola et al.,
2009). The ADC, WSI and SD measurements were performed using 4-9 mm? oval ROI. The
average values of the three measurements of ADC, WSI and SD were used for further

calculations.

s

Figure 2.4. Selecting the ROI for ADC measurements in DWIspir images of
b = 800 s/mm? (a).
On the corresponding ADC map (b), the chosen ROI appears automatically. MRE of a 56-year old male patient
with proven CD in the terminal ileal loop. Images from the Author’s archive.

Figure 2.5. Selecting the ROI for ADC measurements in DWIBS images of
b = 800 s/mm? (a).
On the corresponding ADC map (b), the chosen ROI appears automatically. MRE of a 56-year old male patient
with proven CD in the terminal ileal loop. Images from the Author’s archive.

In each inflamed segment, segmental MaRIA score was calculated per formula:
1.5 x bowel thickness (mm) + 0.02 x RCE + 5 x oedema + 10 x ulceration.
The presence of ulcers was rated as 1 and absence of ulcers — as 0, RCE was calculated
per: RCE = (WSI-postGd — WSI-preGd)/(WSI-preGd) x 100 x (SD-preGd/SD-postGd), where
the SD-preGd and SD-postGd corresponded to the mean of the three SD values of the SI. This
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was measured outside of the body before and after administration of gadolinium contrast
medium, accordingly (Rimola et al., 2009). Since oedema was a criterion of inclusion in the
study, it was present in all patients and was always equal to 1.

The Clermont score, or DWI-MaRIA, for both DWIspir and DWIBS sequences, was
calculated per formula:

DWI-MaRIA = 1.646 x bowel thickness - 1.321 x ADC + 5.613 x
oedema + 8.306 x ulceration + 5.039 (Hordonneau et al., 2014).

Similar to calculating MaRIA score, presence of ulcers was rated as 1, absence of
ulcers — as 0, and presence of oedema was rated as 1.

The assessment of images and measurements of ADC values was performed using a
dedicated post-processing server Philips Intellispace Portal 5.0 (Philips Medical Systems, Best,
the Netherlands). WSI and image noise measurements were performed using Clear Canvas

DICOM Viewer, v. 13.2 (Synaptive Medical, Toronto, Canada, 2019).

2.3.4 Statistical analysis

Statistical analysis was performed using software Stata/IC (StataCorp LLC, Texas,
USA). The mean values and SD were calculated for DWIspir and DWIBS-based ADC, as well
as RCE, MaRIA and Clermont scores. The mean values of the first and second measurement
were compared, and statistical significance of the differences was tested using a paired t-test;
95 % confidence intervals (CI) were calculated for differences. The statistical significance of
difference was determined using one-way ANOVA with Bonferroni correction. P value
of <0.05 was considered as statistically significant. The presence or absence of ulcers was

evaluated with Pearson  test.
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3. Results

3.1 First study. Effect of prior preparation of the patient’s intestinal tract with enteric
hyperosmolar CA, on the ADC-DWIspir and ADC-DWIBS values of the intestinal and

large bowel walls

3.1.1 First cohort: Comparison of ADC-DWIspir and ADC-DWIBS measurements in

unprepared and prepared walls of small intestines

To perform the ADC measurements amongst the 106 patients, ADC-DWIspir was
measured in 91 collapsed and 106 distended jejunal segments. ADC-DWIBS was measured in
86 collapsed and in 95 distended jejunal segments. Comparisons were drawn by analysis of
segment pairs before and after preparation as follows; 88 segment pairs for comparison between
ADC-DWIspr and 83 pairs for ADC-DWIBS. For comparison, between ADC-DWIspir and
ADC-DWIBS before preparation, 85 segment pairs were analysed, and 95 pairs were analysed
to compare ADC-DWIspir and ADC-DWIBS after preparation. The ADC-DWIspr and
ADC-DWIBS values of the walls of non-prepared and prepared small intestines are given in
Table 3.1.

Table 3.1
The ADC-DWIspir and ADC-DWIBS values of the walls of non-prepared and prepared small

intestines (jejunum)

Minimum
value

Maximum
value

Mean
value

Median
value

SD

Non-Prepared
(collapsed) jejunum,
ADC-DWiIspir value
x 10 3 mm?/s

0.30

2.5

1.09

1.07

0.37

Prepared (filled)
jejunum, ADC-DWilspir
value

x 10 ~3 mm?/s

0.59

2.71

1.76

1.72

0.41

Non-prepared
(collapsed) jejunum,
ADC-DWIBS value
x 10 ~3 mm?/s

0.07

2.49

0.91

0.90

0.47

Prepared (filled)
jejunum, ADC-DWIBS
value

x 10 3 mm?/s

0.53

2.97

1.75

1.82

0.51

In both DWIspir and DWIBS sequences, the study found marked significant difference

between ADC of non-prepared and prepared bowels. In both DWIspir and DWIBS ADC, the
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values of non-prepared jejunum were lower than in prepared jejunum. The difference between
mean values of non-prepared and prepared bowel was 38.1 % in DWIspr and 48 % — in DWIBS
(Table 3.2).

Table 3.2
Comparison of ADC values between DWIspir and DWIBS in walls of non-prepared and prepared
jejunum
Difference between
Bowel Non-prepared . mean ADC values
preparation (collapsed) Prepar ed (filled) p value of filled vs.
- jejunum L
status jejunum collapsed jejunal
loops
Mean ADC-
1.09 1.76
DWiIspir value - - <0.0001 0.67 (38.1 %)
« 10 % mm?/s (SD =0.37) (SD =0.41)
Mean ADC-
0.91 1.75
DWIBS value - " < 0.0001 0.84 (48 %)
<10 -2 mm?/s (SD =0.47) (SD =0.51)

Within the walls of non-prepared jejunum, our data showed a statistically significant
ADC difference (p <0.0001) of 16.5 % between DWIspir and DWIBS, being lower in DWIBS.
No significant ADC difference (p = 0.84) between DWIspir and DWIBS was observed within

walls of prepared jejunum.

3.1.2 Second cohort: Comparison of ADC-DWIspir and ADC-DWIBS measurements in

walls of non-prepared and prepared large intestines

To perform the ADC measurements amongst the 106 patients, ADC-DWIspir was
measured in 41 non-prepared and in 42 prepared caecum or ascending colon segments.
ADC-DWIBS was measured in 25 non-prepared caecum or ascending colon segments, and in
18 prepared caecum or ascending colon segments. 41 segment pairs were analysed for
comparison between ADC-DWIspir before and after preparation, and 18 segment pairs were
analysed to compare ADC-DWIBS before and after preparation. For comparison between
ADC-DWIspir and ADC-DWIBS before preparation 25 segment pairs were analysed, and
18 pairs were analysed to compare ADC-DWIspir and ADC-DWIBS after preparation. The
ADC-DWIspir and ADC-DWIBS values of the walls of non-prepared and prepared large

intestines (caecum/colon ascendens) are presented in Table 3.3.
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The ADC-DWIspir and ADC-DWIBS values of the walls of non-prepared

and prepared large intestines (caecum/colon ascendens).

Table 3.3

Minimum
value

Maximum
value

Mean
value

Median
value

SD

Non-Prepared (with
intraluminal faecal
content) caecum/colon
ascendens, ADC-
DWilspir value

x 10 —3 mm?/s

0.78

2.68

1.41

1.43

0.31

Prepared (with
intraluminal mannitol
substrate) caecum/colon
ascendens, ADC-
DWIspir value

x 10 ~2 mm?/s

1.19

2.89

2.13

2.16

0.41

Non-Prepared (with
intraluminal faecal
content) caecum/colon
ascendens, ADC-
DWIBS value

x 10 ~3 mm?/s

0.18

2.49

1.01

1.04

0.41

Prepared (with
intraluminal mannitol
substrate) caecum/colon
ascendens, ADC-
DWIBS value

x 10 ~3 mm?/s

1.07

3.25

2.04

1.98

0.58

In both DWIspir and DWIBS sequences, the study found marked significant difference
between ADC in non-prepared and prepared bowels. In both DWIspir and DWIBS ADC, values

of the non-prepared colon were lower than in the prepared colon. The ADC differences between

non-prepared and prepared bowel was 33.8 % in DWIspr and 50.5 % — in DWIBS. The ADC

values are presented in Table 3.4.
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Table 3.4

Comparison of ADC values between DWIspir and DWIBS in walls of hon-prepared and

prepared colon

Non-
prepared Prepared (with Difference
Bowel (with intraluminal between mean
preparation mtrfalumllnal mgnnltol b value ADC \:jalues of
State aeca substrate) prepared vs. non
content) caecum/colon prepared colonic
caecum/colon ascendens walls
ascendens
Mean ADC- 141
2.13 0.72
DWIspir value (SD =0. O < 0.0001 0
% 10 -% mm2/s 31) (SD =0.41) (33.8 %)
Mean ADC-
1.01 2.04 1.03
DWIBS value B B <0.0001 0
« 10 % mm2/s (SD =0.40) (SD =0.58) (50.5 %)

By mutually comparing ADC-DWIspir and ADC-DWIBS values within walls of both
non-prepared and prepared colon, the data showed statistically significant ADC differences
(p <0.0001) of 28.4 % between DWIspir and DWIBS, being lower in DWIBS. No significant
ADC difference (p = 0.58) between DWIspir and DWIBS values was found.

3.2 Second study. Investigation of ADC-DWIspir and ADC-DWIBS values in patients with
MRI signs of active CD, and the use of ADC-DWIspir and ADC-DWIBS values in

calculating of Clermont index

During the study, 57 patients — 20 adults and 37 children — with active Crohn’s disease
underwent MRE examination. Amongst them, 17 patients — five adults (23, 25, 36, 40 and
57 years old) and 12 children (11 years old; n = 2, 12 years old; n = 3, 13 years old; n = 1,
14 years old; n =4, 17 years old; n = 2) were enrolled in the study as meeting the study criteria.
15 adults and 25 children did not meet the study criteria: in 14 patients (6 adults and 8 children)
CD was localised in the colon, and in 3 paediatric patients it was localised in the jejunum.
9 patients (1 adult and 8 children) with ileal CD had history of resection of the terminal ileum.
7 patients (2 adults and 5 children) had MR appearance of CD, but the diagnosis was not
endoscopically proven. 5 adult patients with the history of known proven CD had no conclusive
visual signs of CD. Images of one adult patient showed blurring in T1 postcontrast images, and
images of one paediatric patient showed both blurring in conventional DWI and T1 post-

contrast images.
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Amongst the enrolled 17 patients, in one adult patient the duration of medical history
prior to the MRE examination was more than two years, in three adult patients — from 6 till 12
months, but in one adult patient CD was asymptomatic, of unknown length, and was detected
upon performing a set of infertility tests. In one paediatric patient, the duration of CD was
slightly less than two years, but in the remaining 11 patients the duration of medical history was
less than 6 months.

The overview of measured ADC-DWIspir and ADC-DWIBS values, as well as
calculated values of MaRIA, DWIspir-based Clermont score and DWIBS-based Clermont score,
is presented in Table 3.5.

Table 3.5
Values of ADC-DW!Ispir, ADC-DWIBS, MaRIA as well as ADC-DW!Ispir and ADC-DWIBS-

based Clermont scores in the groups of adult and paediatric patients

Measurement N Minimum Maximum Median value SD
value value

ADCZ'DW'SP'R 32 0.66 x 10 3 2.16x 1073 1.26 x 10 3 0.29

(mm?/s), adults

ADC- DWilspir

(mm?/s), 46 0.18x 103 223 %1078 1.13x 103 0.31

children

ADCZ'DW'BS 32 0.01 x 1073 237x1073 1.15%x 1073 0.49

(mm?/s), adults

ADC-DWIBS | 4 | 050102 | 274x10° | 116107 0.44

(mmé?/s), children

MaRIA, adults 32 10.65 36.65 24.43 5.31

MaRIA, children| 46 9.96 37.67 22.08 6.67

ADC-DW!Ispir-

based Clermont | 32 12.85 39.23 26.23 476

score, adults

DWIlspir-based

Clermont score, | 46 13.59 40.74 23.53 5.42

children

DWIBS-based

Clermont score, | 32 5.92 38.78 24.28 4.65

adults

DWIBS-based

Clermont score, | 46 8.25 39.52 24.39 5.77

children

There was a statistically significant difference of 10.32 % (p = 0.02) between the median
values of ADC-DWIspir in adults and children, appearing lower in children than in adults; no
statistically significant difference (p = 0.38) between ADC-DWIBS in adults and children was
detected. There was a statistically significant difference of 8 % (p = 0.03) between ADC-
DWIspir and ADC-DWIBS values in adults, appearing lower in DWIBS, but no statistically
significant difference (p = 0.97) between ADC-DWIspir and ADC-DWIBS values in children.
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The graphical comparative distribution of the ADC-DWIspir and ADC-DWIBS values between
both patient groups is shown in Fig. 3.1 a and b. The graphical comparative distribution of the

ADC-DWIspir and ADC-DWIBS values within each of the patient groups is shown in

Fig. 3.2, aand b.
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Figure 3.1 Comparison of ADC-DW/lspir values (a), and ADC-DWIBS values (b) between adults
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Figure 3.2. Comparison between ADC-DW!Ilspir and ADC-DWIBS values in adults (a) and in
children (b)

In all patients of both groups the MaRIA value corresponded to active disease (i.e., > 7)
(Rozendorn et al., 2018). Excluding one patient with the score value of 10.65, MaRIA score
values in all adult patients also corresponded to severe disease (i.e., > 11). In the paediatric
group, in all but three patients, with the values of 9.95, 10.25 and 10.66, MaRIA values
exceeded 11 thus corresponding to severe disease (Rozendorn et al., 2018).

In all patients of both groups, the DWIspr-based Clermont score value corresponded
not only to active disease (i.e., > 8.4) but severe disease (i.e., > 12.5). In two adult patients, the
DWIBS-based Clermont score values (i.e., 5.92 and 8.20) were below the threshold of 8.4 for
active disease, however the values of all other patients corresponded both to active and to severe
disease. In one paediatric patient, the DWIBS-based Clermont score value (i.e., 8.24) was
slightly below the threshold of 8.4 for active disease; two patients with values of 11.26 and
12.38 corresponded to active disease, and all other patients corresponded to severe disease

(Rozendorn et al., 2018).
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The correlation between ADC-DWIspir and ADC-DWIBS was weak and statistically
unreliable in both adults (rtho = 0.27; p = 0.13) (Fig. 3.3a) and children (rho = 0.22; p = 0.15)
(Fig. 3.3b).

There was a strong and statistically significant correlation between MaRIA and
ADC-DWIspr-based Clermont score in both adults (rho = 0.93; p < 0.0001) (Fig. 3.4a) and in
children (rho =0.98; p < 0.0001) (Fig. 3.4b). There was also a strong and statistically significant
correlation between MaRIA and ADC-DWIBS-based Clermont score in adults (rtho = 0.89;
p <0.0001) (Fig. 3.5a) and in children (rho = 0.95; p < 0.0001) (Fig. 5.5b). The correlation
between ADC-DWIspir and MaRIA was a moderate negative and statistically reliable in both
adults (rho = -0.50, p = 0.004) (Fig. 3.6a) and children (rho =-0.54, p < 0.0001) (Fig. 3.6b).
There was no correlation between ADC-DWIBS and MaRIA (rho =-0.001, p = 0.99) in adults
(Fig. 3.7a), and a low negative statistically reliable correlation (rho=-0.374, p = 0.01) in
children (Figure 3.7b).
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Figure 3.3. Correlation curve between ADC-DW/lspir and ADC-DWIBS in adults (a) and
children (b) showing no correlation
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Figure 3.7. Correlation curve between ADC-DWIBS and MaRIA in adults (a) showing no
correlation and in children (b) showing low negative correlation

3.3 Third study. Evaluation of repeatability of magnetic resonance measurements used to

determine CD activity

No statistically significant difference was observed between the two measurements
performed by a single observer, either in the measurement of the bowel wall thickness
(p =0.42), or in the assessment of ADC-DWIspir values (p = 0.65) and ADC-DWIBS values
(p = 0.23). There was also no statistically significant difference between the two measurements
performed by a single observer in the assessment of WSI-preGd (p = 0.06) or WSI postGd
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(p = 0.57). The highest absolute difference between two measurements was observed for WSI-

preGd measurements being 8 %, and the lowest absolute difference — for ADC-DWIspir

measurements being 1 %. The results of measurements, along with absolute differences

between the two measurements, are presented in Table 3.6.

Table 3.6

Numerical values of the first and the second measurements of the bowel wall thickness,

ADC-DWIspir and ADC-DWIBS, WSI-preGd and WSI-postGd

Measurement First assessment Second assessment Difference
(mean) (mean) Difference (%) | p value

Wall thickness (mm) 6.4 6.6 0.2 (5%) 0.42

ADC-DWIlspir 1.219 1.227 0.008 (1 %) 0.65

(mm?/s) (SD 0.320) (SD 0.321)

ADC-DWIBS 1.180 1.132 0.048 (4 %) 0.23

(mm?/s) (SD 0.505) (SD 0.478)

WSI-preGd 162.925 150.305 12.61 (8 %) 0.06
(SD 127,57) (SD 99.68)

WSI-postGd 336.39 316.11 20.33 (6 %) 0.57
(SD 235,35) (SD 212,90)

For the assessment of presence of bowel ulcers between the 1% and the 2"¢ assessment,

the Pearson x> was 13.70 (p < 0.0005), indicating a systemic difference between the two

assessments of absence or presence of ulcers. The results of the assessment of presence or

absence of ulcers are presented in Table 3.7.

Table 3.7

Evaluation of first and the second measurements of the presence/absence of ulcers

Evaluation Ulcers Number of % Pearson y° p Value
segments
First Absence | 43 55.13
Presence | 35 44.87 13.70 < 0.0005
Second Absence | 26 33.33
Presence | 52 66.67

64



4. Discussion

4.1 Use of the DWIBS sequence in primary diagnostics of CD (first study)

The use of DWI has been shown to improve the accuracy of CD diagnosis, to assess the
disease activity, and to assist in the dynamic follow-up by evaluation of the effectiveness of
treatment. It also is able to replace the i/v CA administration (Dohan et al., 2016). However,
despite sensitivity of the method up to 100 %, its disadvantage is the low specificity of
39-61 %. The reason for the low specificity of DWI, is the high intensity signal in DWI tracking
images with high b values in the intestinal wall. This phenomenon is usually explained by the
T2 “shine-through” effect, which is related to the long T2 relaxation time of tissues. Although
in this case ADC values in intact bowel walls should be high (Koh et al., 2012), and in the case
of inflammatory changes — low, high SI in the DWI tracking images in combination with low
ADC values, is observed not only in inflamed, but also in intact intestinal walls. (Jesuratnam-
Nielsen et al., 2015b).

According to a number of studies, the performance of DWI varies among authors. The
range of ADC values in the normal bowel wall was 1.18-3.69 mm?/s, whereas in inflamed
bowel segments — 1.24-1.988 mm?/s, being significantly lower by 0.8-2.4 x10 ~* mm?/s than
in intact bowels. Several authors have also provided their cut-off ADC values for discriminating
between inflamed and intact bowel walls. These values are mutually different and lie between
the ADC ranges of inflamed and intact bowel walls, except in one study where the cut-off value
lies within the range of the inflamed bowel. According to the data from all researchers, ADC
ranges of IBD and intact bowels do not mutually overlap (Dohan et al., 2016). Therefore,
assuming that the ranges of DWI ADC values do not overlap in the wall of unprepared intestines,
the theory has been proposed that DWI could have a possible advantage in performing MRE
examinations without prior preparation of the intestinal tract of patients with hyperosmolar oral
CA. This would allow the examination of patients under general anaesthesia, for whom oral
preparation is contraindicated. Therefore, it is important to understand whether the ADC values
of the intestinal wall before and after prior preparation with osmotically active oral CA differ,
how large these differences are, and whether the ADC range of the intestinal wall does not
partially overlap with the ADC range of the inflamed intestinal wall.

Most intestinal wall DWI studies have been performed by preparing patients with large
volumes (1000-2000 ml) of hyperosmolar oral CV prior to the MRE examination. To the best
of our knowledge, the team of Kiryu et al. is the only research group reporting ADC values in

Crohn’s disease patients without prior patient preparation using free-breathing DWI with STIR
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as the fat suppression technique. The reported ADC values show a similar trend, with that in
prepared bowels being lower in disease-active segments and higher in disease-inactive areas
(1.61 £ 0.44 x 10 3 mm?/s versus 2.56 + 0.51x10 > mm?/s in intestines, respectively) (Kiryu
et al., 2009). This difference is large enough to allow the diagnosis of CD on the basis of ADC
measurements, without prior preparation of the patients’ intestinal tract. If the differing ADC
values in inflamed and unaltered intestinal walls also apply to unprepared intestinal walls, this
would allow ADC values to be properly assessed without preparing patients prior to the
examination. Therefore, one of the study tasks was to compare the ADC values of unprepared
and prepared intestinal walls.

