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“All disease begins in the gut” 

Hippocrates (460-377 BC) 

 

“What gets measured, gets managed” 

Peter Drucker (1909-2005) 

 

“Seek and you shall find” 

Jesus (4 BC-30 AD), Matthew 7:7, The Bible 

 

 

 

 

 

 

 

 

 

  





3 

 

Table of Contens 

 

TABLE OF CONTENS ........................................................................................................................ 3 

ABBREVIATIONS ............................................................................................................................... 6 

SCIENTIFIC ENVIRONMENT ......................................................................................................... 7 

ACKNOWLEDGMENTS .................................................................................................................... 8 

ABSTRACT......................................................................................................................................... 10 

LIST OF PUBLICATIONS ............................................................................................................... 12 

1. INTRODUCTION .......................................................................................................................... 13 

1.1 CROHN’S DISEASE ....................................................................................................................... 13 

1.1.1 Background ....................................................................................................................... 13 

1.1.2 Epidemiology ..................................................................................................................... 13 

1.1.3 Etiology ............................................................................................................................. 14 

1.1.4 Disease manifestation ........................................................................................................ 14 

1.1.5 Disease course ................................................................................................................... 16 

1.1.6 Morphology ....................................................................................................................... 17 

1.1.7 Diagnostic modalities and indices ..................................................................................... 18 

1.2 ULTRASOUND ......................................................................................................................... 22 

1.2.1 General .............................................................................................................................. 22 

1.2.2 B-mode............................................................................................................................... 23 

1.2.3 Doppler .............................................................................................................................. 23 

1.2.4 Contrast-enhanced ultrasound .......................................................................................... 24 

1.2.5 Safety ................................................................................................................................. 26 

1.2.6 Ultrasonographic features of Crohn’s disease .................................................................. 27 



 4 

1.3 TREATMENT OF CROHN’S DISEASE ........................................................................................ 34 

2. RATIONALE AND AIMS ............................................................................................................ 35 

2.1 RATIONALE ................................................................................................................................ 35 

2.2 AIMS .......................................................................................................................................... 35 

3. MATERIALS AND METHODS................................................................................................... 36 

3.1 STUDY POPULATION ................................................................................................................... 36 

3.2 STUDY DESIGN AND ENROLMENT ............................................................................................... 36 

3.3 ETHICAL PERMISSIONS ............................................................................................................... 37 

3.4 CLINICAL ASSESSMENT .............................................................................................................. 37 

3.5 BIOCHEMICAL ANALYSIS ........................................................................................................... 37 

3.6 REFERENCE STANDARD .............................................................................................................. 38 

3.7 ULTRASOUND METHODS ............................................................................................................ 38 

3.7.1 Ultrasound scanners and probes ...................................................................................... 38 

3.7.2 B-mode examination ......................................................................................................... 38 

3.7.3 Doppler examination ........................................................................................................ 39 

3.7.4 Software for interobserver assessment ............................................................................. 40 

3.7.5 Contrast-enhanced ultrasound.......................................................................................... 40 

3.7.6 Software for perfusion analysis ........................................................................................ 41 

3.8 STATISTICS ................................................................................................................................ 42 

4. SUMMARY OF MAIN RESULTS ............................................................................................... 43 

4.1 PAPER I ...................................................................................................................................... 43 

4.2 PAPER II ..................................................................................................................................... 43 

4.3 PAPER III ................................................................................................................................... 44 

5. DISCUSSION ................................................................................................................................. 46 

5.1 METHODOLOGICAL CONSIDERATIONS ........................................................................................ 46 



5 

 

5.2 DISCUSSION OF THE MAIN RESULTS ............................................................................................ 47 

5.2.1 Clinical and biochemical evaluation of disease activity .................................................... 47 

5.2.2 Ultrasonographic prediction of endoscopic activity.......................................................... 48 

5.2.3 Ultrasonographic activity index to measure endoscopic activity ...................................... 50 

5.2.4 Predictive value of bowel perfusion in CD ........................................................................ 53 

6. CONCLUSION ............................................................................................................................... 56 

7. FUTURE PERSPECTIVES ........................................................................................................... 57 

8. REFERENCES ............................................................................................................................... 59 

9. APPENDIX ...................................................................................................................................... 77 

APPENDIX I ....................................................................................................................................... 77 

APPENDIX II ..................................................................................................................................... 78 

APPENDIX III .................................................................................................................................... 80 

APPENDIX IV .................................................................................................................................... 81 

APPENDIX V ..................................................................................................................................... 82 

 

 

    

 



 6 

Abbreviations 

AIF Arterial input function 

ALARA As low as reasonably achievable  

B-mode Brightness mode 

BWT Bowel wall thickness 

CD Crohn’s disease 

CDAI Crohn’s Disease Activity Index 

CDEIS Crohn’s Disease Endoscopic Index of Severity 

CEUS Contrast-enhanced ultrasound 

CRP C-reactive protein 

CT Computer tomography 

DCE-US Dynamic contrast-enhanced ultrasound 

DICOM Digital Imaging and Communications in Medicine 

GI Gastrointestinal 

GIUS Gastrointestinal ultrasound 

HBI Harvey Bradshaw index 

IBD Inflammatory bowel disease 

IBS Irritable Bowel Syndrome 

ICC Intra-class correlation 

MHz Megahertz 

MI Mechanical index 

MRI Magnetic resonance imaging 

POCUS Point-of-care ultrasonography  

SES-CD Simple Endoscopic Score for Crohn’s disease 

SUS-CD Simple Ultrasound Score for Crohn’s disease 

TI Thermal index 

UC Ulcerative colitis 

UCA Ultrasound contrast agents 

US Ultrasound 

  



7 

 

Scientific environment  

This research was performed in the Bergen Research Group for UltraSound in 

Gastroenterology (BRUSE) at Department of Clinical Medicine, University of 

Bergen, and at National Centre for Ultrasound in Gastroenterology (NCUG), a 

National Advisory Unit located at Department of Medicine, Haukeland University 

Hospital.   

The University of Bergen funded the PhD student, while the study-specific 

infrastructure was provided by Haukeland University Hospital.  

 

 

 

 

 

 

 



 8 

Acknowledgments 

I was fortunate to have Kim Nylund and Odd Helge Gilja as supervisors, both 

providing valuable guidance and perspectives.   

I am indebted to my principal supervisor, Kim Nylund, for his generosity, catchy 

enthusiasm, support, encouragement, advices, and lots of patience. Generously, he 

shared his profound knowledge and skills in bowel ultrasonography, provided 

invaluable conceptional inputs in the project development, and made significant 

contributions of data acquisition. Nylund is the kind of person who provides without 

expecting anything in return. 

I am also very grateful for my co-supervisor, professor Odd Helge Gilja, who 

introduced me to the world of medical ultrasound. Already as a young medical 

student he included me into research activities, which further originated the PhD 

project. Patiently, he revealed the secrets of medical ultrasound, even though spoon-

feeding was sometimes necessary. He provided indispensable contributions and 

advices in the planning of the projects. I also appreciate his visionary aspects of 

ultrasound research and future applications, and the ability to find solutions where 

others see problems.  

My warmest appreciations also extend to my co-authors Ragnar Eriksen, MD, Trygve 

Hausken, MD/PhD, Svein Ødegaard, MD/PhD, and Geir Egil Eide, PhD. Their 

contributions to the different articles and extensive knowledge, skills, and advices 

were valuable and highly regarded.  

I am most thankful for my friends and fellow PhD-colleagues at the Department of 

Clinical Medicine and at Helse Vest for sharing knowledge and advices and for 

several fruitful discussions. 