Upon reporting multiple MRE exams, several observations were performed regarding
the high SI bowel wall in the DWI tracking images of b = 800 s/mm?. Firstly, it was noticed
that intestinal SI was markedly higher in the bowel wall before preparation, i.e., in a totally
collapsed bowel, compared to the intestinal wall after preparation, i.e., in a fully distended
bowel. In contrast, in the colon, SI was markedly higher in the bowel wall after preparation, i.e.,
in the presence of enteric CA, compared to the colonic wall before preparation, i.c., in the
presence of faeces. In both situations, high SI bowel walls in the ADC map frequently presented
low SI. These observations raised a question regarding ADC differences between the bowel
wall before and after patient preparation, in both the intestines and colon.

Results from the first cohort comparing ADC values of DWIspir and DWIBS between
non-prepared (collapsed) and prepared (filled) intestines showed that ADC values in both
DWIspir and DWIBS in the collapsed bowel sample were markedly lower than in distended
bowel samples. As the bowel collapses, the number of cells per volume unit increases; however,
the cells are not altered. The measurement results therefore could be explained by the partial
volume effect (Scherrer et al., 2011). In the prepared (filled) jejunal wall, the signal of the very
thin bowel wall was contaminated by the high intensity signal from the massive volume of
enteric CA, therefore the ADC value is high. However, in the non-prepared (collapsed)
intestinal samples, the amount of high SI intraluminal content is less, therefore, the
contamination of the intestinal wall signal is also less. A similar explanation applies to the
second cohort comparing ADC values of DWIspir and DWIBS between the non-prepared
(presence of low SI intraluminal faeces) and prepared (presence of mannitol) colon. The results
showed that ADC values in both DWIspir and DWIBS were dependent on colonic intraluminal
content, and in the presence of low SI faeces, were nearly two times lower than in the presence
of high SI mannitol.

By mutually comparing ADC-DWIspir and ADC-DWIBS values, no statistically

significant difference was observed in the wall of prepared bowels, both regarding the intestines
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and the colon. On the contrary, ADC-DWIBS values of both the non-prepared small intestine
and colon are significantly lower compared to the ADC-DWIspir values. This is explained by
the large amount of liquid oral CA in the intestinal lumen, which generates the high signal in
both the small and large intestinal wall to the same extent, and equally affects the ADC values
of the bowel walls. On the contrary, in the non-prepared bowel, there is a presence of high-
viscosity intraluminal content — chyme, in the intestines and faeces, in the colon. The T1
relaxation time of high viscosity content is short, like that of fat. Therefore, STIR, being a non-
selective fat suppression technique for the DWIBS sequence, suppresses not only the fat signal
but also the signal from another type of substrate with a short T1 relaxation time (Krinsky G,
Rofsky and Weinreb, 1996; Del Grande et al., 2014). Therefore, the lower ADC-DWIBS values,
in the presence of the bowel content, are more likely to overlap the ADC range of the inflamed
bowel compared to ADC-DWIspir. When comparing the ADC values of the intact intestinal
wall in adult patients obtained in the first study, with the ADC values in adult patients with
active CD in the terminal ileum, obtained in the second study, there was a clear difference in
ADC values. In adult patients, the median ADC DWIspr value for the previously prepared
unaltered small intestinal wall is 1.72 x 10 > mm?/s, for the non-prepared unaffected small
intestinal wall — 1.07 x 10 > mm?/s, while the median ADC value for the terminal loop affected
by CD, is 1.26 x 10 > mm?*/s. The median ADC-DWIBS value for the prepared unaltered small
intestinal wall is 1.82 x 10 > mm?/s, for the previously unprepared unaltered small intestinal
wall —0.90 x 10 > mm?/s, while the median ADC-DWIBS value for the terminal ileum affected
by CDis 1.15 x 10 > mm?/s. Thus, in both DWIspir and DWIBS sequences, the ADC values of
the bowel wall affected by CD is higher than the ADC values of the unprepared intestinal wall.
Thus, the ADC measurements in both DWIspr and DWIBS sequences are unlikely to be
suitable for scanning patients without prior intestinal preparation.

The study, however, had several limitations. Measurements were performed by one
radiologist, not assessing inter-observer agreement, and in such a small volume ADC values
reported are hardly reproducible (Dohan et al., 2016; Watson et al., 2018), as they rest on
subjectivity. Nevertheless, the data from ADC measurements in liver imaging suggested better
reproducibility of free-breathing DWIBS over respiratory-triggered DWI (Kwee et al., 2008a),
which could be also proven better for bowel walls, but requires further investigation. In
intestines, the most uniform luminal distension was present in the jejunum, which was therefore
chosen for intestinal measurements; however, the i/eum is the main location of CD. The terminal
ileum also has different morphological patterns, such as abundance of lymphoid tissues

(Gullberg and S6derholm, 2006), which also could influence ADC measurements. In the colon,
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measurements were performed only in the walls of the caecum and the ascending colon, since
presence or mannitol was mainly observed in these locations. Location of the sites with high SI
signal in DWI tracking images of b = 800 s/mm? was not consistent among the series; therefore,
measurements could not be performed precisely at the same locations. No special attention was
paid to the T2 “shine through” effect of bowel walls, and measured ADC values in the DWI
tracking images of b = 800 s/mm? regardless of SI appearance in ADC map. The goal was to
observe properties of ADC-DWIspir and ADC-DWIBS in the sites of bowel walls showing high
SI at tracking images of b = 800 s/mm? resembling bowel inflammation, whereas no other signs
of bowel inflammation were considered such as oedema, increased bowel wall thickness,
contrast enhancement, which were absent in patients with no presence of IBD as required by

the study.

4.2 Use of the DWIBS sequence to evaluate CD activity (second and third study)

The primary goal of treatment for CD is to achieve remission. Therefore, the assessment
of disease activity is crucial to guide patients’ therapeutic decisions regarding the treatment of
CD. Although the primary endpoint of treatment has long been endoscopic remission, i.e.,
mucosal healing (Rimola et al., 2009; Moy et al., 2016; Maaser et al., 2019), CD is a transmural
inflammation that can persist in patients with long-term mucosal healing (Zorzi et al., 2014;
Civitelli et al., 2016; Nardone et al., 2019). It is proven that compared to mucosal healing,
transmural healing is related to improved long-term outcomes, including sustained long-term
steroid-free clinical remission, less need for rescue therapy, less CD-related hospitalisations and
CD-related surgery (Serban, 2018). Therefore, transmural healing has recently been proposed
as a new target for CD treatment (Castiglione et al., 2019b). To assess transmural changes,
imaging techniques are required allowing evaluation of the altered intestinal wall along its
entire length and thickness. It has been shown that MRE can replace endoscopy in the
assessment of CD activity (Rimola et al., 2009).

The MaRIA score is the only validated index for measuring inflammatory activity in the
ileum, tested in large patient populations and multi-centre research (Dohan et al., 2016; Ordas
et al., 2019). It requires i/v administration of Gd CA. The Clermont score is based on DWI
(therefore called DWI-MaRIA), and it was derived as an alternative for MaRIA, replacing RCE
with ADC, thus avoiding the administration of gadolinium contrast media. The authors of the
Clermont score state it is not only useful in estimation of ileal CD activity, with excellent
correlation with RCE-based MaRIA (Buisson et al., 2013; Hordonneau et al., 2014), but also,
in the detection of ulcers (Buisson et al., 2015) and prediction of remission after biological

therapy (Buisson et al., 2018). The authors of the Clermont score state it is not only useful in
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the estimation of ileal CD activity, but also in the detection of ulcers (Buisson et al., 2015) and
the prediction of remission following biological treatment (Buisson et al., 2018). In their reports,
the authors cite an outstanding correlation of the Clermont index with MaRIA (Buisson et al.,
2013; Hordonneau et al., 2014).

In this study, the correlation between ADC-DWIspir and ADC-DWIBS values was
calculated. Although ADC-DWIspir and ADC-DWIBS values appeared to be comparable
visually, virtually no correlation was observed between ADC-DWIspr and ADC-DWIBS
values in both adults (tho =0.27; p=0.13) and children (rho = 0.22; p =0.15). Although the
DWIBS sequence is performed under free breathing, and availability of both repeated
stimulations and acquisitions contributes to improved SNR and both spatial and temporal
resolution (Kwee et al., 2008b), the possibility of respiratory motion in DWIBS, means that
slice levels of images obtained with different b-values may not be identical. Since DWIBS
employs multiple slice excitations, slice levels of images obtained with the same b-value may
be different (Ouyang et al., 2014). The weak correlation between ADC-DWIspir and ADC-
DWIBS values, may also be impacted by the conceptually different fat suppression mechanisms
of SPIR and STIR on ADC values of the intestinal wall, in relation to histopathological
characteristics of bowel inflammation, due to differences in gut wall histopathology in adults
and children.

Within the study, the ADC-DWIspir and ADC-DWIBS values were analysed in two
dimensions:

1) ADC values of both adults and children were compared within a single fat
suppression technique, and a statistically significant ADC-DWiIspir difference was observed
between adults and children, being lower in children, compared to adults. In contrast, no
statistically significant difference was found between the ADC-DWIBS values in adults and
children;

2) ADC values obtained with each of the DWI sequences were compared within
one patient group, both in adults and children. The analysis showed differences between ADC-
DWiIspir and ADC-DWIBS values in adults, being lower in DWIBS, but did not show a
difference between ADC-DWiIspir and ADC-DWIBS values in the children’s group.

To interpret the results, it is necessary to consider the differences in the histopathological
picture of adult and paediatric CD, the different physical basis of both DWIspr and DWIBS
sequences as well as the duration of CD history.

There are three ruling theories considering the exact cause of the restricted diffusion in
CD as follows: 1) narrowing of extracellular space caused by presence of oedema and increased

cell density, dilated lymphatic vessels as well as formation of lymphoid aggregates, epithelioid
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granulomas and micro-abscesses (Geboes, 2003; Feakins, 2013; Morani et al., 2015; Zhu et al.,
2015); 2) increased perfusion, and 3) mural fibrosis (Morani et al., 2015; Zhu et al., 2015).
Although the morphological pattern of CD is generally similar in adult and paediatric patients
(Magro et al., 2013), the main difference between the histopathology of paediatric and adult
CD, is the more frequent appearance of epithelioid granulomas in the inflamed bowel wall of
children (Feakins, 2013; Riddell, 2014; Feakins, 2014).

When analysing the performance of ADC-DWIBS, the non-selectivity of STIR fat
suppression must be considered. Unlike the SPIR technique, which uses a spectrally selective
RF pulse, suppressing solely the fat signal, STIR technique uses an inversion recovery
technique based on the T1 relaxation time of the tissues examined. Apart from fat having a short
T1 time, STIR technique suppresses other substances of short T1 time, thus adding to the
decrease of ADC value by suppression of signal from methaemoglobin, melanin, mucoid tissue,
and proteinaceous fluid (Del Grande et al., 2014). Although early mucosal lesions in CD can be
associated with the damage of small capillaries (Geboes, 2003), there is no literary data on
haemorrhagic changes in the intestinal wall, which could lead to the formation of
methaemoglobin in the intestinal wall (Riddell, 2014). There is also no evidence that any patient
has chronic bowel melanosis associated with the development of melanin deposits, rarely
associated with CD. (Lambert, Luk, 1980; Li et al., 2015). The inflammatory bowel wall tends
to contain crypt abscesses, the contents of which could be considered as both mucoid and
protein-rich tissues. However, they are occasional and are only observed in 19% of patients
(Riddell, 2014).

A very important consideration influencing the SI of fine and thin structures, such as the
bowel wall, is the partial volume effect (Gonzalez Ballester et al., 2002). Typically, an
achievable DWI resolution is in the order of 2 mm X 2 mm % 2 mm (Scherrer et al., 2011). In
our DWIBS protocol, the acquisition voxel size is 2.50 mm (RL) % 2.98 AP (AP) x 6 mm (slice
thickness), therefore within the single voxel, there will be signal contamination from the
adjacent media. The bowel lumen contains the viscous and proteinaceous chyme, and
occasionally faecal admixture, so the ADC-DWIBS values will be influenced not only by
suppression of the mesenterial fat tissue, but also by saturation of signal from the bowel content
with short T1 relaxation time. Therefore, when measured at a short distance from the intestinal
lumen as carried out in the group of adults, ADC-DWIBS values are artificially lower,
compared to ADC values of conventional DWI, i.e., DWIspir.

The lower ADC-DWIspir values in children, compared to adults are explained by
differences in medical history. Although all adult patients had active CD, their medical history

prior to the MRE examination was at least six months long (except for one patient whose
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duration of illness was unknown), whereas all children (except one with an almost 2-year
history of CD) were examined no longer than six months after the onset of symptoms. Therefore,
the oedema component in the paediatric bowel wall was more pronounced, resulting in a greater
diffusion restriction when compared to the adult patients. The presence of epithelioid
granulomas may further limit diffusion in the inflamed wall.

In turn, lack of difference in ADC-DWIBS values for adults and children can be
explained as follows. The medical history of children included in the study was shorter and
therefore intestinal wall oedema was more severe. The ROIs for performing ADC
measurements were positioned at the sites with the highest SI (within the submucosal layer of
the bowel wall), therefore the distance to the intestinal lumen was sufficient to prevent the signal
contamination caused by the partial volume effect. In turn, since the history of CD was longer
in the group of adult patients, apart from oedema, fibrosis was also present. In these locations,
the bowel wall was thinner, and ADC-DWIBS values were influenced by the partial volume
effect from the bowel content with short T1 time, artificially lowering the ADC values.

The absence of difference between ADC-DWIspir and ADC-DWIBS values in the
children’s group could also be explained with the predominance of the oedematous component,
which, by increasing the thickness of the intestinal wall, does not allow the partial volume effect
to affect the ADC-DWIBS values measured in the middle of the submucosal layer of the
intestinal wall.

In the study, a moderate negative correlation was found between ADC-DWIspir and
MaRIA in both adults (rho = 0.50, p = 0.004) and children (rho = -0.54, p < 0.0005) being
weaker than reported by the study group of the Clermont-Ferrand university showing excellent
correlation (Buisson et al., 2013; Hordonneau et al., 2014). However, in the systematic review
and meta-analysis on using diffusion-weighted MRE for evaluating bowel inflammation in CD,
Choi et al. states that ADC demonstrates a moderate strength of correlation at best, and the
Clermont score performs better (Choi et al., 2016). This is also consistent with the obtained
results, since like the studies by the research group from Clermont-Ferrand University, in the
current study there was also observed excellent correlation between MaRIA and both DWIspir-
and DWIBS-based Clermont scores. However, there may be a methodological error in using
correlation between MaRIA and Clermont score, as the data to be correlated should be mutually
independent, and should not be used if it includes more than one observation on any individual
(Aggarwal and Ranganathan, 2016). Apart from RCE used in MaRIA and ADC used in the
Clermont score, all other three variables (wall thickness, presence of oedema and presence of
ulcerations), are used in both equations. The use of correlation analysis opposes the conditions

in which correlation can be applied, and in the instances of highest probability, could lead to an
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overestimation of the similarity between MaRIA and the Clermont score. The accuracy of this
statement is supported by the contradiction between correlation of ADC-DWIBS and the ADC-
DWIBS-based Clermont score with MaRIA, as despite no apparent correlation between ADC-
DWIBS and MaRIA (rtho =-0.001, p=0.99) in the adult group, and low negative correlation
between ADC-DWIBS and MaRIA in the paediatric group (rho=-0.37, p=0.01), the
correlation between DWIBS-based Clermont score and MaRIA remained strong in both adults
(rho = 0.89; p < 0.0005) and children (rho = 0.95; p < 0.0005).

In the study, endoscopy was not used as the reference standard but the study groups were
selected exclusively by visual MRE findings of CD. Lack of an endoscopic picture for
comparison can be considered as a limitation of the study, but the possible incomplete
correlation of the MR picture with the endoscopic picture should also be taken into account.
The endoscopic visual image and the histopathological pattern of the endoscopically obtained
tissue samples reflect changes in the intestinal mucosa, whereas the components that form the
MR activity indices characterise changes not only in the intestinal mucosa, but also within the
entire thickness of the intestinal wall. Both the literary data and the experience of the Children’s
Clinical University Hospital suggest situations in which intact intestinal mucosa is observed
endoscopically in the case of active CD, while MRI examination reveals marked transmural
inflammatory changes. However, literature provides a broad picture of the correlation not only
between MRE and endoscopic findings, but also between MRE and surgery specimens of
resected intestinal segments with certain defined criteria, along with the conclusion that MRI is
an informative and sufficiently accurate method to assess altered bowel walls in CD. Based on
these observations, for several years now, when referring patients for MRE examinations,
clinicians do not duplicate their results with the invasive endoscopy that is also cumbersome
for patients. Consequently, in 2019, for the first time, the ECCO-ESGAR guidelines were
introduced with a revolutionary statement that radiological cross-sectional imaging methods
(and, therefore, MR) can be used as an alternative to endoscopy to assess CD activity (Maaser
et al., 2019). Therefore, although CD had been endoscopically confirmed in all patients
included in the study, the results of the MRE examination were not duplicated by the endoscopic
and histopathological findings in any of cases. The correlation between histopathological and
radiological scenes could best be reflected if a representative number of surgically resected
intestinal segments were available. However, surgical resection with subsequent
histopathological analysis of the specimen, which would provide the most complete picture of
intestinal wall changes, was performed in only one patient.

Obtaining high quality and precisely interpretable DWI images requires a uniform

magnetic field, very strong gradients and fast image capture, which is not possible with
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currently available MR equipment. The quality of DWI images is therefore inferior than that of
conventional MR images, due to low resolution, noise, distortions, and limited morphological
interpretability (Chilla et al., 2015). Opinions on reproducibility of ADC-DWI measurements
used in the Clermont score varies among authors, and despite good to excellent repeatability
reported from certain authors (Hao Yu, Ya-Qi Shen, Fang-Qin Tan, Zi-Ling Zhou, Zhen Li, Dao-
Yu Hu, 2019), contrary concerns on low reproducibility based on research data also exist
(Watson et al., 2018). Due to equivocal data on the repeatability of measurements that form the
MaRIA and Clermont scores, our interest was to assess the repeatability of measurements
contributing to both of these indices, i.e., WSI-preGd and WSI-postGD forming RCE in MaRIA,
ADC-DWTI used in the Clermont score, as well as bowel thickness and estimation of presence
of bowel ulcers, which are common to both MaRIA and Clermont scores.

In the study, the repeatability of both ADC-DWIspir and ADC-DWIBS measurements
performed by one observer at two-month intervals was good, as no statistically significant
differences were found between the mean ADC-DWIspr (p = 0.65) and ADC-DWIBS values
(p=0.23). In the case of ADC-DWIsp, the differences between the mean values was only 1 %,
while in the case of ADC-DWIBS — 4 %.

Several authors found poor repeatability of RCE measurements (Sharman, Zealley et al.,
2009; Tielbeek et al., 2013). No statistically significant difference was found in WSI-preGd
(p=0.06) or in WSI postGd (p = 0.57) values used in calculating RCE. It is believed that a
strict definition of ROI size and accurate site-by-site WSI-preGd and postGd measurement in
the same bowel segment would result in good inter-observer agreement. It should, however, be
noted that the results show high SD in both WSI-preGD (SD = 127.57 for the first assessment
and SD = 99.68 for the first assessment), and WSI postGd measurements (SD = 235.35 for the
first assessment and SD 212.9 for the second assessment), covering 66—78 % of the WSI values.
The observations suggest that if WSI-preGd values were in the tens, the WSI-post Gd values
would also be in the tens; if WSI-preGd values were in the hundreds, this would also be
replicated in the WSI-post Gd values. This observation can be explained through individual
tissue characteristics of patients, magnetic field inhomogeneity and linearity of gradients
yielding wide distribution of WSI values. Detailed analysis of this finding, is however beyond
the scope of our current research.

Tielbeek et al. reported moderate repeatability of bowel thickness measurements and
excellent repeatability when the thickness measurements were performed by an experienced
radiologist (Tielbeek et al., 2013). In the study, no statistically significant difference was found
between the first and the second measurements. It should, however, be noted that wall thickness

differed within the same bowel segment, and the maximum thickness was always chosen for
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the calculations. However, identifying the same exact location of the maximum thickness often
was not possible in DWI images due to their low spatial resolution. Similarly, in the pre- and
post-contrast series, bowel thickness was always measured in the axial images, but pre- and
post-T1 images were acquired in the coronal plane. Therefore, the ROI in these images was not
always placed exactly at the site the intestinal wall thickness measurement was performed.

In the study there was a systematic difference in the assessment of ulcers. The
inconsistency of ulcer detection in the study could be associated with lack of strict consensus
regarding a standardised MR definition of an ulcer. Developers of the MaRIA index defined
ulcers as deep depressions in the mucosal surface (Rimola et al., 2009). However, MRI reveals
a wide range of ulcers. Even small aphthous ulcers can be seen in MRI images (Ram et al.,
2016), and there is no clear definition of the size and appearance of ulcers that should be
included in calculation of disease activity indices, or excluded from it. The rating of ulcers
could be improved with a 3 T MR scanner, as this provides better spatial and temporal
resolution. Literary data indicates that the resolution of 3 T MR scanner in the diagnosis of
ulceration is superior compared to that of the 1.5 T device (Fiorino et al., 2013).

It is considered that the strengths of both studies on assessment of the ADC-DWIspir
and ADC-DWIBS values in patients with active CD were: 1) the prospective study design,
2) exact site-by-site comparison in the same bowel segment, and 3) exact ROI size that was not
defined in other studies on MaRIA and Clermont scores, except the study conducted by
Caruso’s team (Caruso et al., 2014) performing measurements with ROI size between
12-20 mm?. However, both studies also faced several limitations: 1) the relatively low number
of participants in study groups; 2) patients included in the study were selected according to the
visual diagnostic criteria described in the ECCO-ESGAR guidelines “Imaging techniques for
the assessment of inflammatory bowel disease: Joint ECCO and ESGAR evidence-based
consensus guidelines” (Panes et al., 2013) namely intestinal wall thickening, wall oedema and
hyperenhancement following i/v administration of CA, but due to the limited availability of
laboratory parameters in the group of adult patients, no correlation of visual finding with
laboratory characteristics of disease activity was performed; 3) there was a possible sampling
error in the study population, as both adult and paediatric groups were not homogeneous in
terms of disease duration. This, however, did not affect the repeatability assessment, as all
measurements (intestinal wall thickness, WSI-preGd, WSI-postGd, ADC- DWIspir and ADC-
DWIBS) and ulcer assessment were identical in both adults and children; 4) in both postGd and
DWI images, the ROIs were placed on the site of the maximum SI. After administration of
gadolinium contrast media, in some cases the most intense contrast enhancement was

predominantly observed in ileal mucosa; however, in other cases the enhancement was evenly
74



distributed throughout the intestinal wall. In contrast, in both DWI techniques, bowel wall
layers were indistinguishable as the diffusion restriction throughout the intestinal walls was
equally intense, which could result in differences of positioning ROI between the T1 post-
contrast and DWI sequences; 5) the MaRIA studies are based on a comparison of the visual
image with the Crohn’s disease endoscopic index of severity (CDEIS), the CD endoscopic
activity index in adult patients. Unlike in adults, the estimation of inflammatory activity in
children does not rely on endoscopy findings due to its invasiveness, but rather on the paediatric
Crohn’s disease activity index (PCDALI), and the correlation with MaRIA is weak to moderate
(tho=10.42,p=10.016) (Rozendorn et al., 2018). Its correlation with the Clermont index has not

yet been assessed, so the usefulness of the Clermont index for children remains unclear.
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Conclusions

Compared to conventional DWI sequence, the DWIBS sequence has no advantages and it
Is inferior for quantitative assessment of bowel walls walls in patients without prior peroral
preparation with osmotically active enteric CA. The use of ADC measurements in patients
without prior bowel preparation is not appropriate for either DWI or DWIBS sequences.
Compared to conventional DWI sequence, DWIBS sequence has no advantages and it is
inferior for quantitative assessment of CD activity in patients with already diagnosed
disease in the terminal ileum. The use of ADC-DWIBS measurements for quantitative
assessment of CD activity is not appropriate.

By defining a strict measurement standard ADC values of both conventional DWI and
DWIBS values are well repeatable, which means capability of providing reproducible and

equally accurate measurement results in both of the investigated sequences.
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Recommendations

Neither the conventional DWI, nor DWIBS sequence, has the potential for quantitative
diagnostics of primary CD in patients without prior peroral intestinal tract preparation.
Therefore, in the diagnosis of CD, measurements of ADC values do not give grounds to
abandon the preparation of the intestinal tract with hyperosmolar oral contrast agent,
regardless of the fat suppression technigque used.

According to the results of the study, compared to the DWI sequence with spectrally
selective fat signal suppression, the DWIBS sequence is less accurate and is not suitable
for use in the Clermont index for quantitative evaluation of CD activity in either adults or
children. The DWIBS sequence can only be used for qualitative visual identification of CD
changes in the intestinal wall. The conventional DWI sequence remains the choice DWI
sequence to be used in the Clermont score to evaluate the activity of CD localised in the

terminal ileum.
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Abstract: Beckgronmd mnd objechives: The aim of the study was to assess whether thene were differences
between apparent diffusion coefficient (ADC) values of diffusion-weighted imaging (DWI} and
diffusion-weighted imaging with background body signal suppression (DWIBS) sequences in
non-prepared and prepared bowels before and after preparation with an enteric hyperasmalar agent,
to assess whether ADC measurements have the potential to avoid bowel preparation and whether
ADC-DWIBS has advantages over ADC-DWIL Materiols and Methods: 106 adult patients without
evidence of inflammatory bowel disease (1B0) underwent magnetic resonance (ME) enterography
before and after bowel preparation. ADC-DWWT and ADC-DWIBS values were measured in the
intestinal and colonic walls demonstrating high signal intensity (51) at W] tracking images of
b = 800 5/mim? before and after preparation. Results: There were significant difference {p < 0.0001)
in both ADC-DW L and ADC-DWIBES results between non-prepared and prepared jejunum for DWW
belng 1.09 = 107F mmis and 1.76 2 107% mm?Ys, respectively, and for DWIES being 0.91 = 107 mmé/s
and 1.73 = 1077 mm?/s, respectively. Both ADC-DWI and DWIEBS also showed significant difference
between non-prepared and prepared colon {p < 00000}, with DWI values 1.41 = 10 mmfa and
213 % 1077 mm? s, and DWIBS—1.01 = 107 mm?/s and 2.04 = 1077 mm?/s, respectively. Mosignificant
difference between ADC-DWI and ADC-DWIBES was found in prepared jejunum (p = 0L84) and
prepared colon (= 0.58), whereas a significant difference was found in non-prepared jejunum and
nof-prepared colon (p = UK in both samples), Concliczions: ADC between DWI and DWIBS does
not differ in prepared bowel walls but demonstrates a difference in non-prepared bowel. ADC in
non-prepared bowel is lower than in prepared bowel and possible overlap with the ADC range of
IBI is possible in non-prepared bowel, ADC-DWIBS has no advantage over ADC-DW] im regard to
IBDY assessment,

Keywords: ME enterography; MEE; diffusion-weighted imaging: DWI; DWIES; ADC

1. Intreduction

Crohin's disease (CD) is a chronie inflammatory bowel disease (TRE) of rising incidence and
prevalence [1]. It has high complication rates [2], requiring surgical treatment upon progression [3]
and resulting in a negative impact on patients” quality of life [4]. It can however be treated more
successfully if the disease is detected early.

Superior soft tissue contrast resolution enables magnetic resonance imaging (MET) to track bowel
inflammation bevond the reach of the endoscope. However, magnetic resonance enterography (MRE)
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requires bowel distension by an oral hyperosmolar enteric contrast agent [5], causing adverse effects
sometimes leading to poor tolerance by patients [6,7]. MRE is contraindicated in patients requiring
general anesthesia. MRE in IBD requires the use of intravenous gadolinium contrast agents [5],
potentially causing systemic nephrogenic fibrosis [5] and formation of gadolinium deposits in the brain
and body tissues [%~11]. This demonstrates that solutions allowing avoiding gadolinium administration
areimportant

Diffusion-weighted imaging (DWI) has shown a potential to replace contrast medium
administration and to detect lesions before they come visible in conventional images [12]. DWI
images use diffusion gradient applied in three perpendicular axes, with several b values (for example,
0, 50, 800 s/mm?) [13]. Inflamed segments as high signal intensity (S1) zones are best identified in the
DWI tracking images of high b value, most commonly, b = 800 s/mm? [14]. Diffusion is measured
quantitatively by the apparent diffusion coefficient (ADC). Nevertheless, in spite of the high sensitivity
and specificity of adding DWI to the MR imaging protocol, the specificity of DWI alone in assessment
of IBD is still low, being 39-61% [15,16], since intact bowel walls also often present high SIin DWI
tracking images of high b values (Figure 1).

A derivation of DWI, diffusion-weighted imaging with background body signal suppression
(DWIBS), was introduced for whole body imaging of patients in order to detect metastases and
tumour relapse, DWIBS provides more uniform fat suppression through the use of short T1 inversion
recovery (STIR) based approach. This is a free breathing technique permitting multiple number of
signal acquisitions to average motion [17]. Therefore, DWIBS provides a higher contrast-to-noise ratio,
reduced image distortion, and better detection of subtle lesions [ 13]. A disadvantage of DWIBS is poorer
signal-to noise ratio (SNR) [19], resulting in grainy image appearance, Despite the extensive use of
DWIBS, there are very few studies regarding its use in assessment of the digestive tract. Tomizawa et al.
performed studies on DWIBS in regards to assessing gall bladder walls and gastrointestinal tract [20-23].
Several researchers included a free breathing DWI1 sequence in their MRE protocol for the assessment
of inflammatory bowel disease [13,24,25], however, no research data exist on comparison between DWI]
and DWIBS in bowel imaging. Whilst similar to other body tissue, the bowel wall presents a better
resolution in DWIBS, compared to DWI sequence in both intact {Figure 1) and inflamed (Figure 2)
bowel walls. Besides, DWIBS is more reproducible than DWI [26], and ADC-DWIBS values are also
unaltered by motion [27]. Therefore, DWIBS could be beneficial over routinely used DWI in assessment
of bowel inflammation.

(a) (b)

Figure 1. Diffusion-weighted imaging (DWI) (a) and diffusion-weighted imaging with background
body signal suppression (DWIBS) (b) tracking images of b = 800 «'mm? within the magnetic resonance
enterography (MRE) of 41-year-old female patient with intact bowels. The unaltered bowel wall shows
high signal intensity (SI). Better resolution of the bowel loop in the DWIBS image (b, black arrow) is
seen comparing to the DWI image (a, white arrow)
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(a) (b)
Figure 2 DWI (a) and DWIBS (b) tracking images of b = 800 /mm? within the MRE of 40-year-old
male patient with histologacally proven Crohn's disease. Altered bowel Jloop shows high SI. Better
resolution and delineation of the inflamed bowel mucosa in the DWIBS image (b, black arrow ) is seen

as compared to the DWI image (a, white arrow).

Ihe purpose of our study was to estimate the potential significance of using ADC measurements
in DWI and DWIBS in patients, without preparing bowels with a hyperosmolar enteric contrast agent
by setting the following tasks:

1. assessing ADC-DWIand ADC-DWIBS valuves in intestines without preparation (collapsed bowel)
and after preparation with hy perosmolar enteric contrast agent (filled bowel);

2. assessing ADC-DWI and ADC-DWIBS values in the colon without preparation (in presence of
intraluminal faeces) and after ingestion of enteric contrast agent (presence of it in the bowel
lumen);

3. comparing the consistency between ADC values of DWI and DWIBS, in conditions with and

without bowel preparation in both intestines and the colon, and analyzing the utilization of

DWIBS in MR of bowel imaging.

2. Materials and Methods

21. Patimt Population

Ihis prospective study included 106 primary care patients (18-76 years old), referred to MRE from
March 2015 until March 2018, due to dyspeptic complaints but with no clinical and/or morphological
evidence of [BD. The inclusion criteria were: absence of typical IBD symptoms—diarrhea, bloody
and/or mucous stool, severe and/or crampy abdominal pain and rectal involvement [28,29].

T'he exclusion criteria were: age <18 years, fecal calprotectin (FC) level 200 pg/g, acute bowel
infection, proven or previously diagnosed IBD, endoscopically proven enteropathy (e.g., coeliac disease,
collagenous colitis etc. ), present bowel tumor, and systemic diseases such as cystic fibrosis.

2.2 The Study

In this prospective observational cross-sectional study, ADC of DWI and DWIBS were assessed in
bowel walls before and after preparation with hyperosmolar enteric contrast agent. Prior to bowel
preparation, DWI and DWIBS scanning sequences were performed in all patients. Afterwards, patients
were given enteric contrast agent, and scanned as per complete MRE protocol with DWT and DWIBS
sequences included.

The study included two coharts: (1) assessment of ADC-DWI and ADC-DAWIBS intestinal walls
before and after patient preparation, and (2) assessment of ADC-DW I and ADC-DWIBS in colonic walls
before and after preparation. ADC measurements were only performed on bowel segments where high
Sl was present in DWI tracking images of b = 800 s'mmZ. In order to compare ADC before and after
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bowel preparation, only patients with measurements both before and after preparation were included
in the further data analysis. Similarly, for comparison between ADC-IWI and ADC-DWIBS, only
patientswith measurements performed in both DW] and DWIBS sequences were incdluded in the further
analysis. In both cohorts, data were grouped by the preparation state of the patient—non-prepared
versus prepaned bowels—and mutually compared.

All patients fasted for at least & h prior to MEE. After the initial scanning of DWI and DWIEBS
in prone position, patients wem instructed to intake 1.250-1.500 1 of 2.5% mannitol solution within
45-60 min, followed by full MEE exam in prone pesition. During the MEE exam and prior to TV
and DWIBS sequences, 20 mg dose of buty lscopolamin was intravenously administered to reduce
bowel peristalsis.

Patients weme scanned with 1.5 T MEI system (Ingenia, Philips Medical Systems, Best, The
Metherlands) using a 16-channel body coil. The applied I Tand DWIBS protocols were obtained from
the Philips standard abdominal protocol and included in the protocol repository of the MEI system.
To enable DWIBS- AIDC measurements, the standard DWIBS protocol was amended by replacing a
single b factor b = 1000 s'mm? by three b factors 0 5'mm?, 00 s/mm? and 800 sfmm?, consistent to

DWI protocol.
The scanning parameters for DWW and DWIBS protocols are given in the Table 1.

Table 1. Scanning parameters for W and DWIBS protocals.

Scanning Protocol W DWIES 2
Sequence SE-EP1? STIR-EP1 ¢
Mode Sangle shot Single shot
Coil SENSE * body SEMSE body
Slice orientation Axial HAocial
FOW & RL 7 400 o, AP® 350 o, FH® RL 400 mm, AP 350 mem, FH 303
308 mam e
ACO ™ yencel gize RL3.03 i AP 357 mamn x slice KL 250 I'I:'II'IE'I-'\-: AP %HH i % slice
thickmness & mm thickness & mm
Reconstrction voxel i RL 17 i AP 179 mm x shice KL 139 i % AP ];35? i % slice
thickness & mum thickness & mm
Fold-over suppression Mo i
Reconstruction matrix 24 88
SEMSE Yas tos
F reduction (AF) 2 25
Mummber of stacks 1 1
Trpe Parallal Paralkel
Slices 46 46
Shice gap {mmj i (.6
Slice orientation Tramsye e Transve e
Fold-over dinaction AP AP
Fat shift directicn A P
TEN 66 ms TH ms
TR = 1426 ms 7065 ms
- - 180 ms

98



.

Meadxma 2019, 55, 394 S50

Table 1. Comit

Scanning Protocol DWI! DWIBS 2
Fast imaging mode EPI 14 EP1
Flip angle Wy
Fat suppression SPIR 13 STIR 16
b factors 0, 600, 800 0, 600, 800
Respiratory compensation [rigger No
Number of signal averages 3 5
Acquisition time 4 min 128 Smin 56 s

T DWL, diffusion-weighted imaging; > DWIBS, diffusion-weighted imaging with background body signal suppressian;
* SE-I1, Span-¥icho — Echo Planar Imaging; 4 STIR-EPI, Short T1 Inversion Recovery-Echo Planar Imaging; ® SENSE,
SENSitivity Encoding; “ FOV, Feld of Vaew; 7 RL, RightLeft dimmction; * AE, Anterior-Posterior doection; ¥ FH,
FootrHead direction; ™ ACQ, Acquisition; M. 2R Repetition Time; 511 Inversion Time; " EPL Echo Planar
Imaging '3 SPIR, Spectral Pesaturation with Inversion Recovery; ¥ STIR, short T1 irversion recovery

Ihe study was approved by the Ethics committee of Riga Stradin’s University, and written
informed consent was obtained from all patients. The permission number by the Ethics committee of
Riga Stradin’s University is §/10.09.2015.

71
&

1t Cohart

I'he first cohort was formed of patients in whom high SI bowel walls in DWT tracking images of
b = 800 'mm? were identified in at least one intestinal site. High SI regions in at least one intestinal
region were identified in all 106 patients. Prior to bowel preparation, one collapsed jejunal segment in
DWT and DWIBS image series was identified for each patient. After bowel preparation, one distended
jejunal segment in PWI and DWIBS image series was identified for each patient. ADC values were
measured in three sites per segment using 10-20 mm? oval region of interest (ROI), both before and
after preparation (Figure 3).

Avon 1195 me'
e 11130
e a0
Mosa: M1
DtDow 1864

(a)

Figure 3. Cont.
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{c) (d)

Figure 3. MRE of a 53-year-old female patient with dyspeptic complaints, with no morphologically
verified [BD. Selecting regions of interest (ROLs) for apparent diffusion coefficent (ADC) measurements
in DW1images of collapsed (a) and distended (c) pejunum showing high SIin the DWI tracking images
of b = 800 s/fmm?. ADC values appear on the ADC map (b, for collapsed jejunum, d, for distended

Ejunum).
24. 2nd Caohort

The second cohort was formed of patients in whom high S bowel walls in DW1 tracking images of
b = 800 s/mm? were identified in at least one colonic site. 78 of the 106 patients were identified to have
high SI regions in at least one colonic region. Before bowel preparation in the DWI and DWIBS image
series, one caecum or ascending colon segment with presence of intraluminal faeces was identified in
each patient. Afier bowel preparation in the DWI and DWIBS image series, one caecum or ascending
colon segment with presence of intraluminal mannitol was identified ineach patient. ADC values were
measured in three sites per segment using 10-20 mm? ROI both before and after preparation (Figure 4).

Figurme 4. Conit
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{c) (d)

Figure 4. MRE of a 45 year-old male patient with dyspeptic complaints, with no morphologically
verified inflammatory bowel disease (IBD). Selecting ROIs for ADC measurement in DWIBS tracking
images (b = 800 s/mm?) of the ascending colon wall before preparation of patient with mannitol, at
presence of intraluminal faeces (a) and after preparation, at presence of enteric contrast agent (b),
showing high SI. Noge the higher SI of colonic wall in presence of mannitol, when compared to the
presence of faeces in the colonic lumen. ADC values appear on the ADC map (b, for non-prepared
colon, d. for prepared colon).

2.5. Statistioal Analysis

Statistical analysis was performed using software Stata/IC (StataCorp LLC, Texas, USA), mean
ADC values were compared with paired t-test, and 99% confidence intervals (Cl) were calculated
for differences. The statistical significance of differences between mean values within groups was
determined using one-way ANOVA with Bonferroni correction. P value of <0.05 was considered to be
statistically significant.

3. Results

3.1. 1¢ Cohort: Comparison of ADC-DWI and ADC-DWIBS Mewsurements m Non-Prepared and Prepared
Intestines

To perform the ADC measurements amongst the 106 patients, ADC-DWI was measured in
91 collapsed and 106 distended jejunal segments. ADC-DWIBS was measured in 86 collapsed
and in 95 distended jejunal segments. Comparisons were drawn by analysis of segment pairs
before and after preparation as follows; 88 segment pairs for comparison between ADC-DWI and
83 pairs for ADC-DWIBS. For comparison between ADC-DWI and ADC-DWIBS before preparation 85
segment pairs were analyzed, and 95 pairs were analyzed to compare ADC-DWI and ADC-DWIBS
after preparation.