I would also like to thank Forskerlinjen/ The Medical Student Research Program at 

the Faculty of Medicine at the University of Bergen for the opportunity to perform 

research in parallel with medical school.  



9 

 

My gratitude goes to the physicians at the Department of Gastroenterology for 

providing reference standard assessments of study participants, and to the nurses at 

the Department of Medicine for being helpful with research activities despite limited 

time. Eva Fosse deserves special attention for her contribution in the contrast study, 

and Hilde von Volkmann, MD/PhD, for including me in her bowel ultrasound 

outpatient clinic, which I highly appreciated. A special thanks goes to Per Refsnes for 

encouragement and for fruitful discussions on soccer.     

I am forever grateful for having the best family one could wish for. Especially, I owe 

my parents Anita and Ragnar a debt of gratitude. Their abundant love, 

encouragement, support, and for always keeping me in their thoughts and prayers, has 

been invaluable for me.  

Above all, the biggest thank goes to my wife, Åse, for being the beloved mother of 

our dear Håkon, and the spouse that I’ve been dreaming of, sharing everyday life and 

faith. As being a fellow PhD candidate, several challenges have been solved during 

dinner time at the price of excessive exposure to her enthusiasm for adrenal diseases 

and Oxford comma. Her unconditional love, kindness, and understanding are beyond 

measurable – even by using ultrasound.    

 



 10 

Abstract 

Background: Crohn's disease (CD) is a chronic inflammatory disorder in the 

gastrointestinal (GI) tract, characterized by alternating periods of remission and 

relapse. Patients’ symptoms do not reliably represent inflammatory activity and 

management should be based on objective evaluation. Currently, ileocolonoscopy is 

the established reference standard method for both diagnosis and monitoring disease 

activity in most cases, but holds several limitations restricting repeated use. 

Consequently, there is a need for safe, objective and accurate methods to measure the 

degree of inflammation and treatment response. Gastrointestinal ultrasound (GIUS) is 

a promising modality in assessing disease activity and may be a useful tool for aiding 

physicians improving treatment decisions.  

Aims: The primary objective of the PhD project was to examine the usefulness of 

ultrasound in evaluating disease activity in patients with Crohn’s disease. 

Specifically, we aimed to investigate the ability of Dynamic Contrast-Enhanced 

Ultrasound (DCE-US) to provide information of treatment effects (paper I), to assess 

the diagnostic accuracy of GIUS in separating endoscopic remission from active 

disease (paper II), and to construct and validate a simple ultrasonographic activity 

index to quantify disease activity (paper III).   

Material and Methods: In paper I, 14 CD patients receiving medical therapy due to 

an acute exacerbation were examined with conventional- and contrast-enhanced 

ultrasound at four time points. In paper II, 145 CD patients scheduled for 

ileocolonoscopy were prospectively examined with GIUS within 2 weeks prior to or 

after the endoscopic procedure. The Simple Endoscopic Score for Crohn’s disease 

(SES-CD) was used as a reference standard. In paper III, 164 patients scheduled for 

ileocolonoscopy were prospectively examined with GIUS, identically performed as in 

paper II. 40- and 124 CD patients were included in the construction- and validation 

cohorts, respectively.  

Results: In paper I, we found significant differences in relative perfusion between 

responders and non-responders one month after treatment start. As a secondary 
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finding, differences in bowel wall layers were revealed, where the proper muscle- and 

submucosal layers were significantly thicker in non-responders at one and three 

months after treatment initiation, respectively. In paper II, we found that bowel wall 

thickness measurements on GIUS had 92.2% sensitivity, 86% specificity and 90.3% 

accuracy in separating the disease status. By adding color Doppler in sections with 

increased wall thickness and fecal calprotectin in sonographic colitis, the diagnostic 

accuracy improved. In paper III, we developed a simplified ultrasound score 

consisting of bowel wall thickness and color Doppler. The ultrasound score correlated 

well with SES-CD in both patient cohorts (Development cohort: r=0.83, p<0.001, 

Validation cohort: r=0.78, p<0.001), and revealed excellent interobserver agreement 

(Development cohort: ICC=0.95.Validation cohort: ICC=0.90). 

Conclusions: We conclude that ultrasound is able to differentiate between patients 

with endoscopic remission and active disease, and a simple ultrasonographic scoring 

system is useful to evaluate the degree of endoscopic disease activity in CD. 

Furthermore, GIUS enables prediction of treatment effect shortly after treatment start, 

thus improving treatment decisions. 
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1. Introduction 

1.1 Crohn’s disease 

1.1.1 Background 

Inflammatory bowel disease (IBD) comprises two major disorders, ulcerative colitis 

(UC) and Crohn’s disease (CD) (1). All studies included in the thesis were performed 

on CD patients, mainly focusing on ultrasonographic characteristics and assessments 

of these patients.  

Crohn’s disease is a chronic inflammatory disorder affecting the gastrointestinal (GI) 

tract, characterized by an alternating course between remission and relapse. 

Transmural inflammation, skip lesion distribution, and several severe complications 

are other distinctive features of CD (2). The disorder is usually diagnosed in young 

adults, and consequently, patients are affected for years (3). The disease course varies 

between sustained quiescence in some patients to severe inflammation leading to 

serious complications necessitating surgical treatment in others (4). Due to the 

unpredictable course, individual adjustments of treatment and follow-up is 

mandatory.  

 

1.1.2 Epidemiology  

During the last decades, the incidence and prevalence of CD have been increasing 

worldwide (5, 6). Still, significant geographical differences exist, with higher 

frequency in western, industrialized countries (5-7). Further, higher incidence rates 

are reported in northern compared with southern latitudes in Europe (8) and North 

America (9), as well as an East-West gradient within Europe (7). In Norway, the 

incidence and prevalence of CD are 22/100 000 and 258/100 000, respectively (10).   
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1.1.3 Etiology  

Even though CD has distinctive pathologic and clinical traits, the pathogenesis 

remains poorly understood. Currently, the main hypothesis suggests that 

environmental factors trigger epithelial dysfunction on genetically susceptible 

individuals leading to an inappropriate immune response against the microbial flora, 

causing inflammation and tissue damage (2, 11, 12). To date, no single immune-

triggering environmental factor is identified, however, industrialization and adoption 

of western lifestyle are related to the increasing incidence of CD in developing 

countries (13). Smoking is the best documented risk factor associated with CD, but 

cannot explain the increased global incidence, suggesting multifactorial etiological 

triggers (13). 

 

1.1.4 Disease manifestation 

Patients are phenotypically categorized according to the Montreal classification (14), 

where age at diagnosis (<16 years (A1), 16-40 years (A2), and >40 years (A3)), 

location (ileal (L1), colonic (L2), ileocolonic (L3), and isolated upper disease (L4)), 

and behavior (inflammatory (B1), stricturing (B2), and penetrating (B3)) are 

characterized. Additionally, a perianal modifier (p) may be added when present 

(Figure 1). Where ulcerative colitis affects the colon in a continuous pattern, CD may 

affect the entire GI tract from the mouth to the anus in a skip pattern. Still, the 

majority of CD lesions are usually limited to the ileum and colon, where 

approximately 30% of CD patients present with ileal (L1), colonic (L2), or 

ileocolonic (L3) affection (3, 15). In contrast, approximately 5% present with upper 

disease (4). The disease location seems to remain stable, while the behavior varies 

over time (4, 15, 16). Perianal involvement occurs in about 10-25% (15). 
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Figure 1: Location and behavior categorized according to the Montreal classification.   

 

Clinical presentation varies due to differences in disease location, behavior, and 

activity. The intestinal inflammation may cause symptoms such as chronic diarrhea, 

possibly with blood or mucus, abdominal pain, and weight loss, as well as general 

symptoms such as fever, malaise, and fatigue due to systemic inflammation (2, 17). 