In both PWT and DWIBS sequences, the study found marked significant difference between ADC
of non-prepared and prepared bowels. In both DWI and DWIBS ADC, the values of non-prepared
jejunum were lower than in prepared jejunum. The ADC difference between non-prepared and
prepared bowel was 38.1% in DWI and 48% in DWIBS. The ADC values are shown in Table 2.
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Table 2 Comparison of ADC values between DWI and DWIBS in walls of noreprepared and

prepared jejunum.
) Mon-Prepared . Ditference between Mean
Bowel Preparation )1 nced) Prepared (Filled) 1 ADC Values of Filled vs.
Stabe . Jejunum
Jejunum Collapsed Loops

Mean ADC-DWI j j .
e S amg,  l9SD=0)  176(SD=041)  <00001 067 (38.1%)
Mean ADC-DWIBS gy oy _ 47y 175(SD=051) <0000 (.84 (48%)

value x10-? mm?/s

ﬁDC,rppmtleﬁJ:im:r:Eidﬂﬂ;SD,ﬂandmddﬂlaﬁm

Within the walls of non-prepared jejunum, our data showed a statistically significant ADC
difference (p = 0.0001) of 16.5% between DWT and W IBS, being lower in IWIBS. No significant AT
difference (p= 0.84) bebween DWI and W IBS was observed within walls of prepared jejumnum.

3.2 Mnd Cohort: Compuarison of ADC-DWT and ADC-DWIBS Measurements in Non-Prepared anad Prepared
Colon

To perform the ADC measurements amongst the 106 patients, ADC-DW] was measured in 41
non-prepared and in 42 prepared ceecum or ascending colon segments. ADC-DWIBS was measumed in
25 non-prepamed cascum or ascending colon segments and in 18 prepared cascum or ascending colon
segments. Forty-ome segment pairs were analyzed for comparison between ADC-DWT before and after
preparation, and 18 segment pairs were analyzed to compare ADC- AW IBS before and after preparation.
For comparison between ADC-DWI and ADC-TWWIBS before preparation, 25 segment pairs were
analyzed, and 18 pairs were analyzed to compare ADC-DWI and ADC-DWIBS after preparation.

In both W and W IBS sequences, the study found marked significant difference be tween ADC
in non-prepared and prepared bowels. In both IWI and PWIBS ADC, values of the non-prepared
eolon were lower than in the prepared colon. The ADC difference between non-prepared and prepared
bowel was 33.8% in DW] and 50.5% in WIBS The AT values are presented in Table 3.

Table 3 Comparison of ADC values between DWI and DWIBS in walls of norn-prepared and

prepaned colon.
E 1 Pre 5 MNon-Prepared Frepared Difference between Mean
rwe St.:f:m om {Presence of {Presence of P Valoe Values in Non-Prepared
Faeces) Colon Mannitol} Colon w& Prepamed Colon
Mean ADC-DWI _
b w10 many | L4105D=031) 213(SD=041)  <0.0001 0.72 (33.8%)
Mean ADCDWIBS 4 o iy g aq) 204 (SD= 058 =00001 103 {50.5%)

vahee 10~ mm?s

By mutually comparing ADC-DWI and ADC-DWIBS values within walls of both non-prepared
and prepared colon, the data showed statistically significant ADC difference (p < 000001) of 28.4%
between DWI and DWIBS being lower in DWIBS. No significant ADC difference (p= 0.58) between
W and IWIBS walues was found.

4. Discussion

According to the current joint evidence-based guide lines by the Furopean Chron's and Colitis
Organization as well as European Society of Gastrointestinal and Abdominal Radiclogists, MEE
imaging in IBD requires administration of contrast medium giving opportunity to estimate the bowel
wall enhancement pattern 5] as well as vasa recta engorgement commonly seen in CD [30]. A
significant advantage of using the gadolinium contrast agent is the ability to quantify Crohn's disease
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activity [31]. Mevertheless, according to literature data, DWI in detection of bowel inflammatory
changes outperforms T1 dynamic series with intravenows gadolinium contrast agent [32,33]. Thernefore,
DWI could be beneficial in case of diagnostic difficulties, for example, when, in Crohn's disease,
the inflamed bowel tissues are covered by intact mucosa [). The drawback of DWI is its low
specificity [15,16].

In intact bowel walls, high intensity signal resembling inflammation in images of high b factors is
a meason for the low specificity of I L This pattern is commonly explained with the T2 shine-through
effect, where theometically ADC should be high [35]. Mevertheless, increased DAW signal along with
Lowe A is observed not only in inflamed but also in disease-free bowel walls [35].

Upon reporting multiple MEE exams, we had several observations regarding the high SI bowel
wall at the W] tracking images of b = B0D simm?. Firstly, we noticed that intestinal 51 was markedly
higher in bowel wall before preparation, ie., in totally collapsed bowel, compared to intestinal wall
after preparation, i.e, in fully distended bowel Secondly, in colon, 5] was markedly higher in bowel
wall after preparation, Le, in presence of enteric contrast agent, compared to the colonic wall befone
preparation, ie., in pesence of faeces. In both situations, high 51 bowel walls in the ADC map
frequently presented low SL These observations raised a question regarding ADC differences between
bowel wall before and after patient preparation, in both intestines and colon.

Results from the 1st cohort comparing A DC of DWI and DWIBS between non-prepared (collapsed)
and prepared (distended ) intestines showed that A values in both DWT and DWTBS in the collapsed
bowel samiple were markedly lower than in distended bowel samples. As the bowel collapses, the
number of cells per volume unit increases; however, the cells itself are not altered. Themrefone, the
volumes of intrace llular and extracellular spaces weme still constant, giving no reason for restricted
diffusion. The measurement results could be explained by the partial volume effect. In prepared
(filled) jejunal wall, the signal of very thin bowel wall was contaminated by the high intensity signal
from the massive volume of enteric contrast agent, therefore, ADC value is high. However, in
non-prepared (collapsed) bowel samples, the amount of high 51 intraluminal content is less, therefone,
the contamination of the intestinal wall signal is also less.

A similar explanation applies to the 2nd cohort comparing ADC of DWI1 and IWIBS between
non-prepamed (presence of low S intraluminal faeces) and prepaned (presence of mannitol) colon. The
results showed that ADC values in both DWT and DWIBS were dependent on colonic intraluminal
content and in the presence of low signal intensity faeces were nearly two times lower than in the
presence of high signal intensity mannitol

According to a number of studies, the performance of W1 varied among authors. The
range of ADC values in normal bowel wall was 1.18-3.69 mm?/s whereas in inflamed bowel
segments—1.24-1.988 mm?/s being significantly lower for 0.8-2.4 x107* mm?/s than in intact bowels.
Several authors have also provided their cut-off ADC values for discriminating between inflanved
and intact bowel walls. These values are mutually different and lie between ADC ranges of inflamed
and intact bowel walls, except in one study whene cut-off valoe lies within the range of the inflamed
bowel According to data from all researchers, AT ranges of [BD and intact bowel do not mutually
overlap [37] Most of these studies have been performed in prepared bowels. To the best of our
knowledge, a team of Kiryu et al. is the only research group reporting ADC values in Crohn's disease
patients without patient preparation using free-breathing W (ie., using STIR as fat suppression
method). The eported ADC values show a similar trend, with that in prepared bowels being lower
in disease-active segments and higher in disease-inactive ameas (161 £ 0.44 107% mm?/s versus
256 + 0.51% 107 mm?/s in intestines, respectively) [13]. This difference is high enough to concern the
potential benefit of ADC measure ments without bowel preparation. If the consistency of differences
between ADC values of inflamed and normal bowels applies also in non-prepared bowel samples, this
would allow a proper estimation of ADC in patients without preparation. Therefore, assessment of
consistency between ADC values of nonprepared and prepared bowel walls was a goal of our research.
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Comparing the obtained ADC values of bowel prior preparation and prepared bowel to literature
data on A values of normal and inflammed bowels, it is obwious that, although the ADC values for
the prepared bowels ane markedly higher than ADC values in bowel prior to preparation, both ADC
values of prepared and non-prepared bowel loops overlap with the ADC range of inflaned bowel
provided in literature [37]. Thus, the applicability of ADC in non-prepared bowe] samples is still
questionable and might be related to scanning conditions and parameters in our institution. to fully
compame the extent of overlap in A ranges for non-prepared bowel and inflamed bowels, the ADC
vahes for CIY have to be obtained in our institution under identical conditions.

A questionable issue is how much mannitol itself changes ADC, by impacting cells due to
concentration gradient bebween bowel epithelium ells of lower and higher oemolarity substance, and
the expelling fluid from cells resulting in a lowered packed cell volume [38] and csmotic diarrhoea [6].
Mevertheless, we assume that as the bowel wall filled with mannitol is a very thin (<3 mm), the
contribution to signal intensity by osmotic nfluence of mannitol is negligible

By mutually comparing ADC-DWI and ADC-DWIBS, we observe no statistically significant
difference in the wall of prepared bowels, both megarding intestines and the colon. On the contrary,
ADC values in non-prepared bowels and both intestines and colon, is markedly lower than in the
prepared bowel samples. In the prepared bowel, the wall signal was influenced with a high large
amount of fluid. In the non-prepared bowel, there was a presence of high-viscosity intraluminal
content—chime in intestines and faeces in colon. PWI and IDWIBS sequences differed when fat
suppression techniques were used In DWL CHESS (CHEmically Selective Saturation) or SPIR
sequences suppress fat selectively The STIR technique used in DWIBS was based on the T1 relaxation
time of Hzsues [39], and suppressed signals from all substances of short T1 values such as proteinaceous,
visoous and mucous substances, including chitne and faeces, thus being non-selective [40]. Therefore,
ADC-DWIBS values are lower in the presence of the bowel content, comparing to ADC-TWI, and
the probability that the ADC-DWIBS range will overlap the ADC range of inflamed bowel is higher.
Therefore, based on the findings of this study, we still recommend preferring SPIR-based ADC
measurements and using A values of STIF-based ADC in non-prepared bowel with caution.

Owur study had several limitations. 1) Measurements were performed by ome radiologist not
assessing inter-observer agreement, and in such a small volume ADC valoes are eported to be hardly
mproducible [37,41] as they rest on subjectivity. Nevertheless, data from ADC measurements in liver
imaging sugmested better reprodudbility of free-breathing DWIBS over respiratory-triggered DWT [24],
which could be also proven better for bowel walls, but requires further investigation. 2) Typically,
achievable DWI resolution is on the order of 2 % 2 % 2 mm?® [42]. The pixel size used in our standard
protocols (see Table 1) could be large for tiny structures, such as the bowel wall ADC valnes ame
therefore markedly impacted by the partial volume effect being very approximate and can be used
anly for reference but not as absolute values. 3) In intestines, the most uniform huminal disension was
present in jejunum, which was therefore chosen for intestinal measurements, however, fleam is the
main location of CI. The terminal loop of ileum also has different morphological patterns—abundance
of lymphoid tssues [431—which also could influence ADC measurements. [n the colon, measurements
were performwed only in walls of the caecum and the ascending colon, since presence or mannitol was
mainly observed in these locations. 4) Location of the sites with high 51 signal in W] tracking images
of b= B00 sfmm? was not consistent among the series, therefore, measurements could not be performed
precisely at the same locations. 5) We did not pay special attention to the T2 shine through effect of
bowel walls, and measured ADC values in W] tracking images of b = S0 5/mm® regardless of signal
appearance in ADC map. &) Our goal was to observe properties of DWEADC and DWIBS-ADC in
sites of bowel walls showing high SI at DWI tracking images of b = 800 sfmm?® resembling bowel
inflammation, whemeas we did not consider other signs of bowel inflammation like cedema, increased
bowel wall thickmness, contrast enhancemwent, ete., which of course were absent in patients with no
presence of [BD) as required by the study.
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5. Conclusions

The study has found that ADC ranges of the non-prepared bowel are significantly lower when
compared to the ADC ranges of prepared bowels in both intestines and the colon, poentially
overlapping ADC ranges of the inflamed bowel in both DWT and DWIBS sequences. Since ADC values
could be related to scanming conditions at a particular institution, ADC values of the intact bowel have
to be compared to ADC values obtained from CD patients at our institution, scanned with the same
equipment and under identical scanning parameters and conditions,

In prepared bowels, ADC-DWIBS and ADC-TW] measurements are equally useful for bowel wall
measurements. In non-prepared bowels, ADC-DWIBS could be disadvantageous over ADC-TW] in
mrevealing 1B, as ADC-IAWIBS values are markedly lower than ADC-DWI values, and they potentialby
overlap A ranges of [BD to a greater extent than ADC-DWL
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Absitract: Background: We compared the efficiency of two MEI diffusion weighted imaging (DWI)
technigques: W with SPIR (DWlser) and W with STIR (DWlsnr), to estimate their eligibility for
quantitative assessment of Crohn's disease activity in children and adults. Methods: In inflamed
terminal ilewm segments (r =32 in adults, » = 46 in children), Magnetic Besonance Indes of Activity
(MaRlA) was caloulated, ADC values of both DWI techniques were measured, and the
corresponding Clermont scores calculated. ADC values of both DWI techniques were compared
between both and within each patient group, assessing their mutual correlation. Correlations
between MaRIA and the corresponding ADC values, and Clermont scores based on both DW]
techniques were estimated. Reswits: Mo correlation between ADC of DWEee and DWlane was
observed (rho = 027, p = 003 in adults, rho = 0020, p = 0,17 in children), The correlation between
MaFIA and Clermont scores was strong in both techniques —in SPIE, rho = (0093, p < 00005 in adults,
rho = 0098, p= (V0005 in children, and, in STIR, rho = 0,8% ¢ < 0,0005 in adults, rho = 0,93, p < 00005
in children. The correlation between ADC and MaRlA was moderate megative for DWlsne
(rhay = (093, p = 00005 in adults, tho = 095, ¢ = L0005 0 children), but, in DWlsne, no correlation
between ADC and MaklA score was observed in adults (rho = -0.001, p = 0.5%), whereas children
presented low negative correlation (rho = -0,374, p = W01} Corclusions: DWlsne is nok suitable for
quantitative assessment of Crohn's disease activity both in children and adult patients.

Keywords: ME enterography; terminal leitis; diffusion-weighted imaging: DWEL DWIBS; ADC;
MaFRIA; Clermaont score; DWT fat suppression technigues.

1. Infroduction

Crohn's disease (CD) is an idiopathic chronic relapsing inflammatory bowel condition, which
manifests itself in fistulae, abscesses and strictures [1]. The chronic inflammation cavses progression
of intestinal complications, requiring surgery in most cases [2,3]. It is known that active therapy
including adjustment of medication reduces the number of complications and the need for surgery
[1]. The goal of treatment for CI s either resclution of abdominal complaints and endoscopically
confirmed remission, or resolution of inflammatary signs in cross-sectional imaging [4]. Since 2019,
according to ECCO-ESGAR Guideline for Diagnostic Assessment in inflammatory bowel diseases,
cross-siectional imaging modalities ane recognised to be an alternative for the evaluation of the diseaso
aclivity [5]. Magnetic resonance enterography (MEE) is proven to have a greal polential for

Drdagregstios 2000, 10, 347 dol 10339 diagnostios 10T h'hw.mdpl.mm,.'_p'.urm],-'du;,:l'm.1lf:.
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evaluating CD activity, due to its high soft tissee resolution, non-invasiveness and lack of ionizing
radiation, and ability to obtain findings not only within but also around the bowel wall [&].

To assess CT activity, a number of MRI scoring systems have been developed for standardising
the measured outcomes [6]. Among these indices, Magnetic Resonance Index of Activity (MaKR1A) is
the only approved MRE-based score, having the strongest validation data based ona Targe population
of patients [7]. However, MaRIA score relies on the measurement of enhanced gadolinium contrast
media known to be related to systemic nephrogenic fibrosis (8], as well as accumulation of
gadolinium deposits in the brain [%] and other body tissues, such as skin, liver and bones [10]. As
patients with CD wsually require multiple follow-up examinations which expose them to a certain
risk of gadolinium accumulation, solutions allowing replacement of the contrast medium
administration are of importance,

Diffusion-weighted imaging (O'W1) has been shown to have potential as a replacement of the
contrast media, by detecting lesions prior their appearance in conventional images [11]. Tt also
outperforms the T1 post-contrast dynamic series [12-15]. DW1 is proven to be useful for the detection
of inflammation in C [16,17], and, when added to the MEE protocel, it vields increased sensitivity
in diagnostics of C1 than conventional MEE alone [18] thus potentially supporting early diagnosis
of CT. DWI also has a very imporant role in evaluating CT activity, which allows assessment of
treatment efficacy [7].

DWT can be measured quantitatively with apparent diffusion coetficient (ADC). ADC of DWW is
proven to be as usetul as the relative contrast enhancement (RCE) used for calculation of MaRIA [19],
A W l-based MaRLA, or Clermont score, is designed to serve as an alternative Lo avold gadolinium
administration [17] and is reported to have excellent correlation compared to MalilA [20]. This index
still is to be validated by confirmatory studies.

Due to the low sensitivity to motion-induced phase errors and advantages of short imaging
times, DWI normally wses single-shot echo-planar imaging {EFI} acquisition, related to the presence
of susceptibility artefacts at tissue interfaces |21] and chemical shift-induced ghosting artefacts
deflecting the fal signal several pixels away from the water signal. To aveid these artefacts, DWI
protocols should include fat saturation technigques (22,23, These techniques are simply divided into
two categories—fal, or spectral, selective and non-selective ones.

Among fat selective techniques, chemical shift selective fat suppression (CHESS) is a common
fat saturation technique in which an excitation pulse with a bandwidth selective to the resonance
frequency of fat is applied, followed by a spoiler dephasing gradient [24). There are also two fat
selective hybrid sequences. In spectral allenuated inversion recovery (SPAIR) the fat signal is
inverted with an adiabatic spectrally selective pulse, and acquisition starts from the moment of
inversion time (TT) that nulls the fat signal. Spectral pre-saturation with inversion recovery (SPIR), in
turm, is a hybrid sequence with a spectrally selective inversion pulse is applied tuned to fat frequency
[24]. After the TI, a conventional 0 spin-echo pulse is applied to saturate just the fat signal [25]. All
these techniques use spectrally selective pulses suppressing signal from only fat protons,

Alongside fat selective saturation technigques, the DWI weighted sequence with Shost Tau
Inversion Recovery (STIR) fat suppression technique is also used. 5TIR is an inversion recovery
technique based on the difference in relaxation between water and fal tissues, which have a much
shorter T1 relaxation time compared to other tissue trpes, An inversion pulse is applicd before the
excitation pulse; the spins of all tissues invert and then perform Tl relaxation. By selecting the
imversion bme (TI) such as the longitudinal magnetisation of fat at that Gme is 2ero, fat spins will not
participate to the ME signal [26]. STIR-based D'W] had been developed in 2004 by the research group
of Takahara who named it Diffusion Weighted Imaging with Background Body Signal Suppression
(DWIBS). This sequence allows free breathing, permitting multiple slice excitation and signal
averaging over an extended period to average motion [27], When compared to the selective fat
saturation techniques, while chemical fat selective saturation techniques are more influenced by
magnetic field inhomogeneities [28] the use of DWW with noneselective STIR allows robust and more
homogenic fat suppression within large body regions [27,28] including off-center localisations [24],
providing a higher contrast-to-noise ratio (CWE) [23), insensitivity to magmetic field inhomogeneities,
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and decreased image distortion [29] making it suitable for scanning large areas [23], [k also suppresses
the signals from bowel content [29]. DWIBS was initially developed for the whole-body imaging of
oncology patients to detect tumour relapse and metastages [27], but iF is now used in many other
applications including detecting inflammatory  lesions, abscesses, intravascular thrombi, and
visualisation of the peripheral nerves [23]. DWW with STIR technique is reported to have better image
quality and less image artefacts when compared to conventional, or spectral selective, DWI [30].
Regarding ADC amalysis, DWT with 5TIR is proven to be superior over conventional DWT, in the
assessment of breast lesions [31]. The American College of Kadiologists recommends including W1
with STIE in standard MRE protocols for imaging of the gastrointestinal tract [32]. Using DWI
sequence with STIR in MEE examinations is further recommended by a number of authors [33,34]. 1t
is also reported to be used in the assessment of CD activity [35]. The non-selectivity of STIR can be a
disadvantage it tissues contain other substances with short T1 time, such as methaemoglobin, mucoid
tissue, proteinaceous material, and melanin [24]. Another disadvantage of STIR-based fat
suppression, is decreased SME by partial loss of proton signal during the inversion time [29), causing
grainy image appearance. Mevertheless, the free breathing DWIBS as DWT sequence with STIR is one
of the most important DW-related discoveries, allowing whole body imaging [27], and so improving
diagnasis in oncology (tumour staging, detection of tumour relapse, monitoring responsze to therapy]
[36). Despite the reduced SME, DWIBS contributes in improved detection of subtle lesions due to
higher CME [23]. DWT with STIR is reported to be feasible for the identification and characterisation
of lymph nodes in patients with uterine cervical cancer [37]. ADC caloulated from DA sms (ADC-
D'Wlene) tracking images is reported to be superior over ADC of DWlais (ADC-DWEses) in
differentiating between malignant and benign breast lesions [31] whilst also being non-dependent on
modions [38], important in bowel imaging. Howewver, there have been no studies published om
comparison between DWW sequences with non-selective 5TIR and chemical fat selective D'WI
techniques for quantitative assessment of CDF activity.

The aim of our study was to compare the performance of DWI sequences with fat selective
Spectral Presaturation with Inversion Recovery (SPIR) (DWlsne) and non-selective STIR, or DWIBS,
(DWlsnep, in quantitative assessment of active CDin the terminal ileum through the following
EASLIPES:

(1) Measuring ADC values of DWI with SPIR (ADC-DWIsps) and DWI with 5TIR (ADC-
DWW ) in groups of adult and paediateic patients, comparing each individual patient
group and assessing their mutual correlation,

(2] comparing ADC- DWles and ADC-DWIsne values between the groups of adulis and
pediatric patients,

(3)  estimating correlations of ADC-DWlane and ADC-DW s values with the corresponding
MaRlA, caloulated from the contrast-enhanced sequences within the same bowel segments,

(4) «calculating Clermont scores values based on ADC-DWlsme and ADC-DWline and
estimating their correlation with MaRLA within the same bowel segments,

2. Materials and Methods

2.1, Patient Popalation

In thizs prospective observalional cross-sectional study, the patients underwent MEE
examination between April 2006 and April 2009, All patients invelved in the research had either
symplomatic CI, or underwent MEE examination for monitoring the disease course under
treatment, The faccal calprotectin levels in all study subjects exceeded 1000 ugfe, The inclusion
criteria were: proven active non-stricturing non-penetrating CO¥ in the terminal ileum, presenting
with thickenesd bowel wall (thickness = 3 mm), presence of mural cedema (hyperintensity of the
bowel wall in T2-weighted images compared to the pscas muscle) [39], signs of restricted diffusion
in both of W] sequences with SPIE and STIE presenting with high 51 in DWW tracking images of
b =800 s/mm?® along with low signal intensity (51} in the ADC map. and early mucosal
hyperenhancement in the post-Gd series [40), The excdusion crteria weres locations of CD ather than
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the terminal flewm, bowel thickness less than 3 mm, dynamic blurming in either of the DWT or T1 post-
Cxd images, inability to locate active bowel wall inflammation in both DWI sequences, with SFIE and
STIR, and post-Gd T1 within one and the same segments, The study was performed in accordance
with the Declaration of Helsinki and approved by the Ethics committee of Riga Stradin’s University
on 10 September 2015, its permission number was 610,09, 2015,

2.2, ME Technique

All patients fasted for 6 h prior the MREE examination, being allowed te intake only water, Mo
bowel cleansing was carried out. The bowel distension was maintained with 1.000-1.500 mL of 2.5%
mannitol splution, consumed slowly before the MEE procedure for 45 min. After that, patients were
asked to lie in the right decubitus position, and they received another 250 mL of 2.5% mannitol
solution to intake slowly for another 200 min. The MEE examinations were performed with a 1.5T
scanner {Ingenia, Philips Medical Systems, Best, The Metherlands) covering the region from the
diaphragm to the pelvis with a 1p-element phased array body coil. The patients were scanned in the
prone position. The MEE protocol included:

(1) coronal BTFE [Balanced Turbo Field Echo) cine sequence for real-time assessment of the
bowel peristalsis,

(21 axial DWI sequence with SPIE, using diffusion factors b fixed at 00, 600 and 300 s/mm?, with
corresponding ADC maps,

(3 axial DWIBS sequence (DWT with STIR), using diffusion factors b fixed at 0, 800 and 800
s'mm?, with cormesponding ADC maps,

(4)  axial and coronal T2-weighted sequences withoul fal suppression (T2 TSE),

(5] axial and coromal TZ-weighted sequences with fat suppression (T2 SPAIR),

(6) coronal T2 fal suppression magnelic resonance cholangiopancreatography  (MECE)
sequence with radial 30 reconstructions,

(7)  coronal Th-weighted dynamic posteontrast images e-THRIVE (T1 high-resolution lsotropic
volume excitation), followed by delaved post-contrast axial e-THEIVE images.

The scanning parameters of the DWlsme and DWWl (DWIBS) protocols are given in Table 1. To
reduce bowel peristalsis, hyoscine  butylbromide  (Buscopan, Samofi, Athens, Greece) was
intravenously administered, prior to the DWlsne and DWWl sequences and the coronal dynamic
contrast sequences. The dosage was 10 mg in patients under 50 kg and 20 mg in patients 50 kg or
above, diluted in 20 mL of saline solution.

Table 1, Scanming parameters of DWsae and DWste technigques included in the MEE protocal,

S.c;nning Protocol W lsrin? W lsmm (DWIRS)_2
Sequence SE-EPT STIR-EFT
Mude Simgle shot Single shol
Ciodl SENSES body SEMSE body
Slice arentation Axial Axial
FLIWe EL7 4t mm, A" 350 mm, FH* 303 mm EL i) mm, A 350 mm, FH 303 mm
ACQ® voxel size RL 203 mm = AP 357 mm = shice thickmess RL 250 mm = AP 2,08 mim = shee thickness
hmm fmim
Recomstruction vosel RL 1.7% mm = AP 1.7%mm = slice RL 1.3 marm = AP 1,59 mm = slice
size thickness & mim thickress & mm
Fold-over suppression Plix Mo
Eeconstruction matrx et | IHE
SEMSE Yis Yoy
P resduction (AT 2 2.5
Mumber of stacks 1 1
Type Parallel Parallel
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Slices 4 Lo
Hice gap (mm) (L6 .6
Shice arentation Transversse Transverse
Fold-over direction AP Al
Fat shift direction A F
TE" ai s TEms
TH® 1436 ms JU55 ms
= - 1800 mes
Fast imaging masde EFIH Ell
Flip anghe a0
Fat suppressiom SPIR STIR
b factors 0, A, B0 sfmvm® i, 600, BOD ='mum?
Rur.pirn!l.lfg.-' Trigger N
ll'\.ﬂl.'lpﬂl“’iu.tll.ll'l
Mumbier of signal 1 s
a'l".'f'ru'!_![l"-i
Tastal scan time 4 min, 12 = 5 min. 56 5

1 Wlsrie—THtfusion-Weighted  imaging with Spectral Presaturation with [Inversion  Recovery
technique. * W lsme —Ditfusion-Weighted Imaging with Short-Tau Inversion Recovery. ' 5E-E[—
Spin Echo—Tcho Planar Imaging, ¢ STIE-EP1—5khart T1 Inversion Rt"L"\-;'wF'r:.-—FL"'l'll.:l Plamar
Imaging. *SENSE —SENSitivity Encoding, * FOV — Field of View. " RL — Right-Left direction.
* AP — Anterior-Posterior direction.® FH—Fooi-Head direction.© ACQ— Acquisition. 0 TE—
Echo Time. = TE—Repetition Time. 1 TI—Inversion Time, ¥ EI'l — Echo Planar Imaging,

2.3. ME [mage Analysiz

The altered locations of the terminal ileum were identified and divided into approximately 3 cm
long segments. The total number of segments was 78, 32 in adults and 46 in paediatric patients, In
each segment, wall thickness was measured in mm, presence of ulcers (present or absent) was
estimated, and six measurements of ADC-DMWhes and ADC-DWlsne in the corresponding DWlsm
and D'Wlsng tracking images of b = 800 5/mm? were performed in each segment, in the zone of the
highest signal intensity within the bowel wall. 3ix measurements of the wall signal intensity were
taken in the same location both before (W5l-preGd) and after (W51-postGd) administration of
gadolinium contrast medium, in the site with the highest Sl in the postcontrast images. Six
measurements of standard deviation (S0 representing the image noise were performed outside the
bBody before (SD-preGd) and after (SD-postGd) administration of gadolinium contrast medium [39],
The mean value of all measurements was used for calculations. In each altered bowel segment,
MaRIA was calculated using the following formula:

MaRlA = 1.5 = wall thickness (mm) + 0L02 = RCE + 5 = oedema + 10 = uloers,

where the presence or absence of ulcers and oedema was rated as 1 or 0, accordingly. RCE was
calculated as follows;

RCE = (W5l-postGd - WSI-preGd)/(WSI-preGd)) «100x(5D-preGd/SD-posiGd),

where the SDepreCd and SD-postCd corresponded to the mean of the six S0 values of 51, measured
cutside of the body before and after gadolinium administration, accordingly [39]. Since oedema was
one of the inclusion criteria representing inflammation, it was alwavs present, and its rating was
always equal to 1. The Clermont score, or DWI-MaRIA, for both DWWl and DWine sequences, was
caleulated per formula [20]:

DWI-MaRTA = 1.6d6 = bowel thickness = 1,321 = ADC + 5613 = pedema + 8306 = ulceration
+ 30034
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The ifv gadolinium contreast agent used before October 2018 for all adult patients and all bat two
children was gadodiamide (Omniscan 0.05 mmol/mL, GE Healthcare, Cork, Ireland, dosage 0.2
ml/kg or 01 mmolkg). Gadobuteol (Gadovist 1 mmol/ml, Baver, Berlin, Germany, dosage 00,1
mL/kg, or 0.1 mmol/kg) was used for the two paediatric patients examined after October 2018.

The ADC, W5 and 50 measurements were performed using 4-9 mm= oval region of inferest
(ROI). The image analysis and the measurements were performed by one radiologist with 19 years’
experience in abdominal MRED imaging, The review of images and ADC measurements were
performed using a dedicated Philips Intellispace Portal postprocessing server, v, 5.0 {Philips Medical
Svatems, Best, the Metherlands, 2004). The W5I and image noise measurements were performed using
Clear Canvas DICOM Viewer, v. 13.2 (Synaptive Medical, Toronto, ON, Canada, 2019).

2.4 Shatistivel Analysis

The statistical analysis was performed using software 5P55 2000 (1BM Corporation, Armonk, NY,
Usa, 2011y The median values with standard deviations for ADC-DWTame and  ADC-DWT=ng,
MaRLA, DWlspr-Clermont, and DWlsne-Clermont scores were calculated. 5% Cl was calculated for
median differences. The statistical significance of differences between the groups was determined
using Wilcoxon signed rank test. Spearman’s correlation coefficient was used to assess the
correlations between quantitative parameters, P values of <0105 (two-tailed ) were chosen as a level of
statistical significance. The Bonferroni correction was used to control Type 1 error in multiple
COMPArisns.

3. Results

Seventeen patients: five adults (23, 25, 36, 40 and 57 years old) and 12 children (11 years old; » =
2, 12 years old; i = 3, 13 years old; n = 1, 14 years old; n =4, 17 vears old; » = 2) were enrolled in the
study. In one adult patient, the duration of medical history prior to the MEE examination was more
than two years in three adult patients—from & till 12 months, but in one adult patient, CD was
asymplomatic, of unknown length, and it was detected upon performing a set of infertility tests. In
one paediatric patient, the duration of CD was slightly less than two years, but in the remaining 11
patients the duration of medical history was less than & months.

The overview of measured ADC-DWlsps and ADC-DWlsts values, as well as calculated values
of MaRIA, DWlsme-based Clermont score and DWlhae-based Clermont score, is presented in Table 2.

Table 2, Values of ADC-DWsnr, ATRC-DWne, MaRLA as well as ADC-DWlsem and AT -0 Tne -
based Clermont scores in the groups of adult and paediatric patients

Pelinimum Maximum Mledian

Measurement N Walue Walue Value D

ADC-DWlsmr (mmis), adults 52 00,6 = 10 2,06 = 10 1,26 = 10— .29

ADC-DNY lsme imms), children i .14 = 2.1 = 1 1.13 = LI {31

ADC-DWlsnn {mm?/s), adulis rl 0.01 = 10 2537 = 10 1.15 = 102 {49

ADC-DWl=ne (mm?'s), children 4 0,30 = 1 2,74 = 1 1,046 = 10 44

MaRlA, adules 32 10L&5 36.65 2443 531

blaR1A, children 45 0.5 1767 2208 BubT

DWW ksrar-hased Clermiont score, adults 32 12,85 39,13 24,13 4.7

D“'lﬂ'ﬂ-l‘.h:lﬁﬂl{ Clermont soore, " 19,59 "~ 5 53 & 4
children

D% Ene-based Clerrmont score, adulis 32 5.2 18.78 24.28 4.65

DWlnerbased Clermont score, 8.5 39,52 24,39 5.77

children
There was a statistically significant difference of 10.32% (p = (L02) between the median values of
ADC-DWlaw in adults and children, appearing lower in childeen than in adulis; no statistically
significant difference (p = (.38) between ADC-D'Wlstw in adults and children was detected. There was
statistically significant difference of 8% (pr = (L03) between ADC-D s and ADC-DWTsne values in
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adults, appearing lower in DWlsns, but no statistically significant difference (p = 0.97) between ADC-
DWIsk and ADC-DWlsts values in children. The graphical comparative distribution of the ADC-
DWlwik and ADC-DWisik values between both patient groups is shown in Figure 1a,b. The graphical
comparative distribution of the ADC-DWlsew and ADC-DWlstie values within each of the patient
groups is shown in Figure 2a.b.

ADC-DWlgpp in adults vs. ADC-DWlcpp in children
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Figure 1. Comparison of (a) ADC-DWlswi values, and (b) ADC-DWilsti values between adults and
children.
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Figure 2, Comparizon bebween ATRC-DW Ere and ATRC-DW e values im the (a) adult group and (b)
in children,

In all patients of both groups, the MaRLA value corresponded to active disease (i.e., 27) [6].
Excluding one patient with the score value of 10.65, MaRIA score values in all adult patients also
corresponded to severe disease (ie. 211). In the paediatric group, in all but three patients, with the
values of 9.95, 10.25 and 10.66, MaR1A values exceeded 11 thus corresponding to severe disease [6].

In all patients of both groups, the DWiskr-bazsed Clermont score value corresponded not only to
active disease (i.e., >84) bul severe disease (Le., z12.5). In two adult patients, the DWlm-based
Clermaont score values (e, 392 and 8000 were below the threshaold of 8.4 for active disease, however
the walues of all other patients corresponded both to active and o severe disease. In one paediatric
patient, the DWisne-based Clermont score value (i.e., 8.24) was slightly below the threshold of 8.4 for
active disease; two patients with values of 11.26 and 12338 corresponded to active disease, and all
other patients corresponded o severe disease [A],

The correlation between ADC-DWlsr and ADC-DWlsnk was weak and statistically unreliable
i both adults (rho = 0.27; p = 0130 (Figure 3a) and children {rha = 0.22; p = 0.15) (Figure 3b).

There was a strong and statistically significant correlation between MaR1A and ADC-DWilsrig-
based Clermont seore in both adulis (rhoe = 0.93; p < 0.0001) (Figure 4a) and in children {rho = 0L.95;
p < 0.0001) (Figure 4b). There was also a strong and statistically significant correlation between
MaRIA and ADC-DWlsrs-based Clermont score in adults (r = 0,89 p < QLK) (Figure 5a) and in
children (rho = 0.95; p < 0.0001) (Figure 5b). The correlation between ADC-DWlsrr and MaRIA was
moderate negative and statistically reliable in both adults (r==0.50, g = (.004) (Figure 8a) and children
ir = -0.54, p < 0.0001) (Figure 6b). There was no correlation between ADC-DWlste and MaRI1A
(tho = =000, p = 099 in adults (Figure 7a), and low negative stalistically reliable correlation
irho =-0.374, p = 0L01) in children (Figure 7b).
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Figure 3. Correlation curve between ADC-DWlam and ADC-DWIlsrs in adults (a) and children {(b)

showing no correlation.
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Correlation curve between MaRIA and Clermonit
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Figure 4. Correlation curve between MaFlA and AT -DWEre — based Clermont score in adults (a)
and children (b) showing high correlation,
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Figure 5. Correlation curve between MaBLA and ADC-DWihsne—based Clermont score in adults (a)
and children (b) showing high correlation,
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Figure 6. Correlation curve between ADC-DWihsnk and MaRIA in adults (a) and children (b) showing

moderate negative correlation.
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Correlation curve between MaRIA and ADC- DWLL,
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Figure 7. Correlation curve between ADC-DWlsne and MaFLA in adults (a) showing no correlation

and in children (b) showing low negative correlation.

4. Dvscussion

The primary goal of treatment for CL is to achieve remission. Although the primary endpoint
of treatment has long been endoscopic remission Le., mucosal healing [5,39,40], CD is a transmural
inflammation. Even in patients with sustained mucosal healing, transmural inflammation may
peraist [41-43]. It is proven that compared to mucosal healing, transmural healing is related to
improved long-term outcomes, including sustained long-term steroid-free clinical remission, less
meed for rescue therapy, less CD-related hospitalisations and CD-related surgery [44]. Therefore,
transmural healing has recently been proposed as a new target for CD treatment [45]. To assess
transmural changes, imaging techniques are required allowing evaluation of the altered intestinal
wall along its entire length and thickness, MRE, being an informative non-invasive radiation-free
crpss-sectional imaging modality providing high soft tissue resolution, is proven to have a potential
to replace endoscopy in assessment of inflammatory activity [39).

MaRIA score, developed by the Rimola research team [39], is the only validated index [or
measuring inflammatory activity in the ileum distal loop, tested in large patient populations [7] and
multicenter research [46]. However, multiple gadolinium contrast injections should be avoided, due
to related adverse effects [9-11). In 2019, this same research group also published a report on the
simyplified MaFlA (shMaRIA), based on data from 93 patients, accounting fat stranding, instead of RCE
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[48]. However, this novelty approach requires larger validation studies, The London index measures
the wall thickness and presence of edema [47], providing an accurate assessment of inflammatory
.:l."H'.'Tl_l,'. however cammot be uwed |._'e-ﬁ|11.|ﬁ||j; dlisEasa w-.-urir}-, angd thus 15 not :applh'::l::ll{l iy the
evaluation of therapeutic response upon follow-up examinations [46]. The Clermont score is based
om W [‘I'|1|.'r|'|"|:-rq' calbedd r}"t"l."[-h-f::H[.-ﬁ.], arwd 1B was derved |r_l,' the research Eroaip of Clermont-
Ferrand wniversity as an altermative tor MaRlA, replacing ECE with ADC, thus avoiding
administration of gadolinium contrast media, The authers of the Clermont score state it 15 not only
useful im estimation of ileal CD activity, with excellent correlation with ECE-based MaBRILA [20], but
also in the detection of ulcers [48] and prediction of remission after biological therapy [49]. However,
the performance of the Clermont score still should be validated.

I WL sebiich the Clermont score s based on, Hssue conteast relies on differences of motions of
water molecules among various tissues [50). In each MRI svstem, there are several choices of fat
saturation technigues for use with DWW At our institution, the ME protocol repository for abdominal
imaging contains two types of DWI sequences — W] with SPIR fat suppression technigue and
DWIBS SEUEnce using STIE: their scanning parameters are given in Tablae 1. When COMmpa resd B e
W with SPIR, bowel walls in DWIES visually look sharper and contours of structures are better
delingated (Figure 8). Precize delineation of inflammatory lesions could be very important in
diagnosis of CD, which can be subject to delay for up to several vears [31], especially in locations not
assessible by endoscope, where cross-sectional imaging could be the only solution to reveal
inflammation. Therefore, due to better delineation of bowel walls in DWI1 with STIR, our goal was to
assess the reliability of ADC-DWlsne measurements (o be used in calculating the Clermont score,
when compared to the ADC-DWlsrr values,

Figure 8, DWileie {a) and DWlane (b)) tracking images of b = 800 s/mm? images of $0 years old make
patient with active C0 Inflamed bowel walls present high signal intensity, Despite decreased SNE
causing graininess in the images, the resolution of inflamed bowel and delineation of contours is
better in DWWk image (black arrow) as compared to the DWlsre image {white arrow)

In the current literature, there are no strictly detined recommendations regarding the best fat
suppression techniques to be wused in DWI for evaluation of CD activity, Singha et al. and Park
recommend using DW] sequence with STIE within protocols for assessment of gastrointestinal tract
mentioning the role of ADC measurement [33.34]. The American College of Radiologists
recommends that DWI sequence with STIR should be included within the MEE protocol [32], The
free-breathing technique affords multiple averages, thus leading to better SNE, so probably having
advantages in performing measurements of ADC |29). To our knowledge of using ADC in the
assessment of bowel inflammation, Kiryu et al. and Caruso et al. are the only research teams reporting
W with STIE used in ADC measurements for quantitative assessment of bowel information [35,52]
The Caruso team also used this ADC exactly to caleulate the Clermont score. However, several other
authors emphasise using free breathing technigues [13,14,18=20,53<55], without specifying the fat
saturation method used with DWIL Therefore, there s a chance thal researchers consider navigator
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triggered DWI sequences with SPIR, SPAIR, and CHESS requiring less signal averaging than free
breathing techniques, however, in some of these studies, the related fat saturation technique could
theoretically be STIR. Consequently, if the article does not explicitly state the technigque of fat
saturation, it is impossible to judge exactly which one is used.