Most patients present with a non-stricturing/ non-penetrating behavior (B1) at the 

time of diagnosis (15, 16). As disease behavior changes over time, approximately half 

of the patients develop stricturing or penetrating complications (4, 18). Stricturing 

disease causing bowel obstruction could present as post-prandial abdominal pain, 

nausea, and vomiting (2). In penetrating disease, the development of fistulas or 

abscesses occur. The formation of a fistula enables penetration of luminal content 

throughout the intestinal wall into other bowel segments or organs, and the symptoms 
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depend on its location (2). Abscesses may present as fever and abdominal pain, and a 

tender abdominal mass may be palpated (19). Finally, extraintestinal manifestations 

affecting joints (arthritis and ankylosing spondylitis), skin (erythema nodosum and 

pyoderma gangrenosum), eye (uveitis) or liver (primary sclerosing cholangitis) (20) 

may further complicate the disorder.  

 

1.1.5 Disease course  

CD patients may be classified into four primary disease courses, suggesting that no 

single management plan will suit all patients and should thus be tailored to the 

individual’s needs (4, 21). In a population-based study in Norway, the investigators 

found that 43% of patients may have a mild disease course and do not require long-

term intensive therapy. Still, most patients are likely to alternate between remission 

and relapse (15, 21), and may benefit from early aggressive long-term management. 

Even though clinical activity may diminish over time in some patients, the rate of 

acute deterioration and development of complications is high during the first ten 

years after diagnosis, leading to a naturally progressive destructive disease course (4, 

15). Requirements for corticosteroids, high C-reactive protein (CRP) at diagnosis, 

smoking, early onset, and perianal disease are factors that may predict a disabling 

course and poor prognosis (15, 22-25). Even though CD might be debilitating, the 

overall mortality is not increased (26).  

Chronic transmural inflammation may cause excessive damage of the intestinal wall 

leading to fibrotic changes due to aberrant healing failing to restore normal tissue 

architecture (27, 28). Strictures occur in approximately half of all CD patients (27) 

and are subdivided into mainly fibrotic, inflammatory, or mixed types (29). 

Distinguishing between the various clinical expressions is important due to different 

treatment strategies (17, 27, 30), but remains challenging.  
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1.1.6 Morphology 

Gross examination of resected specimens typically reveals bowel wall thickening, 

serosal fat wrapping (“creeping fat”), and longitudinal ulcers in a discontinuous 

pattern with a sharp demarcation to the adjacent uninvolved bowel (31). Severe 

inflammation could lead to the formation of penetrating complications such as 

fistulas, sinuses, or abscesses, which are mainly found in patients with ileal or 

ileocolonic involvement. Strictures are identified as stiff bowel segments with a 

narrowed lumen (31). 

By microscopic examination, discontinuous chronic inflammation, crypt irregularity, 

and non-caseating granuloma are histological features allowing for diagnosing CD. 

Moreover, muscular- and neural hypertrophy, increased neutrophilic infiltration into 

the epithelial layer, and proximal affection are additional histological features. 

Currently, no single diagnostic feature is available; still, the presence of granuloma 

together with one additional finding could establish the diagnosis (31). Although 

considered as the hallmark of histological diagnosis in CD, the presence of non-

caseating granulomas ranges from 20-60% of cases (32-34) and is more frequent in 

pediatric patients (32). Moreover, the formation of granuloma seems to be associated 

with aggressive phenotypes (33, 35) but may regress during treatment (34). Even 

though non-caseating granulomas are lacking in a substantial number of patients, the 

histological diagnosis could be established by other characteristic microscopic 

features (31). 

Several immune-mediated factors promote increased angiogenesis of the bowel wall, 

perpetuating chronic inflammation (36, 37). Moreover, impaired local tissue 

perfusion due to microvascular dysfunction creates an ischemic environment which 

may further sustain the inflammatory state and facilitate neovascularization (37, 38). 

Enhanced angiogenic activity due to neovascularization can be reflected by increased 

microvessel density and expression of vascular- and pro-inflammatory mediators (39, 

40). Furthermore, increased blood flow occurs in acute inflammation while it is 
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reduced in chronically inflamed segments (41). Hence, measurements and 

quantification of microvessel density and perfusion may aid evaluation of the degree 

of inflammation. 

 

1.1.7 Diagnostic modalities and indices 

Currently, no single gold standard method for CD exists. Both diagnosis and disease 

activity assessments are based on a combination of clinical, biochemical, 

radiological, endoscopic, and histological evaluations (42, 43).  

 

1.1.7.1 Clinical assessment  

Clinical assessment of CD patients is performed in both daily practice as well as in 

clinical studies. A structured medical history mapping clinical presentation, evolution 

of symptoms, risk factors, and general condition is commonly conducted. It is further 

accompanied by physical examination where cardiovascular status, calculation of 

body mass index, abdominal-, perianal- and digital-rectal examinations are performed 

(44). Clinical findings include identification of tender masses, palpable resistance, 

and abdominal pain by palpation, as well as fissures, fistulas, or abscesses during 

careful examination of the perianal region (17). Several scoring systems for 

measuring clinical disease activity are available, including the Crohn’s disease 

activity index (CDAI) (45) and the simpler Harvey-Bradshaw index (HBI) (46). The 

CDAI consists of a seven-day evaluation of eight clinical and laboratory variables. 

All variables are weighted, and finally, a total score is calculated. CDAI <150 is 

regarded as clinical remission, while 150-219 as mild, 220-450 as moderate, and 

>450 as severe disease activity (47). HBI is a simplified derivate of the CDAI, 

consisting of five clinical parameters. A HBI score of <5 represents clinical 

remission, while 5-7 is regarded as mild, 8-16 as moderate, and >16 as severe disease 

activity (47). The concordance between the indices is well-defined, where a change of 

3 points in the HBI corresponds to a 100-points change using the CDAI (48). 
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Improvements of clinical activity measurements are commonly used as endpoints in 

clinical trials, still, they do not sufficiently represent reliable measures of 

inflammatory activity (49, 50), and should be supplemented by objective markers.  

 

1.1.7.2 Biochemical evaluation 
 

Biochemical markers are used routinely in daily clinical practice for initial diagnosis 

as well as in follow-up examinations of IBD-patients (17), but specific tests are 

currently lacking. Common, but unspecific findings include general inflammatory 

markers such as elevated levels of CRP, erythrocyte sedimentation rate, leukocytes 

and thrombocytes (51), as well as low values of albumin (51) and hemoglobin due to 

chronic inflammatory activity or iron/vitamin deficiency (52). 

Stool samples can be analyzed for fecal biomarkers; Calprotectin is a neutrophil 

protein reflecting the migration of neutrophil leucocytes in the gut, representing a 

surrogate marker of bowel inflammation (53). Fecal calprotectin has higher 

diagnostic accuracy than CRP (54), correlates well with endoscopy (55), and is useful 

for disease activity monitoring (55, 56). Further, the biomarker is an accurate 

screening tool for IBD (57, 58), including exclusion of irritable bowel disease (IBS) 

(59). However, it seems better suited for evaluating activity in UC than CD (54), a 

lower accuracy is achieved in small-bowel compared to colonic CD (60), and it can 

be elevated in other inflammatory conditions as well as in neoplasia (61, 62). 

 

1.1.7.3 Endoscopy 
 

Ileocolonoscopy is considered the reference standard method for both diagnosis and 

evaluation of disease activity in CD located in the colon and terminal ileum. It 

enables an excellent assessment of the mucosal surface and permits biopsy sampling 
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for histological evaluation. The presence of discontinuous lesions of aphthous, deep, 

stellate, linear, or serpiginous ulcers, stenosis, fistula, and cobblestoning of mucosa 

are typical endoscopic features of CD. Additionally, affection of the terminal ileum 

and perianal involvement further support the CD diagnosis (63). For activity 

monitoring and as an outcome measure in clinical trials, endoscopic activity indices 

are recommended (64). Crohn’s Disease Endoscopic Index of Severity (CDEIS) (65) 

was previously the only validated endoscopic activity score. However, the score is 

cumbersome and time-consuming, making the method unsuited for daily clinical 

practice. Consequently, the Simple Endoscopic Score for Crohn’s Disease (SES-CD) 

was developed (66). SES-CD correlates well with CDEIS (67) and may replace 

CDEIS in clinical trials as well as in routine work. Both scoring systems describe the 

rectum, left colon (descending colon and sigmoid), transverse colon, ascending colon, 

and the terminal ileum. The parameters included in the CDEIS-score are the presence 

of deep ulcers, superficial ulcers, surface involved by disease, ulcerated surface, 

ulcerated stenosis, and non-ulcerated stenosis. By using the SES-CD the size of 

ulcers, ulcerated surface, affected surface, and presence of stenosis are evaluated 

using a quantitative score of 0-3 per parameter per segment. The Rutgeerts score (68) 

is a scoring system developed for evaluation of post-operative recurrence of CD. 

Despite being recommended in international guidelines (69), no formal validation has 

been performed (63). Mucosal healing is absence of inflammation at endoscopy and 

has emerged as an important therapeutic goal in IBD (70). Even though consensus of 

endoscopic response and remission are recently established (71), there is currently no 

formally validated definition of mucosal healing (69). Common definitions of 

mucosal healing include SES-CD 0-2, CDEIS 0-3 (71), absence of mucosal 

ulcerations, or CDEIS/SES-CD = 0 (63). Despite numerous advantages of using the 

endoscopic quantitative indices to rate the severity of inflammatory activity, the 

complexity of the scoring systems limits their use in clinical practice (43).     

There are some major limitations using endoscopy. First, there is no knowledge 

whether inflammation persists in deeper layers of the bowel wall. Furthermore, most 

of the small bowel and peri-intestinal complications cannot be visualized (72). 
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Finally, the examination is invasive causing considerable patient discomfort (73) 

making it less suited for repeated examinations.  

 

1.1.7.4 Imaging 
 

Due to the above-mentioned limitations of endoscopy, cross-sectional imaging 

modalities such as Ultrasound (US), Magnetic Resonance Imaging (MRI), and 

Computed Tomography (CT) are needed to provide complementary information. 

These imaging modalities have high and comparable diagnostic accuracies for initial 

assessment, follow-up examinations, and complications of the disease (42, 74-76). 

CT enterography is a fast and widely available imaging modality enabling detection 

of CD, as well as evaluation of disease activity, extent, and complications with high 

accuracy (77). Unfortunately, ionizing radiation exposure of CT represents a major 

disadvantage of this imaging modality. As repeated examinations increase the risk of 

cancer (78, 79) its use should be limited, particularly in young patients. Although 

ionizing hazards may be reduced using low-radiation-dose CT protocols (80, 81), 

non-ionizing imaging modalities are preferable in most clinical settings (42).    

MRI is a non-radiating imaging modality providing excellent visualization of a wide 

range of pathological features of CD, ideal for small bowel evaluation (42, 82-84). 

Due to the lack of ionizing radiation, the technique is well-suited for follow-up 

examinations and disease monitoring (85). Accordingly, MRI is the current standard 

for small-bowel assessment in CD (17). Disease activity may be quantified using 

dedicated scoring systems, where the MaRIA score may be most suitable (86). This 

validated activity index corresponds well with endoscopy to evaluate disease activity, 

severity (87, 88), and ulcer healing (89). Further, a simplified derivate of the activity 

index was recently developed (90), which may reduce the need for repeated 

ileocolonoscopies in activity monitoring. Although advocated as the preferred cross-
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sectional imaging modality, MRI is expensive, resource intensive, relatively 

inaccessible, and contraindicated in some patients (91).  

 

1.2 Ultrasound  

1.2.1 General  

Ultrasound (US) is high-frequency sound waves exceeding the upper audible limit in 

humans, capable of constructing greyscale images in real-time. Frequencies between 

2-15 megahertz (MHz) are commonly used in abdominal diagnostic imaging, and in 

contrast to X-ray modalities utilizing attenuation, ultrasonography is based on 

reflection of sound waves (92).   

Piezoelectric crystals inside the ultrasound transducer generate acoustic waves by 

transforming electrical voltage. The ultrasound waves are emitted inside the body and 

when reaching tissue boundaries, parts of the sound waves are reflected towards the 

probe, enabling conversion of ultrasound waves to electrical voltage, finally creating 

a grey-scale image (93). 

Sound waves are characterized by the frequency (f), wavelength (λ), and speed of the 

sound (c). The frequency is defined as the number of oscillations per second and has 

the unit of Hertz (1 Hertz = 1 cycle per second). The wavelength is referred to as the 

distance between two identical, consecutive coordinates on the waveform and has the 

unit of millimeters (mm). The speed of the sound has units of meter/second (m/s) and 

is determined by tissue characteristics ranging from 331 m/s in air to 3500 m/s in 

bone (93). However, an average of 1540 m/s is commonly used as the differences 

between most soft tissues are negligible (93). The relationship between frequency, 

wavelength, and speed is given by the formula:  

λ=c/f     (1)   

Since the propagation speed is treated as constant, optimization of the image is 

determined by the inversely related wavelength and frequency parameters. By 
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increasing the frequency, a higher resolution of the US image at the expense of depth 

penetration is obtained. Conversely, lower frequencies increasing the wavelength are 

chosen for appropriate visualization in structures that are deeply located.  

 

1.2.2 B-mode 

In Brightness mode (B-mode) imaging, the reflected US waves are displayed as dots 

of varying brightness proportional to the amplitude of the return echo, positioned 

according to the corresponding depth of the interface reflector. The final B-mode 

image is a combination of all returned echoes registered along the scan lines of 

multiple piezoelectric crystals inside the US transducer (92).  

 

1.2.3 Doppler 

Doppler ultrasound enables evaluation of the circulation by utilizing the Doppler 

Effect, defined as a change in frequency between the reflected- and emitted US wave, 

due to relative motion between the observer and the reflector (93). The Doppler effect 

(Δf) created by moving erythrocytes enables blood flow velocity (v) measurements, 

as expressed by the equation:   

           v = 
C · Δ𝑓

2𝑓0·cosθ
           (2) 

  

Further, knowledge of the ultrasound speed (C), frequency of the transmitted US (f0), 

and the cosine of the angle between the US beam and direction of blood flow (cosθ) 

are needed for performing the calculation.  

Color Doppler sonography enables evaluation of vessel patency as well as blood flow 

directions, where flow towards and away from the probe usually are coded as red and 

blue, respectively. Further, increased color intensity correlates with elevated flow 
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velocity, while a mosaic of colors may be seen in turbulent flow (94). Power Doppler 

sonography merges each frequency shift in the sampling volume, thus lacking the 

ability of flow direction assessments. The amplitude of reflected signals correlates 

with the number of erythrocytes regardless of velocity, hence, the sensitivity of small 

vessel detection increases (94).       

 

1.2.4 Contrast-enhanced ultrasound 

Doppler ultrasound is a well-established method to detect high-velocity blood flow; 

however, the availability for evaluating perfusion in organ parenchyma is limited due 

to lower velocities, making it difficult to discriminate blood flow from tissue motion. 