Initially, we calculated the correlation between ADC-DWlane and ADC-DWI=ne with the
expectation of a good correlation. To our surprise, although ADC-DWlspg and ADC-DWlsnr visually
seemed bo be comparable, we ohserved almost no correlation between ADC-DMWIsme and ADC-
DWlsne measured in one and the same bowel segments in both adults {rho = 0.27; p = 0.13) and
children {rho = 0.22; p = (L15). Although DWlsne is performed under free breathing, and availability
of both repeated stimulations and acquisitions contributes to improved SME and both spatial and
temporal resolution [30] the allowance of respiratory motion in DWoe, means that slice levels of
images obtained with different b-values may not be identical. Since DWIBS emplovs multiple slice
excitations, slice levels of images olMained with the same b-value may be different [29], The weak
correlation  between ADC-DWlspr and ADC-DWlsne values may also be impacted by the
conceptually different fat suppression mechanizms of SPIR and 5TIR, on ADC values of the intestinal
wall in relation to histopathological characteristics of bowel inflaimmation, due to differences in gut
wall histopathology in adults and children. This issue will be discussed further in the article,

Within the study, the ADC-DWlsr and ADC-D'Wlstik values were analysed in two dimensions:

(1) ADC values of both adults and children were compared within a single fat suppression
technique, and we observed statistically significant ADC-DWisrik difference between adults
and children {1.31 = 103 mm¥/s, 50029, va, 116 « 107 mmfs, 50 0.31; p=0002), with 12.12%
lower ADC values in children compared to adults, but no statistically significant difference
between the ADC-DW e values in adults and children (109 = 10-* mmed s, SO 0049, va, 1.200
mm?fs = 10-%, S0 (L44; p =0.38);

(21 both DWlsm and DWlene techniques were compared within one patient group, both in
adults and children. In this case, the analysis showed difference of 16.73% befween ADC-
DWlsne and ADC-D0Wsne values in adulls, being lower in DWlsne {1.31 = 10 mmifs, S0
0,29, vs, 1,09 = 10 mm3's, S0 (L49; p = 003), but did not show difference between ADC-
W lsne and ADC-DW lne values in the children's growp (116 mmdfs = 1077, SD0L3T, ws. 1,20
= 10 mmds, S0 (L4, p =097,

These observations raise questions about why ADC-DWlane values are lower in paediatric
patients than in adults whilst no difference in ADC-DWlsne between adult and paediatric patients is
observed, and why the ADC-DWW s values are lower than ADC-D'Wlsne in adults, whilst there is no
difference between ADC-DWlsr and ADC-DWIsne values in pediatric patients, In answering these
questions, either a differing histopathological pattern in adult and peediatric CD, or differences
betwoen the fat suppression mechanism of DWlsae and DWlsnr techniques influences ADC values,
or combination of both factors must be taken into acoownt.

To interpret our results, it is necessary to consider the pathophysiological characteristics of the
tissue, the physical basis of both DWI sequences and the duration of CD history. Although the exact
cause of the restricted diffusion in CD still remains unknown, the three ruling theories considered
are as follows: (1) narrowing of extracellular space in active CI¥ {caused by presence of oedema and
increased cell density due to migration of inflammatory cells, mostly lvmphocytes), formation of
Ivmnphoid aggregates into the lamina propria and submucosa of the inflamed wall segments (Figure
Ua), presence of dilated lymphatic vessels and epithelioid granulomas, and formation of micro-
abscesses) [56-539], (2) increased perfusion, and (3) mural fibrosis [56,57]. Although the morphological
pattern of CD s generally similar in adult and pediatric patients [59), the main difference bebwern
the histopathology of pediatric and adult C0y, is the more frequent appearance of epithelioid
granulomas in the inflamed bowel wall of children [38,60.61] (Figure 9k),
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Figure 9. Inflammation of the ileal wall in active chronic CD in 14 y.0. boy, hematoxylin-eosin staining
(courtesy of Dr. Ivars Melderis), {a) at magnification = 40, {b) at magnification = 100, Infiltration by
plasma cells, neutrophils and abundant number of lymphocytes is present in the mucosal part of the
bowel (star), along with epithelioid granuloma (arrow} in the lamina muscularis mucosae providing
additional contribution for restricted diffusion signal in DWI images in children CD. Due to
granulation process, there are unaltered red blood cells {(arrowheads) in the capillaries of intestinal
mucosa, The presence of blood degradation products is not detectable in any of the intestinal wall
layers.,

Whenever analysing the performance of ADC-DWlsw, the non-selectivity of STIR fat
suppression must be considered. Unlike the SPIR technique which uses spectral selective
radiofrequency pulse suppressing solely the fat signal, STIR technique uses an inversion recovery
technique based on the T1 relaxation time of the tissues examined. Apart from fat having a short T1
time, STIR technique suppresses other substances of short T1 time, thus adding to decrease of ADC
value by suppression of signal from methaemoglobin, melanin, mucoid lissue, and proteinaceous
fluid [24]. When considering the presence of methaemoglobin, although early mucosal lesions in CD
can be associated with the damage of small capillaries [58], no data on haemorrhagic changes in the
blood vessels has been found in literature. An exception to this is angiitis in the outer part of the
bowel wall, which manifests through the infiltration of inflammatory cells into vascular adventitia,
or formation of granulomas alongside blood vessels. There is no evidence of haemorrhagic lesions
[62] containing the products of methaemoglobin. The deposition of melanin (along with lipofuscin)
in the intestinal wall is characteristic of colonic melanosis, related with the chronic use of Jaxatives
[63], and there is limited data on its association with CD [64,65]. Given its extremely rare occurrence,
the chance of intestinal melanosis occurring in the patients included in the study is unlikely. The
inflammatory bowel wall tends to contain crypt abscesses, the contents of which could be considered
as both mucoid and protein-rich tissues, However they are occasional, and are only observed in 19%
of patients [62]. However, an additional very important consideration influencing the signal intensity
of fine and thin structures, such as the bowel wall, is the partial volume effect [66], where the voxel
is influenced not only by the properties of the same structure but also by the nature of the adjacent
tissues, Typically, achievable DWI resolution is in the order of 2 mm = 2 mm * 2 mm [67]. In our
DWIBS protocol, the acquisition voxel size is 2.50 mm (RL) x 2.98 AP (AP) x 6 mm (slice thickness)
therefore, within the single voxel, there will be signal contamination from the adjacent media, Since
the bowel lumen contains the viscous and proteinaceous chyme, and occasionally fecal admixture,
the ADC-DWIlsr values will be influenced not only by suppression of the mesenterial fat tissue, but
also by saturation of signal from the bowel content with short T1 relaxation time. Therefore, when
measured at a short distance from the intestinal lumen as carried out in the group of adults, ADC-
DWIEsne values are artificially lower, compared to ADC values of DWI with selective fat suppression,
1¢., DWlsem,

ADC-DWIssik values are lower in paediatric patients than in adults. This is explained by
differences in medical history, Although all adult patients had active CD, their medical history prior
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the study. However, the literature provides a broad picture of the correlation not only between MRE
and endoscopic findings, but also between MEE and surgery specimens of resected intestinal
segments with certain defined crtena, along with the conclusion that MR s an informative amd
sufficiently accurate method to assess altered bowel wall. Based on these observations, for several
vears now, when referring patients for MRE examinations, clinicians do not duplicate their results
with the invasive endoscopy that is also cumbersome for patients. Consequently, in 2019, for the first
time, the ECCO-ESGAR guidelines came up with a revolutionary statement that radiological eross-
sectional imaging methods (and, therefore, MK) can be used as an alternative to endoscopy to assess
CI activity [5]. Therefore, although O had been endoscopically confirmeed in all patients included
in our study, the results of the MEE examination were not duplicated by the endoscopic and
histopathological findings in any cases. It would have been useful to correlate the MR finding with
the histopathological picture of the surgical resection specimens. However, surgical resection with
subsequent histopathological analysis of the specimen, which would provide the most complete
picture of intestinal wall changes, was performed in only one pediatric patient.

In anpther related research project, our study team assessed the intra-observer agreement of
measurements of ADC-D'Wlsms values, ADC-D'Wlstik values, and other components of MaRIA and
Clermont seores —bowel thickness, presence of ulcers and RCE composed from WSE-preCad and WSl-
postGd, The data was recently published. According to our results, there was a systematic difference
i the assessment of ulcers, however, no difference was observed between the measurements of the
bowel wall thickness, ADC values of DWI with SPIR, ADC values of DWI with STIR as well as
measurements performed for assesament of WEl-preCd and WS post-Cad [70].

In our opinion, the strengths of our research were as follows: (1) the prospective study design,
(2} accurate location-by-location comparison in one and the same bowel segment, (3) explicit ROl size
not being defined in the previous studies on MaRLA and Clermont score, except for when conducted
by the Caruso's team using the ROI size between 12 and 20 mm2 However, our study also faced
several limitations: (1) the relatively low number of participants in the study groups, (2) the study
population could be subject bo selection bias, as both adult and paediatric study groups were nol
homogenous regarding the duration of the disease, Paediatric patients included in our study had a
relatively shorter history than the adult patients; (2} in both post-Cad and DW1 images, the ROls were
placed on the site of the maximum 5L After administration of gadolinium contrast media, in some
cases the most intense contrast enhancement was predominantly observed in ileal mucosa, however
in other cases the enhancement was evenly distributed throughout the intestinal wall. In contrast, in
both types of DWI techniques, bowel wall layers were indistinguishable as the diffusion restriction
throughout the intestinal walls was equally intense, which could result in differences of positioning
B0 between the Tl post-contrast and DW] sequences; (4} the MaRlA studies are based on a
comparison of the visual image with the CDEIS —CD endoscopic activity index in adult patients,
Unlike adults, estimation of inflammatory activity in children does not rely on endoscopy findings
due o its invasiveness, but rather on the Pediatric Crohn's Disease Activity Index (PCDAL, which
correlates poorly with the MaEILA index (v = 042, p = 0L01&) [6]. Iis correlation with Clermont score
hias not yet been estimated, so, in children, the utility of Clermaont score is still unclear.,

5. Conclusions

In Crohn's disease, DWI ME] sequence with STIR, when compared to DWI MREI sequence with
SPIR, is less reliable and is not suitable for quantitative bowel inflammatory activity assessment Lo be
weed in Clermont score, in both adult and pacdiatnic patients, W1 ME] sequence with STIR i
advisable to provide qualitative visual identification of bowel inflammation focd in adults as well as
pacdiatric patients,
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to thwe MRE examination was at least six months long (except for one patient whose duration of illness
was unknomwn), whereas all children (except one with an almost Z-year history of CD) werne examined
n longer than six months after the onset of svmptoms. Therefore, the edema component in the
pediatric bowel wall was more pronounced, resulting in a greater diffusion restriction when
compared to the adult patients. The presence of epithelioid granulomas may further limit diffusion
in the inflamed wall,

The explanation of non-difference between ADC-TWlsne values in adults and children is more
complex. In children, there is expressive oedema. The ROl was positioned at the site with the highest
signal intensity (within the submucosal laver of the bowel wall), therefore the distance to the
intestinal lumen was sufficient to prevent the signal contamination caused by the partial volume
effect. Since the history of the disease is longer in the group of adult patients, apart from oedema,
fibrosis is also present. In these locations, the bowel wall is thinner, and ADC-DWTI STIE values are
influenced by the partial volume effect from the bowel content with short T1 time, which artificially
loweers the ADC values.

The absence of difference between ADC-D'Wlsme and ADC-DWsne values im0 the children’s
group could also be explained with the predominance of the edematous component, which, by
increasing the thickness of the intestinal wall, does not allow the partial volume effect to affect the
ADC-DWiEstie values measured in the middle of the submucosal layer of the intestinal wall.

The correlation between ADC-DWl=m and MaRIA was moderately negative in both adults
fr=—0.50, p =0.004) and children (r = —0.54, p < 0.0005) being worse than reported by the study group
of the Clermaont-Ferrand university showing excellent correlation [19.20]. Howewver, in the systemalic
review and meta-analysis on using diffusion-weighted MRE for evaluating bowel inflammation in
CD, Chai el al. states that ADC demonstrates a moderate strength of correlation at best and Clermaont
soore performs better [68], This is also consistent with our results, since like the studies by the research
group from Clermont-Ferrand university, we also observed excellent correlation between DWI-based
Clermont score and MaELA in both adults (rho = 0.83; p < 0.0005) and children (rho = 098; p < 0U0005),
However, there might a methodalogical error in using correlation between MaRIA and Clermont
soome, as the data to be correlated should be mutually independent, and should not be used if they
include more than one observation in any individual [69]. Apart from RCE used in MaRIA and ADC
used in the Clermont score, all other three variables (wall thickness, presence of edema and presence
of ulcerations), are used in both equations. The use of coreelation analysis opposes the conditions in
which correlation can be applied, and in the instances of highest probability, could lead to an
overestimation of the similarity between MaRlA and Clermont score. The coreectness of this
stabement is supported by the contradiction between correlation of ADC-DWlsne and the ADC-
DWlne-based Clermont Index with MaRIA, as despite no apparent correlation between ADC-
DWlsne and MaRLA (r=-0.001, p = 0.99) in the adult group, and low negative correlation betwesn
ADC-DWIzne and MaRLA in the paediatric group (r = -0.37, p=0.01}), the correlation between D'Wlsi-
based Clermont score and MaRIA remained strong in both adults (r=08% p <0,0005) and in children
(rho = 0.95; p < (LODS).

For scanning of the study patients, we used DWlsne and DWissn (DWIBS) sequences included
in the MRE protocol, obtained from the repository provided by the manufacturer. DWlson sequence
differs from DWlsrre with the inversiom recovery pulse applied, The sharpress of contours im DWlsne
images always outperforms the D'Wlaw series, due to better suppression of background signal and
bess T2 “shine throuph™ effect, provided that all scanning parameters (number of signal averages,
voxel size, slice thickness, FOV and DWI directions parameters) are the same. As the voxel size and
mumber of signal averages does not influence the DWT outcome including the ADC value and these
sequences are designed to provide the best possible performance, we did not modify or harmoenise
the scanning paramefers used in the protocal,

In our study, we did not use endoscopy as the reference standard but selected the study groups
exclusively by visual MRE findings of CD, ie, thickened, osdematous bowel wall and markedly
increased 51 in the DW] tracking images of b = 800 sfmm?® along with the low 51 in the AT map. Of
course, the lack of correlation with the endoscopic picture could be considered o be a limitation of
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Communicated by llze Konrdos

The MB activily indices usad for quantificalion and follow-up of Crofn’s dizease an compased of
a numnber of sutyechively determinable componants with equivocal repealability. The purpase of
thiz aricle was to assess the repeatabilty of measurements vsed far guaniitative estimation of
Crohn's disease activily In the lerminal Feum. In five adults (23-57 y.0.) and 12 chiidren {10-17
y.o) with active terminal ilsitis, the inflamed bows! was divided into 3 cm segments (n = 32 in
aduits, n = 46 in children), and measurements for the calcwlation of MaRIA and Clesmont scores
ware parformad. Paramelers included apparant diffusion coafficlents (ADC) for diffusion-welghted
imaging (DW1) sequences with selecfive and non-sslactive fal suppression, wall signal enhance-
ment befare (WS-preGd] and affer (WSl-preGd] gadolinfum enhancement, bowel thickness, and
presance of wears. Tha measurements ware standardised (accurate sile-lo-site compansan, ax-
act RO size, where applicabis) and repealed by the same researcher after two manths. Intra-ob-
server agregment for ADC, WSI-preGd and WSI-postGd. bowsl thickness was assessed with &
paired tlest, and the significant difference in prasencesabsance of ulcars was assassed by the
Pearson © lesl. Absolute diference was nol found between the 7% and megsuramants of
ADC, WSl-preGd, WSI-posiGd and wall thicknass., There was sysfematic difference in the pres-
ence of bowel ulcers. In standardised conditions the repeatabilty of ADC, WSl-preGd and
WS-postGd is high. Efforts must be made lo precisaly define the size and appearance of woers
that may be included in the index calowladion.

Key words: Terminal leitis, magnetic resonance enterography, Clermant score, MaRIA, achivity
indices, intra-obsarver agreament.

INTRODUICTION be viewed ond sompled (Van Rheenen e al,, 20000, Wire-
less capsule endoscopy allows an advance beyond the reach
of u gonventional endoscope by visualising intesting] muo-

cosn throughouwt its entire length in case of 0 non-stricturing

Crmohn's disease (CDY is a chronic relapsing inflammatory
bowel disease aftecting any part of the gastrointestinal tract,

but most commaonly, the terminad ileum (Horsthuis e al.,
2008}, The overall goal of CD treatment is to achieve and
maintain remission. Therefore, monitoring disease activity
is crucinl during the course of the disease. leocolonoscopy
with histopathological sampling is the method of choice in
wssessment of [BD. Howewver, apart from cousing general
patient discomfort (Buisson ef @f., 2017), visualisation ren-
dered by endoscopy is limited to the terminal ileom and co-
lom, and only superficial tissues from the luminal side can

Prom., Lanion Acud. Sev, Section 8 Vol T4 (HIHEp, Mo, 2,

129

disense (Triester er all, 2006). Nevertheless, this modality,
like conventional endoscopy, does not allow assessment of
bowe]l wall tissue beyond mucosa, Therefore, oross-sec-
tional imaging is the only solution to assess the bowel wall
throughout its entire thickness.

When considering the supenor sodl-tissue resolution, non-
invasiveness and ability to obtain findings within entire
bowel wall thickness and around the bowel, and lock of ion-
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ising radistion, magnetic resonance enterography (MRE)
has been shown to be an informative imaging modality, ca-
pable of evalupting disease activity in IR (Fou e al,,
2005). Numerous aitempts have been made to develop scoe-
ing systems for less invasive but informative quantiticotion
of disease activity in the intestines. Examples of these scoe-
ing systems include: Magnetic Resonance Index of Activity
(MaRIAY, Clemmont score, Crobn's disease MR indes
(CDMI), Magnetic Resonance Enterography Global Seore
(MEGS), Lemann index {Rozendorn ef al., 2008), a5 well as
London mdex (Steward er af, 20020, Presently, the MaRTa
seone s the only walidated radiological CD activity index
tested in large patient populations {Dohan ef of, 2016,
which has high and significant comelation with the Chron's
Disease Endoscopic Activity Index. The MaRIA score is
composed of values of intestinal wall thickness and relative
conirast enhancement (RCE), as well as rating of presence
of edema and ulcers in the bowel wall, RCE 15 calculated
from wall signal intensity {WS1) seres before {WSL-preGd )
and after (WSI-postGd) sdministrufion of gadolinium con-
trast agent {Rimola s ol 20080, However, gadolinium ad-
ministration is related o potentially severe adverse reac-
tons like systemic nephregenic fibrosis (Broome o of,
2008) and accuimulation of gadolinium deposits in the beain
{Gulani e al., 2007} and other body tissues (Cuatirocchi ef
al, 01T The Clermont seore, an alernative MET index of
activity, has been developed on the basis of diffusion
weighted imaging (DWW by replacing RCE with the appar-
ent diffusion coefficient (ADC), which is a numerical imea-
surement of diffusion restriction and is caloulated from
DWT images (Hordonneau & ol 20045 The Clermont score
is, therefore. also called DWI-MaR1A. It is reported 1o have
un excellent comelation with the MaBILA score (Rimola e
al., J009) and & moderate comelation with CDELS {Buisson
et al.. 2007}, but further confirmatory studies are peeded to
valdate the Clermonl score,

There is equivocal data available on the repeatability of
mmeasurements used for caleulation of MaR 1A and Clermont
seodes. No standardised wechnigue of performing measure-
ments and assessment of uleess is deseribed in most of the
available publications, possibly influencing repeatability.
The goal of owr study was therefone 1o assess imra-ohserver
agrecment on messurements performed for caleulation of
blaRlA and Clermont seores. Measurements such as
ADC-DNW, wall signal intensity (WS1) before (W S1-preGd )
and after (WSL-postGd) administration of gadolinium con-
trast medium contributing in relative contrast enhancement
(RCE), were performed o define the proper size of region
of interest (RO and o provide accurate site-to-site com-
parison. Intra-observer variability of the wall thickness and
detection of presence of uloers was also analysed.