Contrast-enhanced ultrasound (CEUS) combines conventional ultrasound with 

ultrasound contrast agents (UCA), enabling evaluation of the microvasculature (95-

97). The role of CEUS is well-established in liver imaging (98), and several new 

applications have emerged during the last decades (99, 100).  

 

1.2.4.1 Ultrasound contrast agents   
 

Ultrasound contrast agents (UCA) are microbubbles consisting of a gas-filled core 

encapsulated by a biocompatible shell. The microbubbles are made small enough to 

pass capillary beds and no extravasation of contrast agents occurs, thus acting as a 

true intravascular tracer (101). Renal monitoring is usually unnecessary as the UCA is 

eliminated through the lungs (102, 103). 

Commercially available UCAs containing coated air bubbles were introduced in the 

nineteen nineties (104). Currently, second-generation agents containing biologically 

inert high molecular weight gases are chosen due to improved backscattering abilities 

as well as prolonged lifetime. In Europe, Sonovue (Bracco, Milan, Italy), a sulfur 

hexafluoride filled microbubble, is the most commonly used UCA.  
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Due to high compressibility of the UCA the bubbles contract and expand in response 

to the application of low energy ultrasound with appropriate resonance frequency, 

while in contrast, the surrounding tissue is relatively incompressible. Also, distorted 

non-linear reflections are produced, which can be differentiated from tissue-derived 

signals. The oscillation frequency of the microbubbles is inversely related to its size 

and the frequency of the US beam (101, 105), hence, higher doses of contrast agents 

are required to compensate size-frequency dissonance (106). When exposing the 

UCA to higher intensities, the coating shell disrupts due to rarefaction forces (high 

MI), releasing the encapsulated gas (101, 107).  

Various techniques have been developed to discriminate between non-linear UCA 

reflections and tissue-derived signals. In the pulse-inversion technique, two pulses of 

US with inverted phases are transmitted. The tissue-derived inverted linear echoes are 

summed thus canceling each other out, while in contrast, non-linear reflections from 

the microbubbles amplify each other when summed (101, 107, 108). In amplitude 

modulation, two US pulses with altered amplitudes are transmitted. Linear echoes are 

canceled out by subtracting the reflected pulses, while non-linear UCA-derived 

signals at various frequencies remain (107, 109). Modern US scanners most 

commonly combine phase inversion and amplitude modulation.  

 

1.2.4.2 Perfusion estimates  
 

Contrast-enhanced ultrasound (CEUS) enables quantification of the microvasculature 

(110, 111) due to a directly proportional relationship between the backscattered signal 

intensity and the microbubble concentration (112). Further, the analysis of contrast 

enhancement over time, dynamic contrast-enhanced ultrasound (DCE-US), enables 

estimation of perfusion (95, 113). The UCA remains intravascular, which is necessary 

for accurate perfusion measurements (95). There are currently two established 

administration methods, Bolus tracking and Burst replenishment (95, 114), yielding 
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different measurements. The preferred method depends on study purpose or clinical 

experience. Currently, the Bolus tracking technique is used more frequently than 

Burst replenishment in non-cardiac applications (95). 

In Bolus tracking, the contrast agents are administered as a bolus injection through a 

peripheral vein and after passing through the pulmonary circulation, the microbubbles 

reach the systemic circulation and the region of interest in the arterial phase. Finally, 

the contrast intensity gradually diminishes in the venous phase. Time-intensity data is 

detected during the arterial phase, where the arrival of UCA and decline in contrast 

enhancement is registered. By using appropriate software, the time-intensity data is 

fitted to a standardized curve from which several relative perfusion parameters are 

derived (95, 113).  

Perfusion quantification analyses are commonly performed on log-compressed 

versions of the actual ultrasound intensities. However, the only mathematically valid 

method is by using linear echo power data (115), which is proportional to the bubble 

concentration. Due to difficulties in obtaining linear raw data, re-linearizing 

conversion algorithms are available in modern quantification software applications 

(113), which is an acceptable alternative if the gain is properly adjusted and the 

dynamic range of log-compression exceeds 45 decibel (116).  

 

1.2.5 Safety 

Ultrasound is considered a safe modality with no proven harmful effects. Still, 

precautions should be made as sustained exposure with high power output produces 

heating and pressure changes in tissues which may be potentially hazardous (117).  

Heating occurs when energy from a propagating ultrasound wave is absorbed and 

converted to heat. An elevated temperature may affect normal cell functions, still, 

evidence of clinically significant deleterious effects is lacking (117). For guidance, an 

estimate of the temperature rise displayed as a thermal index (TI) is provided (93).  

                                                     TI=W/Wdeg             (3) 
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W=the power exposing the tissue, Wdeg=the power necessary to raise the temperature 

by 1oC. In presence of bones, an increased heating effect occurs due to higher 

absorption of US waves, thus, three versions of TI may be provided: soft tissue (TIS), 

bone at focus (TIB), and cranial (bone at surface) (TIC) (93).  

Pressure changes caused by compression and rarefaction of propagating ultrasound 

waves may lead to mechanical disturbances in tissues. High acoustic pressures could 

potentially induce unfavorable inertial cavitation, thus, a mechanical index (MI) 

estimating the likelihood of such induction is provided (93). 

MI=Pr/√f    (4) 

Pr= the peak rarefaction pressure, f= ultrasound frequency. 

Owing to the potentially deleterious effects of ultrasound, the thermal and mechanical 

indices are mandatorily displayed on ultrasound scanners. The As Low As Reasonably 

Achievable (ALARA)-principle is generally recommended, where TI >6 in adults and 

>3 in obstetrics, as well as MI >1.9, should be avoided (118, 119).  

Sonovue has a good safety profile with few and mild side effects, however, rare cases 

of serious adverse reactions have been reported in the literature, and emergency 

precautions should be taken (120-124). 

 

1.2.6 Ultrasonographic features of Crohn’s disease  

Ultrasound is non-invasive, cost-effective, well-tolerated by patients and can be 

performed bedside, making it well suited for repeated examinations. The impact of 

gastrointestinal ultrasound (GIUS) has increased significantly during the last decades, 

and dedicated GIUS-guidelines have recently been provided (125, 126). Due to 

logistic, safety, and economic reasons, ileocolonoscopy, CT, and MRI cannot be 

performed on a regular basis, and consequently, GIUS might be a useful supplement 
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in IBD management. A recent appraisal of the literature revealed good accuracy of 

US in diagnosis and mapping of complications, while poor and limited evidence was 

found for disease activity assessments (127). Previous meta-analyses show that there 

is a good correspondence between US, CT, and MRI in detection of the disease and 

complications as well as evaluating the extent and severity of the disease (74, 75). 

However, in light of recent technological advances of all modalities, updated meta-

analyses are warranted.   

Both low- and high-frequency probes are required to perform a thorough GIUS 

examination. A low-frequency curvilinear transducer provides good depth 

penetration, ideal for overview, identification of gross pathology as well as the 

examination of the deeply located rectum. A detailed examination of the distal ileum 

and colon is performed by systematic scanning from the terminal ileum and further 

distally, using high-frequency linear probes. Most of the small bowel is difficult to 

track due to a tortuous course, thus, a systematic four-quadrant examination is 

recommended. Then, the dorsal abdominal wall should be identified to ensure that all 

bowel segments are included in the scanning area. No preparation of the patient is 

required, but it is recommended that patients fast for at least four hours to reduce 

intestinal gas (125). 

Normally, the intestinal wall is less than two mm measured by ultrasound (128), and 

by using high-frequency probes, five to nine wall layers can be delineated depending 

on the transducer frequency. There are clear correlations between the wall layers 

revealed by ultrasound and histology (Figure 2), even though slight differences occur 

(125, 129).  
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Figure 2: B-mode image of the author's healthy bowel. Five demarcated layers correspond 

partly to the intestinal wall layers. In practice, the hypoechoic layer 2 corresponds to the 

mucosa, whereas the hyperechoic layer 3 correlates with the submucosa, the hypoechoic 

layer 4 to the proper muscle, and the hyperechoic layer 5 to the serosa. The hyperechoic 

layer 1 corresponds to the interface between the mucosa and intestinal lumen. 

 

Increased bowel wall thickness (BWT) is the most common and important parameter 

for detecting CD (42, 126) (Figure 3), yielding high sensitivity and specificity (130, 

131). A recent meta-analysis showed that wall thicknesses exceeding three mm yield 

sensitivity and specificity of 89% and 96%, respectively. By increasing the threshold 

to four mm or higher, a sensitivity of 87% and a specificity of 98% were found. 

(131). Additionally, BWT may be useful in evaluating disease activity (132, 133), 

detection of postoperative recurrence (134) and prediction of surgery (135). Until 

recently (125) international guidelines regarding BWT measurements were lacking. 

Standardization of BWT assessment appears a prerequisite for high interobserver 

agreement (136), as inadequate instruction has resulted in poorer agreement rates 

even when performed by expert sonographers (137).  
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Figure 3: A thickened bowel wall (demarcated by yellow calipers) with normal stratification 

in a patient with Crohn’s disease. 

 

Echo patterns may differ in CD, ranging from preserved stratification and thickened 

submucosal layer (138, 139) to abrogation of the wall layers. Focal loss of bowel wall 

stratification is associated with ulcerations (140) (Figure 4), while diffuse disruption 

may be caused by severe transmural inflammation (126, 141), increasing the risk of 

surgery (142). In contrast, intact stratification and thickening of the proper muscle 

layer are indicative of fibrosis (139, 141). Moreover, a fibrofatty proliferation of the 

surrounding mesenteric fat is commonly present in patients with disease activity 

(143). It typically presents as echo-rich tissue encircling the affected bowel segments 

(Figure 4), however, a hypoechoic appearance may be seen in long-standing disease 

(144). Other common, but unspecific extraintestinal findings include enlarged 

mesenteric lymph nodes and free fluid (126).   
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Figure 4: The left panel shows a focal loss of stratification (arrow), while the image in the 

right panel displays inflammation in the mesenteric fat (fatty wrapping) (arrow). 

 

Several complications of CD can be detected by US. Intestinal stenosis appears as a 

segmental increase in bowel wall thickness with a narrowed lumen and prestenotic 

dilatation exceeding 2.5 cm (Figure 5), often accompanied by hyperperistalsis. 

Fistulas are visualized as hypoechoic tracts between intestinal loops and other tissues. 

In addition, content of air bubbles seen as hyperechogenic structures within the duct 

may be present. Abscesses usually appear as irregular hypoechoic peri-intestinal 

structures, containing echo-rich air bubbles (126, 145).  

 

 

Figure 5: Stenosis in the terminal ileum with prestenotic dilatation.  
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In active CD, increased angiogenesis featuring neovascularization and local 

dysregulation of the blood supply is present (38, 39), allowing for quantification of 

the microvasculature as a means of activity assessments. Color Doppler 

measurements of the GI wall enables differentiation between active and inactive 

disease and correlates with endoscopy, histology, and CDAI (146-151) (Figure 6), 

and there is a negative correlation between Doppler signals and fibrosis (152). 

Furthermore, color Doppler measurements may aid physicians to monitor disease 

status and evaluate treatment effect (132, 133). However, color Doppler has limited 

resolution for small vessels with low-velocity blood flow (153), possibly making the 

modality less sensitive for microvascular changes. 

 

Figure 6: A bowel loop with increased color Doppler signals is depicted in longitudinal- and 

transverse sections in the left and right panel, respectively. 

 

Previous meta-analyses revealed that CEUS is well-suited for detection of active CD 

with high sensitivity and specificity (154, 155), although affected by significant 

heterogeneity between the included studies. Disease activity evaluation may be 

performed using semi- (156, 157) or quantitative methods (151, 158-163), where 

increased contrast enhancement corresponds to inflammation. Further studies suggest 

that CEUS might be useful in differentiating between inflammatory and fibrotic 

lesions, where low values of relative signal intensities (152, 164-166) and absolute 

perfusion parameters indicate fibrosis (139). In addition, early evaluation of CEUS-

derived perfusion parameters may be useful in determining treatment outcome, thus 
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enabling improvements of management (167-169). The main application of CEUS in 

clinic, however, is to differentiate between abscesses and phlegmons (Figure 7) (99, 

170).  

Figure 7: Ultrasound images of an abscess. The B-mode image in the left panel displays a 

hypoechoic lesion (arrow). The corresponding contrast image in the right panel shows a 

hypoechoic central structure with contrast enhancement in the peripheral zone.  

 

In the treat-to-target era, reaching objective endpoints are favorable as beneficial 

changes in the disease course are provided. Mucosal healing has emerged as the main 

therapeutic target, but endoscopy fails to detect persistent inflammation in deeper 

layers in transmurally affected bowels. Hence, transmural healing defined as 

normalization of the bowel wall at cross-sectional imaging may be a more appropriate 

treatment goal (171). Studies report that sonographically measured transmural healing 

correlates well with mucosal healing but seems harder to achieve (163, 172-174) and 

may represent a more profound level of healing. In a recently published retrospective 

study, transmural healing measured by ileocolonoscopy and MRI-enterography was 

found to be superior in any outcome compared to mucosal healing alone (175). Still, 

the clinical role of transmural healing remains to be determined (171, 176).  

In the hands of trained clinicians, GIUS substantially improves clinical decision 

making (177) and is useful for activity monitoring (132). Suitable scoring systems for 

measuring inflammatory activity are available for several diagnostic modalities (43). 
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However, the methodology for development is inadequate in most ultrasound indices 

(178).  

 

1.3 Treatment of Crohn’s disease 

Inflammatory lesions of CD are treated medically with topical or systemic steroids, 

immune modulators, and biologics, while endoscopic dilatation or surgical resection 

is performed in fibrotic segments (17, 27, 30, 179). Appropriate management depends 

on accurate determination of disease activity, site, and behavior. The traditional 

approach of CD management is based on alleviation on patients’ symptoms using a 

“step-up” strategy, starting with less potent medication and further escalation if 

inadequate effect (180). However, due to mismatch between symptoms and disease 

activity, persistent subclinical inflammation may go undetected, ultimately leading to 

irreversible bowel damage (4, 181). Thus, a new management paradigm has emerged 

treating beyond clinical symptoms to objective endpoints, where mucosal healing is 

considered as the main therapeutic target (182). Acquiring mucosal healing is 

correlated with less hospitalization, relapse rates, surgery, and bowel damage (70, 

183-186), and may be key to change patient outcomes (187, 188). Further evidence 

suggests that a better optimization of therapy may be achieved when based on 

objective markers of inflammation rather than on symptoms alone (189). Topical or 

systemic steroids are recommended to induce remission in CD, with further 

escalation to immunosuppressants when necessary (17, 179). Still, a “top-down” 

strategy with early introduction of biologics may be appropriate in patients with 

severe disease or poor prognostic factors (179, 190). Unfortunately, some patients 

have suboptimal response to biologics or experience drug failure over time (191, 

192). Furthermore, these drugs are expensive and have potentially serious side effects 

(193). Consequently, frequent follow-up examinations using simple, accurate tools 

for objective evaluation of disease status are needed for improved treatment 

management.    
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2. Rationale and aims  

2.1 Rationale  

Many CD patients suffer significantly due to impaired bowel function. Affected 

individuals are usually diagnosed of young age, thus numerous follow-up 

examinations are needed to evaluate disease activity and treatment effect. Due to a 

mismatch between patients’ symptoms and the degree of disease activity, there is a 

need for objective measurements of the degree of inflammation in the intestinal wall 

in order to improve management. Gastrointestinal ultrasonography is potentially 

useful for evaluating changes in disease activity in affected bowel segments and may 

thus be a useful recourse in facilitating patient care.   