MATERIALS AND METHODS

This prospective observationn] cross-sectionnl study was
conducted in accordance with the Decloration of Helsinki.
Before inclusion in the study, written informed consent was
received from all patients or their legal representatives, Ap-
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Tate | Demcgraphic data of patients imcluded in the stdy

Mara Acluln groip I Fagalialric grodip
Gender Males. n=4; females, n=1  Males; n= % females: n= 3
A Byaan=LByvosn=L IHyoce=2 12yain=3,

Shyosn=Ldvone=0  3yoia=], 14y =4,
Tyozm=1 ITyo;n=1

'F!I'I.:H'.ﬂl ['pl¢r|‘|l:iwi¢n‘| namber & 1009 2150 was oblaimed
frown the Ethics Committes of Biga Stradips University.

Patients. The study involved 17 patients (five adulis. 23-57
y.o, and 12 children, 10-17 v.ou see Table 1 for detailsy
with faecal calprodectin bevels over 1000 pgfmg and hisio-
logically proven active Crohn's non-stricturising and non-
penetrating disease in the terminal ileum, and signs of ac-
tive Crohn’s discase in MBE examination. These signs in-
cluded: 1y small bowel wall thickness = 3 mm, 2} presence
of mural ocdema — hyvperimensity of the bowel wall in
T2-weighted images compared io that in the psoas muscle
{Rimola er o, 200090, 3) signs of active inflammation in
conventional DWI sequence — high 51in DWT tracking im-
ages of b = 800 omm”. 4) low signal intensity (31 in the
ADC map, and 5) early mucoszal hyperenhancement in the
series following administration of gadolinium contrast agent
{post-Gdp {Maoy er @, 2006). CD located outside the termi-
nal ileum, areas of bowel thickness less than 3 mm, lack of
signs of active bowel wall inflammation in DWI, D'WIBS
and post-Gd T1 series within one and the same segments,
and dynamic blurring in either of the D'W1 or T1 post-Gd
images were not accepied for performing measurements.

According to the Montreal and Paris classification of CT
(Moo, 20090, the phemotype of 10 patiems was Al L1 B1;
the phenotype of the remaining seven patients was A2 LI
Bl

MR technbque. All patients were examined without prior
bowel cleansing. Fasting was required six howrs prior 1o
MRE procedures. Patients were asked o slowly intake
1001500 ol of 2.5% peroral mannitod solution 45 min-
wtes prior to the MR procedure, and then w le in the right
decubitus position, dinking extra 250 ml of 2.5% manniol
aplution for ancther 20 minutes. The MREE examinations
wene performed with a 15T MR scanner {Ingenia, Philips
Medical Systems, Best, the Metherlands) covering the re-
gion from the diaphsagim o the pelvis with a lo-channel
by coil. All patients were scanned in the prone position.

The MRE protocol included:
13 coromal breath-hokd balanced wrbo field echo (BTFE)

cie sequence for real-time assesment of the bowel per-
stalsas,

2 axial and coronal breath-hold Turbo Spin Echo, T2-
weighted sequences without Fal suppression (T2 TSE),

3 peial and coronal breath-hold Spectral Attenuated Inver-
sion Recovery T2-weighted sequences with fat suppression
(T2 5PAIR),
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4) axial respiratory triggered Spectral Presaturation Inver-
ston Recovery (SPIR) based DWI sequence using diffusion
factors b fixed at 0, 600 and 800 s/mm~ with the corre-
sponding ADC map,

5) axial free-breathing Short Tau Inversion Recovery
(STIR)-based DWI sequence using diffusion factors b fixed
at O, 600 and 800 s/mm~ with the corresponding ADC map,

6) coronal respiratory triggered T2 fat suppression magnetic
resonance cholangiopancreatography (MRCP) sequence
with radial 3D reconstructions,

7) coronal breath-hold dynamic T1-weighted High-Reso-
lution Isotropic Volume (THRIVE), where scanning was
sturted simultaneously with intravenoos administrution of
gadolinium contrast media. Gadodiamide (Omniscan)
0.05 mmol/ml, GE Healthcare, dosage 0.2 mi/kg, or
(0.1 mmolkg was used in patients before October 2018, ex-
cept in two children examined after October 2018, who re-
ceived gadobutrol (Gadovist) T mmol/ml, Bayer, dosage
0.1 mikg, or 1.1 mmolkg

To stop intestinal peristalsis, hyoscine butylbromide (Bus-
copan, Sanoli) was administered in slow intravenous injec-
tion prior to SPIR-DWT and STIR-based DWI sequences as
well as the dynamic contrast sequences, A dosage of 10 mg
was used in patients under 50 kg, increased to 20 mg in pa-
tients of 50 kg or ubove, and the dose was diluted in 20 ml
of saline solution.

MRI image analysis, The measurements were performed
by one radiologist with 19 years of experience in gastroin-
testinal MRI imaging, and repeated by the same radiologist
after two months

The measurement approach was standardised. Prior to
measurements, the whole parts of the inflamed terminal il-
cum were divided into approximately 3 cm long segments
(n = 32 in adult paticnts, n = 46 in children), and the below
process was performed when tuking measurements in cach
of the secgments: 1) one measurement of bowel wall thick-
ness was performed in the location of the largest thickness:
2} presence/absence of ulcers was defined (1 — yes, 0 - no);
3) three measurements of ADC of the SPIR-based DWI
(Fig. la), and ADC of the STIR-based DWI (Fig. 2a) were
performed at the site of the maximum signal intensity (S1)
within the inflamed bowel wall. The ADC value along with
the chosen region of interest (RO was automatically
propagated on the corresponding ADC map (Figure b for
STIR- based DWI and 2.b for STIR-based DWI); 4) three
measurements of wall signal intensity (WSI) were tuken
betore (WSI-preGD) and atter (WSI-postGd) administration
of gadolinium contrust medium in exactly the same loca-
tions of the highest SI in the bowel wall in both DWI se-
quences, 5) three measurements of the image noise — stan-
dard deviation (SD) were performed outside the patient’s
body betore (SD-preGd) and atter (SD-postGd) administra-
tion of the contrast medium (Rimola e al., 2009), The
ADC, WSI and SD measurements were performed using the
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Fig 1. Selectimg the RO in SPIR-biased DWT iages (b = 800 wlmm2) of
S6 yvo. femake (ad. On the coerespomdang ADC map (b, the chosen ROT ap-

pears automabically

|
4-9 mm~ oval region of interest (ROI). The average values
of the three measurements of ADC, WSI and SD were used
tor further calculations,

In each inflamed segment, the segmental MaRIA score was
calculated per equation:

1.5 = bowel thicknesstmm) + 0,02 x RCE + 5 x oe-
dema + 10 x uleeration.

The presence of ulcers was rated as | and absence of ulcers
- as 0. RCE was calculuted as: RCE = (WSI-postGd -
WSIE-preGd)(WSI-preGd)) x 100 x (SD-preGd/SD-
postGe ), where the SD-preGd and SD-postGd corresponded
to the mean of the three SD values of the SI. This was
measured outside of the body before and after administra-
tion of gadolinium contrast medium, accordingly (Rimola ef
al., 2008), Since oedema was a criterion of inclusion in the
study, it was present in all patients and was always equal
to 1

The Clermont score, or DWI-MaRIA, for both SPIR- and
STIR-based DWI sequences, was calculated as:

DWI-MaRIA = 1.646 x bowel thickness - 1.321 x ADC +
5.613 x oedema + 8.306 x ulceration + 5.039 (Hordonneau
et al., 2014)



Clermont scores. The mean values of the first and second
measurement were compared, and statistical significance of
the differences was tested using a paired t-test; 95% confi-
dence intervals (CI) were calculated for differences, The
statistical significance of differences was determined using
one-way ANOVA with Bonferroni correction. A p value of
< (L05 was considered as statistically significant. Differ-
ences in the presence/absence of ulcers was evaluated with
the Pearson's 27 test,

RESULTS

No statistically significant difference was observed between
the two measurements performed by a single observer nei-
ther in the measurement of the bowel wall thickness (p =
0.42), nor in the assessment of ADC values of SPIR-based
DWI (p = 0.65) and ADC values of STIR-based DWI (p =
0.23). There was also no statistically significant difference
between the two measurements performed by a single ob-
server in assessment of WSI-preGd (p = 0.06) or WSI post-
Gd (p = 0.57). The highest absolute difference between two
measurements was observed for WSI-preGd measurements
(8%), und the lowest absolute difference for SPIR-bhased
ADC measurements (1%). The results of measurements,
along with absolute differences between the two measure-
ments, are presented in the Table 2,

For the assessment of presence of bowel ulcers between the

Fig. 2 Selecting the ROL in STIR-bused DWI images of 56 y.o. fomale I“ and the :ﬂd assessment, the Pearson X was 13.70 <
(b = 800 simm2) (a). On the corresponding ADC mirp (b), the chosen ROI 0.0005), indicating u systemic difference between the two
appears smomattically assessments for presence of ulcers, The results of the as-

sessment of presence/absence of ulcers are presented in Ta-
Similar 1o the calculation of the MaRIA score, presence of ble 3.

ulcers was rated as 1, absence of ulcers as 0, and presence

of oedema was rated as 1. DISCUSSION

The assessment of images and measurements of ADC val-
ves was performed using a dedicated post-processing server
Philips Intellispace Portal 3.0 (Philips Medical Systems,
Best, The Netherlands). WSI and image noise measure-
ments were performed using a Clear Canvas DICOM
Viewer, v. 13.2 (Synaptive Medical., Toronto, Canada,

The therapeutic endpoint of CD treatment is to achieve and
maintain remission. Therefore, assessment of discase activ-
ity is crucial for guiding therapeutic decisions in treatment
of patients with CD. Apart from the resolution of symptoms
as the primary target (Shi er @l., 2018), different grudes of
activity such as ¢linical, biochemical and histopathological

ks activity, are considered, The concept of mucosal healing has
Statistical analysis. Statistical analysis was performed us- been under discussion for decades (Rogler et al., 2013) be-
ing software Stata/IC (StataCorp LLC. Texas, USA). The ing associated with lower demand for steroids, reduced ad-
mean values and standard deviations were calculated for missions to hospital, and reduced need for surgical treat-

SPIR- and STIR-based ADC, as well as RCE, MaRIA and ment in case of complicated CD (D'Haens et al., 2008).

Yabfe 2. Numerical values of the 1% and 2* meassremests of the bowel wall thickaess SPIR. md STIR based ADC. WSILpreGd, asd WSI-pastGd

Measurement First assessment Secomnd assessanent Dufference
{mwim) Cmweim ) Differenss 151 n
Wall thsckness (mm) n4 o0 0.2{3%) 042
ADC of SPIR-based DWI (mm®/s) 1.21% (5D 0.3200 1.2271SD 0321 Q008 (1%) 065
ADC of STIR-based ""|ﬁ;,‘l‘. 1180 (SD 0.505) 1132(5D0478) QAKE (45 023
WSLpreGd 162,925 (SD 127.57) 150,505 (SD 99.68) 1261 48%) 000
WSI-post Gd 336,39 (5D 235.35) 605D 212,90 N33 6%) 057

ADC, apparem diffesion coetficients: WS1, wall signal intensity
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Table 4. Exalustion of 1" and 2™ messaremens of the peesencalabsence of

uloers
Evabsanon | Ukceration No. of N Pearson /" pyvalue
sepenis
Fira Abeence 45 35.13
Proseoces 15 14 R7 1370 < QANNIS
Seoond Abecnee 26 33,33
Presence 52 0H6.67

Mucosal healing has been accepted as an optimal therapeu-
tic target in clinical practice for many vears: however, in pa-
tients with sustained mucosal healing, trunsmural inflamma-
tion may persist (Nardone et al.. 2019). Transmural healing
is associated with better long-term outcomes than mucosal
healing, thercfore transmural healing has recently been pro-
posed as a new target for CD treatment (Castiglione et al.,
2019). Since endoscopy does not provide transmural
evaluation even in the accessible regions of the gastrointes-
tinal tract, cross-sectional imaging studies (MR) have be-
come the mainstay of intestinal wall evaluation (Buisson et
al.. 2019). Both mucosal and transmural healing can be as-
sessed with MRI (Panes e al., 2013; Maaser ef al., 2019),
and according to the newest joint guidelines by Euwropean
Crohn's and Colitis Organisation (ECCO} and the European
Society of Gastrointestinal and Abdominal Radiologists
(ESGAR), MRI can be used as alternative for assessment of
discase activity (Maaser e af., 2019),

Calculations of MaRIA and Clermont indices include sev-
eral variables that are common to both indices, such as the
presence of ulcers and bowel wall oedema, and the thick-
ness of the gut wall. In the Clermont index, also called as
DWI-MaRIA, gadolinium contrast medium administration
is repluced by DWI (Rimola er al., 2008; Hordonneau ef al.,
2004} Since 2009, this has been proven to be effective for
assessment of bowel inflammation. It has potentinl benefits
in the assessment of disease activity (Doban er af,, 2016)
and is wsed to replace contrast medium (Neubauer et al.,
20031 DWI reflects both anatomical and tunctional infor-
mation, providing data on diftusion restriction in the intesti-
nitl wall that characterises an active inflammation (Dohan et
al.. 2016), and is proven to be capable of detecting lesions
before their appearance in conventional images (Balivan et
al.. 2016), The DWI technique is however very sophisti-
cated, since it requires ideal magnetic ticld homogencity,
very strong gradients and infinitively fast acquisition that is
not achievable with existing MRI machines, The guality of
DWI images is therefore lesser than that of conventional
MR images, due to low resolution, noise, distortions, and
limited morphological interpretability (Chilla ef al., 2015);
therefore, DW1 provides functional rather than anatomical
information. Opinions on reproducibility of ADC-DWI
measurements used in the Clermont score varies among
authors, and despite good to excellent repeatability reported
from certain authors {Yu ef ol., 2019), contrury concems on
fow reproducibility based on research data also exist (Wat-
son ef af., 2018). Due to equivocal data on repeatability of
measurements the form the MaRIA and Clermaont score, our

Prow. Lanvan Acad. Sor, Section 8 Vol 74 (20210, No. 2

133

interest was to assess the repeatability of measurements
contributing to both of these indices — WSI-preGd and
WSI-postGD forming RCE in MaRIA, ADC-DWT used in
the Clermont score, as well as bowel thickness and estima-
tion of presence of bowel ulcers, which are common to both
MaRIA and Clermont scores

There are numerous DWI technigues, all of which are based
on fat suppression, which i1s necessury for artefact reduction
(Tukahara et al., 2004), These techniques can be classified
into fat, or spectral, selective and non-selective ones, based
on different behaviour among lipid protons and hydrogen
protons from water during MR imaging. In selective fat
suppression, protons of proper resonance frequency of fat
are suppressed, whereas in non-selective fat suppression the
difference in T1 between protons in water and fat tissue is
used to suppress the fat signal with inversion-recovery tech-
nique (Deltaut er al, 1999), In our institution, apart from
selective SPIR-based DWI, a non-selective STIR-based fat
suppression technigue was evaluated in the study due to bet-
ter image quality {Ouyang ef al., 2014), i.e. visually sharper
images and more clearly differentiated contours of struc-
tures (Fig. 3). and supenority of ADC measurements over
DWI with selective fat suppression in assessment of other
tissues, such as breast lesions {Stadlbauer et al., 2009). This

technique could theoretically improve the accuracy of the
assessment of discase activity in the intestinal wall. In our
study, intra-observer reproducibility of both SPIR- and

Fig 3. DWIa) and DWIBS (5 smages of high &fusion gradient b vadee

= B0 men /s in o S6-year-old female patient with active Crohn's discase

Inflamad bowel wills peesent high signal istensaty, The resolotion of
Mared bowel and delinearon of costomrs is betier in the STIR-tused DWI
n the W smage (whes

image (hlack arrows) Thae Arnows)



STIR-bused W1 technigues was good, since no stadisti-
cally signiticant difference wos found between mean values
in both ADC of SPIR-based D'WI (p = (LG5}, as well as
ADC of 5TIR-based W (p = 0.23), amd difference be-
tween mean values of ADC wos only 1% in SPIR-based
DWW and 4% in STIE-based W] (Table 1) However, un-
like brepst tissoe, ADL mensurements of STIR-bosed DWW
gquaniitative may noed be of practical impofance 0 assess-
ment of bowel walls, due o non-selectivity of fat suppres-
sion; nast only signals from fat, but other media of short T1
time, such as proteinpceons, viscous and mucons sub-
stances, methasmoglobin products (Gramde ef @, 2014), as
well as chime and faeces (Kwee er all, 2008) ore sup-
pressed. Since DWI has o strong pariial volume effect
(schemer er .. 20000, the measored ADC values in 5TIR-
bused imoges could be artificially lower in the presence of
these substonces (Apine ef al., 2019).

Several muthors found poor repeatability of RCE measure-
ments (Sharmuan er af.. 2008 Tielbeek ef al., 2013 We
found no statistically significont difference in Wil-pretsd
(= 006}, or in WAL post-Led (p o= (L5T) valoes used in cal-
culating of RCE, We believe that o strict definition of RO
size and accurate site-by-site WSI-preCad and post-Ged
miesurement inone and the some bowel seament, would re-
sult in good inter-observer pgreement. 1t has howewver o be
noted that our results show high standord deviations in both
WEl-preGGD (S0 127.57 for the 19 pssessment and S0
99,68 for the 2™ assessment] amnd WSI-post-Gd measure-
ments (S0 235,35 for the 1 assessment and SD 212.9 for
the 2™ assessment) covering 66-TE% of the W51 walues.
O ohservations suggest that, iF WS1-preGad values were in
the tens, the WSl-post Cad values would also be in the tens;
it Wal-preGd values were in the hundreds, this would also
be replicated in the WSl-post Gd wolues. We explain this
observation through individual tissue characteristics of pa-
tients, magnetic field inhomogeneity and lineority of gradi-
ents yielding wide distribution of W51 values, Detailed
unalysis of this finding, however, is beyond the scope of our
current reszarch.

Teelbesk o @l (20030 reported moderate repeatability of
bowel thickness messurements and excellent repestabilicy
when the thickness mepsurements were performed by an ex-
perienced rudiclogist, In our study. no statistically signifi-
cant difference was found bebwesn the 17 and the 2™ meas-
urements, It should, however, be noted thot wall thickness
differed within one and the same bowel sepment, and the
miximum thickness was always chosen for the coloulations.
However, identitying the sume exact location of the maxi-
mim thickness often was not possible in DWI images due
o their low spatin]l resolution, Similarly, in the pre- and
post-conirast series, bowel thickness was always measured
in the axial images but pre- and post-T1 images were ac-
quired in the coronal plane.

In our study, there was o svstemtic ditference in the pssess-
ment of ulcers. The inconsistency of uleer detection in our
studdy counld be associnted with lack of stnet consensus re-
gurding standardised ME detinition of an ulcer, Developers
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of the MaBlA index defined ulcers ns deep depressions in
the mucosal surface (Rimolo er all, 2009} However, MR
reveils a wide range of ulcers. Even small aphthous ulcers
cun be seen in MEL images (Ram ef af., 20060, and there is
no ¢lear definition of the size and appearance of ulcers that
should be included in calculation of disease activity indices
or excluded from it Inira-observer agreement of the ulcer
rufting could be improved with o 3T ME scanner, as this
provides better spatial and temporal resolution, and litero-
ture dwta indicotes that the resolution of 3T MR in ulcer di-
agnosis is superior compared o that of the 15T device (Fi-
orimy ef al., 2015

D 1o lock of dote, histopathological findings were mot
wsed a@s the reference standard in our study, The patients
were enrclled in the stwdy only by wvisunl MEE signs of
Crohn's disease, Le, thickened, cedematous bowel wall and
significantly increased 51 in the EW-'J images with diffusion
prudient value of b = B0 sfmm”, and low 51 on the ADC
map., However, the aim of our siudy was not o investigoie
the relutionship of visual findings with histological findings,
bt rather whether repeated measurements, bosed on cenain
defined MREE crteria tor the evaluation of Crohn's disease
activity, produced comparable resalts. Literature provides o
brond picture of the correlation not only between MRE und
endoscopic findings, but also between MEE and swurgical
specimens of resected intestinal sepments, with certnin de-
tined critenin. along with conclusion that MEI is an infor-
mative amd sufficienily accurasie method w0 assess aliered
boowe] wall, Based on these observations, tor several yeors
now when referring patients for MRE examinations. clini-
chins do naot duplicate its resulis with invasive endoscopy,
which 15 combersome for patients. Consequently, n 200149,
tor the first time, the ECOD-ESGAR guidelines (Maopser er
al., 2009y came up with a revolutionury statement that ra-
diclogical cross-sectional imaging methods, including MR,
cun be used os an alkemative o endoscopy to assess Crohn’s
disease activity. Therefore, although all patients inoour
study hud endoscopically confirmed Crohn's disease, the re-
sults of the MEE examination were not duplicated by the
endoscopic findings in any cases, Consegquently, the comela-
tion of the MRE activity imdices with the histopathological
and endoscopic pctivity indices was not possible. 11 should
also be noded that the correlation of the ME findings with
the endoscopic image is stll relative, The endoscopical and
histopathological findings, including endoscopically ob-
tained tissee speoimens, reflect changes in the inbestinal mu-
cosi, whereas the ME activity indices include not only mu-
cosil but also transmurl components. Bodh Diertore dota
and the experience from our hospital indicate siations
when intact intestingl mucosa 15 ohserved endoscopically in
active Crobn's disense, The correlation of histopathological-
rudiclogical findings could be maost sccurately reflected in
the resection specimen after bowel surgery. Resection of the
albered intestinal segment was performed only in one of the
patients enrclled in our stody.

There may be o methodological ermor in wsing correlation
between MaRIA and Clemmont score, sinee these indices
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miostly contain the same components, except thot RCE 15
used in MaRIA and ADC valee in Clermont score, leading
to overestimation of acal comelotion, However, the goal
of this study was to pssess the repeatabality of all necessary
miegsurements. without analysing the shoricomings of meth-
odobogy of assessment of their correlation. A wider discus-
sion on the application of the correlution coetiicient, with
references bo literature sources, will be discussed in another
publication ¢urrently awaiting approval,

In our opanion, the strengths of our study were: 1) the pro-
spective study design, 2) exasct site-hy-site comparison in
the same howel segment, and 3) exact RO1 size thot wos not
defimed in snedies on MaRla and Clermont scores, The lim-
itations of our research were as follows: 1) the relatively
b e of participants in the stdy groups, 25 the study
group included both adulis and pacdiatric patients causing
lnck of homogeneity regarding the length of the disease or
reatment states, However, a mused datz poll of adult and
paediatric patients was chosen because the methodology of
all measurements (bowel wall thickness, WS1-preGd, WS-
poseGd, ADC of SPIR-based DWI, ADC of STIR-based
DWW and estimation of ulcers) was identical for both adules
and children. Therefore, the estimations of inr- observer
agreement were not influenced by the age of paticnts. Un-
like wdults, estimation of diseuse achivity in children does
not rzly on endoscopy findings dwse 1o it invasiveness, bat
rather on the Paedipiric Crohn's Disease Activity Index
(PCALS ( Rozendorn ef al., 20085, In chldren, the utiliy of
blaR1A and Clermont score is still unclear, and accordingly,
the relationship of RCE ond DWi-based ADC with actual
Crohn's disease activity is unclear.

COMCLLUSIONS

The reproducibility of ADC-DWI, WSlpreGd and WS-
post Gd measurements wsed in calculation of MRE-based
imdices for quantification of Crohn's discase inflammation is
high when standardised conditions, such as propar RO size
and exact site-to site comparison are clearly defined and ob-
served, Effor snll needs to be mode in defiming the size amd
appearance of uleers that should either be included in the
caleulation of Crobn’s disease activity indexes, or excluded
fronim al,
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KERONA SLIMIBAS AKTIVITATES IZVERTESANA IZMANTOTO MAGNETISKAS REZONANSES MERITUMU
ATEARTOIAMIBA

Feripuma mirkis biga ievEndn tleom distdilagi cilpd lokaliz®ns Kroisa slimibas akiviboes noseikSanas paramerra atkdmojunibo. PEGum tika
ieklaut 5 picauguiie (25-37 g um 12 bemni 001-17 gov.) ar akiiva serminglo ilein, bekaisoma skami zamas siens tiks sadaling 3 cm garos
segmenios (n= 52 pieaupudiem, n=46 hE#miem), un veikti MaR1LA indeksn un KRErmonias indeksn aprékinfitanni nepiecieinmie mirjumi:
ncimredramiis difizijos koeficient (ADC) difurijos oesvero meela (DWT) sekvences ar sebektive un neselektive muky nospiefanw, zarmas
sienigu signila imlensitile {WS1 - Wall Signal intensity) parms (W3SE-pre(d) un péc (WSI-post-Gd) oy gadolinijas konlrastvielas jevades,
parmu slenigos ezims, ki e noteikia Silo kiabime. MEdjumas, veicol precizo segmentn salidendfang noseikiis Jokalizhciis un
defingjol noszikin izplies apgabala (ROD - Region of freresr) licluma, siandamizéja un p2e 2 mEnciiem mkinoja viens un s pats radiologs,
ADC, WEI-preGed un W31-posiCad, zamu sienipn biezema, merjume atkimojnmibn viena novErat®jn robeiis tika izvenifia ar paro -esio.
Cle klathitnes verejuma atkarnjaomiba tika izvértéa ar Pearson 3 testo, Storp 1 un 2, mérijumu netika kanstatéia statistiski deama ADC,
WhL-preGel, Wsl-postGd un sienas biesuma ménjumu atkinba. Konstalsta slatisiski noeamiga alfkinba Calu klatbitnes wevEri&Sand.
Sandanizbie apaiik]os ADC, WSL-preGad un WS1-posaGd akdmojamiba or augsta. Nepleesefama ikl piipoimi, ke noteikoo krivdrijus Ciilo
lieluma wn izskatn defingjumam,

"2 Proc. Lavvian Acasl Sl Seoviod I, Vol 74 (20000 No. 2
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Péttjuma nosaukums: ,» Magnétiskas rezonanses enterografija ickaisigo zarnu
slimibu diagnostikas, izmantojot diftizijas uzsverto attélu ar
kermena fona signala supresiju (MR DWIBS) sekvenci”
IesniegSanas datums: 09.09.2015.
Pétijuma protokols: Izskatot augstak minéta pétijjuma pieteikuma materialus

(protokolu) ir redzams, ka pétijuma mérkis tiek sasniegts veicot pacientu mediciniskas
dokumentacijas (medicinas vestures) izpéti, iegiito datu apstradi un analizi, ka arT izsakot
priekslikumus. Personu (pacientu, dalibnicku) datu aizsardziba un konfidencialitate tiek
nodrodinata. Lidz ar to pieteikums atbilst p&tijuma &tikas prasibam.

IzskaidroSanas formulars: nav nepiecieSams

PiekriSana piedalities pétijuma: nav nepiecieSama

Komitejas lemums: piekrist pétjjumam

Komitejas prigkssedétaj Tituls: Dr. miss., prof.
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Informed consent form

Piekritanas veidlapa dalibai zindtniski petnieciskajd darba . Magn#tiskds rezonanses
enterogrifija iekaisige zarnu slimibu diagnostiks, izmantojot diffizijas uzsverte attélu ar
kermena fona signila supresiju (ME DWIBS) sekvenci™

MEs uzaicingm Jiis ki pacientu'pacienta veciku piedaliies zindtmiskl p&mieciski projekta.

Svarigi. lai Jis izlasTn So pSffjuma aprakstu un uzzindtn, k3da biis jiisu loma fajd. ja izlemsiet
pledalities.

lekaisigo zamu shimibu pacientu skaits p2dgjas desmitgad®s strauji turpina pieaugt. Sawvu
klmiske izpausmiju d2] zamm iekaisumi rada diagnostiskas problemas, paslikting dzTves kvalitdti un
to progreseSanas rezultdtd var biit nepleciefama arsteSana ar dargiem medikamentiem vai pat
kinurgizka operdcija, ko var noverst, slimibu diagnosticgjot savlaicizi. Ki iekaisigas zamu slimtbas
diagnosticst agrmik? Uz So jantdjumn petmieki nenogurstodi mekl® athildi.

IzvEles metode zarmu iekaisumu  diagnostkd ir  endoskopiskd  izmekl®fama -
videokolonoskopija vai kapsulas endoskopija; o metoiu trikumi ir iespEja izvertst tikal zamm
glotidu un ierobeZotas zamas dalas, t3dsl. palaujoties tikai uz endoskopiskajim metodsm,
diagnostikas process var biit nepiloigs. Vienkarsa metode iespgjama zamu iekaisuma diagmostikai ir
kalprotektma limena noteikZana izkamijumos. Kalprotektins ir olbaltumwiela, kas atrodama
iekaisuma 5inds, un t3 limena pieangums palidz atklat iekaisig®s izmainas, tomer neretl ir
sastopamas sitodcijas, kad kalprotekta IImenis ir paangstindts. tadu iekaisizas izmainas zarnds
netiek konstat®tas val pretgji — pie iekaisigim izmaindm kalprotekting Tmenis izkamfjumos nav
paaugstingts.

Magmetiska rezonanse (ME) ir informativa metode zamu sieninn un tim apkartesofo audu
izvErteianai visd zamu frakta gamma. ME izmekl&juma laka atteli tiek ieghiti vairdkos refimos, ko
sauc par sekvenc®m. Iidz fim lietotds popularikas sekvences nebija plemfrotas agrnai iekaisuma
konstatefanal zarnas, turklat atbilstosi starptautiskajam vadlimijam, lai diagnostic® iekaisumm,
izmeklgjuma laikd vEnd Ir nepiecieiams levadit kontrastvielu, kas uzkrijas iekaisuma skartajas
vietds. Gadolinja kontrastviela retos gadijumos pacientiem ar niem fimkciju traucsjumiem var
izraisit komplik&ciju, ko sauc par sist®misko nefrogéno fibrozi. T3 izpanZas k3 adas un iekigjo
orginn audn sabiez®fands. kas var pasliktindt So orginu darbibu. Tom®r p2dgjes gados, attlstoties
magnétiskds rezonanses tehnologijim, ir izstridatas jaunas sekvences, kas padreiz kiet perspektivas
iekaisigu zamu slimibu diagnostikd um, lesp&jams, laus veikt 1zmekl&umus bez neplecieamibas
vend ievadit konfrastvieln.

Mitsu petijuma mérkis ir izvertet viena no slem reZimiem, ko sauc par DWIBS, iesp&jas un
piemérotibu agrina zamu iekaisuma atkla$ana. DWIBS ir sekvence, kas izmeklgjuma standarta
procediiras 1etvares tiek veikta visiem pacientiem ar aizdomam uz iekaisigu zarmu slimibu.

Kas notiks ar Jums, ja Jis piedalisities p#fjuma?

PEffjuma ietvaros Jums/Jisu bfmam tiks wveikts standarta magnetiskiEs rezonanses 1zmeklZjums,
izmekl&uma rezimm kopuma ietverot ki DWIBS sekvenci, t3 arl sekvenci ar kontrastvielas ievadi
vend. 53ds izmekl&jums tiek veikts pilnigi visiem pacientiem — ard tadiem, kas nepiedalas petijuma.

Piekritot piedalTties Saja petijuma:

* izjautisim Jis par agrikiem kunga — zamm frakta darbibas traucgjumiem, tagadgjo veselibas
stavokl,

+ irmantosim ar Jisu un Jisu ArstSjosd arsta piekmiann veikto kalprotektma analim un
endoskopijas (kelonoskopijas vai kapsulas endoskopijas) izmeklgjuma rezultatus.

PEffjuma ietvaros Jums/Jisu bfmam tiks veikts magnetiskas rezonanses 1zmekl&ums — Jas/Jisu

bemu stavokll gulus uz veédera levietos magn#tiskas rezonanses iekartas tunell un uz mmguras uzliks
magnetiskds rezonanses spoli. Ta izmekl&juma laikd izstaros un uztvers radioviloos, kas i ME
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attela inform&cijas avots. AtskirTbd no rentgena starem, radiovilm nekaité audiem un 1zmek]&jums
ir veselibal drods. Irmek]#uma laka Jus/Tisu bermns 1ekarts dzirdss dazidus trokinus, kas ir normala
paradiba.

Fizka faktori un neértibas

Jums janem verd, ka ME izmek]&jums var ietvert zindmus un nezin@mus riska faktoms.

1. Sagatavesana ar 1.5% mannita Skidumn

Pirms 1zmek]Zjuma Jums/Tasu b8mam bis neplecieiams 30-60 mindsu laiks 18 izdzert | | mannita
ikTduma. Tas nepieciefams lal izverstu zamu sienipas padarTin tas labak izvErtZjamas. Mannita
SkTdums var izraisit caureju, kas parasti gan nav mokosa un pekina

1. Buskopana ievadiana vEni

Lai zamm sieninas varstu izvartst, tim izmekl&juma laik3 ir jabit nekustizim. $im nolikam neilgi
péc izmeklZjuma sakuma vena tiek ilevadits medikaments buskopins, kas apstadina zamu kustibas.
Buskop@na darbibas ilgums ir apmeram 7 miniites un izmekl8uma lak3 to levada divas reizes —
izmeklZjuma sEkum3 un beigds - pimms kontrastvielas ievades vEna. Buskopana jedarbibas rezultata
Islaiclg var pavajinaties val migloties redze, lespjamas unngsanas gritibas. 51s reakeijas parasti
panet pusstundas laik3.

3. Komtrastvielas ievade vEnd

Izmeklzjuma laik3, neilgi pirms t3 beigdm, vEnd tiek ilevadita gadolimju satirofa kontrastviela, kas
parasti nevelamas blakusparddibas neizraisa. Tomer pacientiem ar niem fimkciju fravcgjundem
kontrastviela retos gadfjumos var izraisht komplikaciju, ko sauc par sisttmiske neffogéno fibrozi,
kas 1zpaunZas ki &das un 1eki&jo orginu audu sablerEfands. kas var pasliktindt So orginu darbibu.
Gadolimija kontrastviela var izraisit arf alergiskas reakeijas un sliktu diifu

4. Klaustrofobija

Magnetiskas rezonanses izmeklZuma laka Jis/Jisu be#ms tiks 1evietots/-ta ME. 1ekirtas timeli —
gentrija; tas var izraisit stresu pacientiem, kuriem bail no noslegtam telpim. Lai izmek]l#juma laika
Jus/Jisu bems justos mierigdk, nepieciefamibas gadijumd izmeklSjuma telpd Jums blakus drikst
atrasties cits cilvéks — pacientu pavadoSa persona val mediciniskais personals. Ja Jums/Tasu b&mam
ir bailes no noslégtam telpim val neparvaramas bailes sajitat stresa laika, mform&jiet ME. kabineta
personilu.

5. Stavoklis gulus uz védera
Izmeklzjuma laika Jos/Tasu bEms tiks noguldis/-ta uz ME iekartas galda stavekll uz vadera ar

rokam uz galvas, kas var radit diskomforta sajiitu; tom#r 1zmek]#ums, kura ilgums ir 11dz 1 stundai,
ir labi panesams.

Ta ki pétijumi tiek veilta izpéte, iezpéjamas blaknes un neértibas, par kurdm ldz 5im nav dnim:.
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Ieguvumi

Jisu/Tasu bema daliba p2tijuma rstiem sniegs vairak informacijas, izvertgjot JiswTiasn béma zamu
stavokli, atklEjot iekaisuma skartds vietas val — pretgji tam — konstatgjot, ka iekaisTgl 1zmainTtu vietu
nav. PEtljuma reznltatd iespsjama lekaisigas zamm slimibas agrina atklatana. preciz3ka raksturofana
un lidz ar to arl savlaiciga arste3ana, kas nakoiné var palidzgt izvairtties no komplikacijam un
nepieciefamibas veikt kirurgisku operdciju. Informdcija, kas tiks iegiita 3ajd pStfjuma, var palidz&t
nikome diagnosticét iekaisunm zamis agrindk lespfjams, pat neveicot pacientam nepatikamo
kolonoskopijas val darge kapsulas endoskopijas irmekl#umu. k3 arT bez nepieciesamibas sagatavot
pacientu ar mannitu, k3 ari ievadit vena kenfrastvielu

Tomeér ir 1esp&jams arl, ka Jis/Jasu béms no 51 pEtijuma negiis nekdu labumn.
Alternativa diagnostika

Ta ki pacientiem — péffjuma dalfbmiekiem tiek veikts standarta ME izmek]&ums pilnd apjomE, tad
gadfjuma, ja Jis/Jisu b2ms izlemsit nepiedalities petjuma, Jums/Jisu bernam tiks veikts tiedi tads
pats ME. izmeklgjums k3 petijumi ieklautajiem pacientiem tafu Jasw/Jdsu bema dati pEfjumi
netiks izmantofi.

Ja ezat sieviete produktivi vecumi

gaji paffjumi nevar predalihies mrfitmeces val sievietes, kuras baro b&@mu bérmn ar kriih.

Iercobezojumi un pienikumi

Ja Jas/TEsu béms melaitat predalihes pafijuma, Tums/Tisu bémam biis nepiecieiams mformat ME kabineta
persondlu par zawvu kalprotektina analizes rerultitu un endockopyas mmekldnmmm — fibrokolonoskopryas
un'val kapsulas endoskepijas — remultihem

Pirms ME 1zmekléjuma Tums/Tasu b@imam jaievére $3di nosacijum:

* MR izmeklsjuma laiki JumsTdsu b8mam jibit tukis diss, tadu Gdems drikst lietot bes
terobezojumza, T3 k3 JumsTisu bEmam i1zmekl&ums paredz8ts pEcpusdiend
izmeklgjuma dienas ritd Jis/Jisn béms drikst pagst vieglas brokastis 1m pec tam dzert
tikai fideni. Udens wznemsSana japartrauc 2 stndas pirms noradita laika, kwa jaierodas
slimnicd.

. pirms izmeklgmma ME kabineta persendls Jums/Jisun b8mam izsniegs 1-1,5 1 mannita
ikfduma, ko nepieciefams izdzert pa malcinam, 1Eni. shindas lak3.

*  Izmeklgjuma letvaros Jums/Jisu bemam magnZtiskds rezonanses skenZSana tiks veikta
divas reizes — pirms zamu sagatavoianas ar mannita Skidumn (315 sken23anas posms ilgs
aptuveni 10 minfites), un pec sken®ianas ar mannita Skidumn — 515 skeng3anas posms
ilgs 17dz 45 munfitem. Tacu, 13 ki izmek]&jumam nepiecieiama sagatavodands ar mannita
skidumm ir laikietilpiza, kop#ais izmekl&jumam nepieciesamais laiks, ko Jis/Jisu béms
varétu pavadit slimnicd, ir 1idz 3-4 stondam_

Brivpritiza piedaliZana:
Piedali3ands Saj peffjumd ir brivpratiga. Jums/Jasu bémam ir tiesibas partraukt piedalianos
petijuma jebkurd bridi bez soda sankejim un nezaudot iegwvumus, kurt Jums/Jisu bEmam pienzktos

pretdjd gadijumi. Ja Jas/Jisu bEms paErtrauc savu dalibu pétfjum3d, tas netetekmds FisuTisu bema
medicTniskis apriipes kvalititi, nedz arf Jisu/Jisu béma dalfbu twpmikos pétfjumes un izmekl&umos. Bez
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tam Jasn/Jisu bfma dalibu petfum3 var partraukt pEtfjuma Srsts, nenemot vEd Jisu pieknifanu ja ir
pefijuma plina parkipunn, konstatén ar petipumu saisih veselibas tranedum, ki 21 administratin 1emesh
del

Atlauja izmantot medicinizko informiciju

Parakstot So informétds pieknianas veidlapu, Jos piekritat, ka petmieki izskata JasuTisu bEma
medicinisko dokumentdeiju. Jisu/Jisu b#ma personas dati bis konfidencidli un Jis/Tasu béma u
personas identitite bez Jasu atlaujas netiks atklta neviend zinojuma wai publikacija par 5o
pEtTjumm.

Piekrizanas apliecinfjums dalibai p#tljuma:

Es izlasju minfto mformdciju. pirms parakstfju So pieknsanas veidlapu, guva athildes uz visiem
man neskaidrajiem jautajumiem. MMana/mana b#ma piedalifands p2tijum3 ir brivprafiga.

Vards, uzvards (drukibem burtiem) Paraksts Datums

Pémiecisko darbu doktorantiras studiju ietvaros veie Bému kliniskis universitates shmmicas Jrete radiologe

Paraksis;
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