 

2.2 Aims  

The principal aim was to investigate the ability of ultrasonography to assess disease 

activity in patients with CD. The thesis is based on three papers, with each specific 

objective:  

I. To evaluate whether DCE-US-derived perfusion parameters can be used to 

monitor disease activity and treatment effect in patients with CD. Secondly, 

we aimed to investigate the most appropriate time to perform the follow-up 

examinations. 

 

II. To assess the diagnostic accuracy of GIUS in separating CD patients in 

endoscopic remission from patients with active disease.  

  

III. To construct, validate, and assess interobserver agreement of a simple 

ultrasonographic scoring system for evaluation of disease activity in CD.  
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3. Materials and methods 

3.1 Study population  

In paper I, 14 CD patients (nine men) scheduled for treatment with either 

corticosteroids or biologics due to disease flare-up (defined as CDAI > 150 points) 

were prospectively recruited from the outpatient clinic or at the ward at the Section of 

Gastroenterology at Haukeland University Hospital, Bergen, Norway. All patients 

completed four follow-up examinations during 12 months. 

In paper II and III, we prospectively included 145 (58 men) and 164 (66 men) 

patients, respectively, who were referred to ileocolonoscopy as part of standard care 

at the Department of Medicine at Haukeland University Hospital, Bergen, Norway, 

(Paper II and III) and the Department of Medicine at Ålesund Hospital, Norway 

(Paper III). All study participants in paper II were also included in paper III. 

A detailed description regarding inclusion and exclusion criteria are provided in the 

associated papers.  

 

3.2 Study design and enrolment 

All studies were observational. The ileocolonoscopic examinations, decision-to-treat, 

or changes in medical therapy were performed as part of usual care.  

Paper I was designed as a prospective follow-up study, examining patients at four 

time points (treatment start, and one, three, and twelve months after). The first US 

examination was performed within 3 days after treatment start. Study outcomes were 

clinical remission (defined as CDAI<150 after 12 months of treatment start) and 

treatment failure (defined as a change in medical therapy > 1 month after treatment 

start) during the follow-up period.  

Paper II and III were designed as prospective cross-sectional studies, comparing the 

diagnostic accuracy of GIUS in predicting and quantifying endoscopic activity. All 



37 

 

patients were examined with US within two weeks before or after the 

ileocolonoscopy.  

 

3.3 Ethical permissions 

The Regional Ethics Committee for Medical and Health Research in Western Norway 

(REC West) approved all studies (REC West nos. 22209 (study I) and 2017/1750 

(study II and III)). Studies II and III were reported to ClinicalTrials.gov ID: 

NCT03481751. Each study was performed in accordance with the Declaration of 

Helsinki. All patients gave written informed consent prior to participation. 

 

3.4 Clinical assessment 

Patient demographics, past medical history, and phenotype according to the Montreal 

classification (Appendix I) were obtained through patient anamnesis or, upon 

consent, access to the medical records. The Crohn’s Disease Activity Index (CDAI) 

was used to evaluate clinical disease activity in paper I. However, the CDAI is 

complex and cumbersome to use, requiring a seven-day patient diary making it prone 

to recall bias. Therefore, Harvey Bradshaw Index (HBI) was used in paper II and 

III, enabling a simpler calculation of clinical disease activity. CDAI and HBI are 

presented in appendix II and III, respectively.  

 

3.5 Biochemical analysis 

Blood and stool samples were obtained within one week prior to, after, or on the 

same day as the US examination in all papers. Hemoglobin (g/dL), leucocyte count 

(109/L), platelet count (109/L), CRP (mg/L), erythrocyte volume fraction, and 
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albumin (g/L) were analyzed from blood samples, while fecal calprotectin (mg/kg) 

was measured from stool samples. All biochemical samples were analyzed at the 

laboratory facilities of Haukeland University Hospital (paper I-III) and Ålesund 

Hospital (paper III).    

 

3.6 Reference standard  

In paper I, CDAI was used as reference standard for assessing disease activity where 

a CDAI score exceeding 150 points was considered as active disease, while a CDAI 

<150 points was defined as clinical remission. Decision to treat was based on a 

clinical consensus. In paper II and III, the Simple Endoscopic Score for Crohn’s 

Disease (SES-CD) evaluated by ileocolonoscopy was used as reference standard. 

Endoscopic remission was defined as a SES-CD score of 0 and 0-2 in paper II and 

III, respectively. The SES-CD is presented in appendix IV. 

 

3.7 Ultrasound methods  

3.7.1 Ultrasound scanners and probes  

A GE Logiq E9 high-end scanner (GE Healthcare, Milwaukee, USA) was used in all 

studies. The ultrasound scanners were equipped with low-frequency curvilinear 

probes (C1-5/C1-6, 1-6 MHz) and high-frequency linear transducers (9L, 5.5-9 MHz, 

and ML6-15, 9-15 MHz). The CEUS examinations were performed using a high-

frequency linear probe (9L, 5.5-9 MHz). Further details regarding US equipment are 

provided in the enclosed papers.  

 

3.7.2 B-mode examination  

In all papers, the settings of frequency, focus, and gain were optimized until the best 

images were obtained. Each patient was examined with a low-frequency curvilinear 
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probe for overview and a linear transducer for a detailed examination of the bowel 

wall. Ultrasound scanning was performed as previously described (125, 145). In 

short, the large bowel was examined by scanning systematically from the terminal 

ileum and further distally in longitudinal section. As the remaining part of the small 

bowel is difficult to track, a systematic scanning of the four abdominal quadrants 

aiming for target lesions was performed. The examination of the rectum was 

performed using the convex probe as it is deeply located. All bowel wall thickness 

measurements were performed in the anterior wall in longitudinal section. Wall 

thickness was measured from the interface echo between the serosa and the proper 

muscle to the interface echo between the mucosa and the lumen, and two and three 

representative measurements were averaged in paper II-III and I, respectively.  

In paper I, pathological wall thickness was defined as >2 mm if the bowel lumen 

diameter was >0.5 cm and >3 mm if the lumen diameter was <0.5 cm or collapsed. 

Additionally, the thickness of individual wall layers was measured. In paper II and 

III, pathological wall thickness was defined as >3 mm.   

The length of the affected segments was measured in paper I and III. In paper II 

and III, color Doppler measurements were recorded and quantified in segments with 

pathological wall thickness. Moreover, focal or entire disruption of bowel wall 

stratification and the presence of fatty wrapping were evaluated in paper III. Finally, 

the presence of stenosis and fistulas were recorded during the first part of paper III. 

Further definitions and score characteristics of the ultrasound variables are presented 

in appendix V. 

 

3.7.3 Doppler examination  

In paper II and III, color Doppler was performed on bowel segments exceeding 3 

mm. Doppler settings were adjusted for optimal registration of low blood flow 

velocities. The velocity scale was reduced to 5 cm/s while gain was increased until 
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flash artifacts occurred and then lowered until they disappeared. The acquisitions 

were performed during patient breath-hold to reduce motion artifacts. Color pixels 

were interpreted as vessels if they persisted during the observation period. Bowel 

wall vascularity was evaluated semi-quantitatively by counting the number of 

Doppler signals per cm2 using a modified version of (150), where 0-1, 2-5, and >5 

signals were scored as 0, 1 and 2, respectively (appendix V).  In paper II, a Doppler 

score of 0 was interpreted as remission, while activity was defined as a Doppler score 

of 1-2. 

 

3.7.4 Software for interobserver assessment  

In paper III, still images and cine loops of patients included in the development 

cohort were reviewed by another examiner to assess interobserver reproducibility of 

the chosen sonographic parameters. The software evaluation was performed on the 

development cohort before including the validation cohort. We used two offline 

software applications: Phillips DICOM Viewer (Phillips Medical Systems, Best, The 

Netherlands) and Onis® (DigitalCore, Co. Ltd, Tokyo, Japan). The application from 

Phillips was used for most purposes due to its simplicity and reliability, while the 

evaluation of Doppler signals was performed using the Onis viewer as it enables 

measurements of cm2. 

 

3.7.5 Contrast-enhanced ultrasound  

In paper I, we performed contrast-enhanced ultrasound. In the study preset, the 

Logiq E9 uses amplitude modulation to register UCA backscattering. General 

contrast settings were selected, the gain adjusted to reduce tissue-derived signals, and 

the MI was set to 0.09-0.12 to prevent bubble destruction. Sonovue (Bracco, Milan, 

Italy) was used as UCA in all examinations.  

A peripheral venous catheter of 20 gauge (1.1 mm) was inserted in the left cubital 
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vein, through which the UCA was administered. The contrast-injection was 

performed by a hospital nurse instructed beforehand. The anterior wall at the thickest 

section observed during the B-mode scan was examined with CEUS in longitudinal 

view.  

The CEUS examination was performed using the Bolus tracking technique. In each 

patient, two contrast injections were performed consecutively, and 60-second 

acquisitions were made over the right iliac artery and the affected bowel loop. The 

CEUS data was saved as a Digital Imaging and Communications in Medicine 

(DICOM) file. Further details of the CEUS-examination are described in the 

corresponding paper.  

 

3.7.6 Software for perfusion analysis  

The CEUS data was evaluated, re-linearized, and quantified using a commercially 

available software application, VueBox® (Bracco Suisse SA, Geneva, Switzerland, 

version 4.2), as described in paper I. The program fits the time-intensity data to a 

standardized curve from which different perfusion parameters are derived.  

 

However, most perfusion parameters are presented as arbitrary units, relative to the 

actual perfusion. To solve this issue, we performed a scaling procedure of the bowel 

parameters using the right iliac artery as an internal reference. The time-related 

parameters are not influenced by the concentration of the UCA (194), making the 

scaling procedure unnecessary.  

 

Three parameters were excluded before final analysis; Time of arrival and time to 

peak are significantly influenced by the arterial input factor (AIF) and were thus 

avoided. The wash in perfusion index is calculated from other parameters and does 

not provide additional information.  
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3.8 Statistics  

All statistical analyses were performed using Statistical Package for the Social 

Sciences (SPSS) (IBM, Inc Armonk, NY), version 20 and 25 for paper I and II-III, 

respectively.  

Demographical data are presented as median, minimum, and maximum values in all 

studies. The distribution of the data set was evaluated by inspecting histograms and 

boxplots as well as using the Shapiro-Wilk test. For continuous data, comparison 

between patient groups was performed using Student’s t-test if normally distributed, 

and Mann-Whitney U test if not. For categorical data, the Chi2-test or Fischer exact 

test were used. Spearman’s rank was used to describe the correlation between 

different variables.  

In paper II, the diagnostic accuracy of GIUS and clinical- and biochemical tests were 

expressed by sensitivity, specificity, positive predictive value, negative predictive 

value, and total accuracy. Furthermore, kappa statistics were used to evaluate inter-

rater reliability as well as to investigate the agreement between ileocolonoscopy and 

clinical- biochemical- and ultrasonographic variables.  

In paper III, multiple linear regression was performed to select which ultrasound 

parameters that should be included in an ultrasonographic scoring system. 

Spearman’s rank and intra-class correlation (ICC) were used for assessing inter-rater 

correlation and agreement, and limits of agreement and assessment of potential biases 

between the investigators were evaluated using Bland-Altman analysis. Furthermore, 

a receiver operator curve analysis was performed to identify suitable cut-offs for 

separating remission and activity.  

The level of significance was P<0.05 in all papers. Further details regarding statistics 

and data handling are presented in the included papers.       
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4. Summary of main results  

4.1 Paper I 

14 patients were included of which six had treatment failure during the follow-up 

period. At 12 months, 11 patients were in clinical remission, two patients had active 

disease, and one patient underwent surgery. There were no statistically significant 

differences between the treatment failure and effective treatment groups in 

demographics, clinical- or biochemical data at any time point.    

 

We found significant differences in some amplitude-related perfusion parameters one 

month after treatment start: peak enhancement (p=0.013), wash-in area under the 

curve (p=0.013), wash-in rate (p=0.020), and wash-out rate (p=0.008). These 

differences occurred before changes in any treatment was done. There were no 

significant differences for the remaining amplitude-related parameters at one month 

(wash-out area under the curve (p=0.142) and wash-in/ wash-out area under the curve 

(p=0.059)), or at the other time points during follow-up (at 0, 3 and 12 months). The 

time-related parameters were statistically insignificant at each time-point.  

 

There were no significant differences in BWT or length of the affected segments at 

any time point. However, we found significant differences in bowel wall layers, 

where the proper muscle- and submucosal layers were significantly thicker in non-

responders at one and three months after treatment initiation, respectively. 

 

4.2 Paper II 

102 patients had active disease and 43 patients were in endoscopic remission. There 

were significant differences between the groups in disease behavior and previous 

surgery, as well as for HBI, CRP, and calprotectin.   
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A bowel wall thickness (BWT) exceeding 3 mm provided a sensitivity and specificity 

of 92.2% and 86% to distinguish between patients with inflammatory activity and 

patients in remission. Corresponding values for color Doppler were 66.7% and 

97.7%, respectively. Moreover, BWT (r=0.69, p<0.001) and color Doppler (r=0.64, 

p<0.001) correlated well with SES-CD. Furthermore, an interobserver analysis of a 

subset of the included patients (n=23) revealed excellent agreement between the 

investigators for both BWT (k=0.90) and color Doppler (k=0.91) measurements. The 

diagnostic accuracy of ultrasonography significantly exceeded the corresponding 

values for clinical- and biochemical tests.  

False negative results (n=8) were due to aphthous lesions in the terminal ileum in five 

cases (SES-CD=3), aphthous lesions and edema in the terminal ileum (SES-CD=6) 

were present in one case, while two cases revealed erythema and faded vascular 

pattern in the colon (SES-CD=1 and 6). Six false positive results were present in both 

colon (n=2) and the terminal ileum (n=4). By adding fecal calprotectin in isolated 

colonic thickening, all patients were correctly classified.  

 

4.3 Paper III 

A total study population of 164 were prospectively included, of which 40 and 124 

were included in the development and validation phases, respectively.  

Due to significant multicollinearity between BWT and length as well as no cases of 

fistulas, we excluded the latter two parameters. The combination of the remaining 

parameters provided the highest multiple correlation coefficient (r=0.78), but the 

predictive value of the ultrasound score was not reduced after excluding stenosis.  

By re-examining the development cohort, we found good to excellent agreement 

between the investigators for calculating the score (ICC=0.93), as well as for BWT 

(ICC=0.91) and color Doppler (ICC=0.94). However, a poorer agreement was 

revealed for evaluating stratification (ICC=0.60) and fatty wrapping (ICC=0.45). 
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There were no fixed or proportional biases between the investigators in assessing the 

activity index and its components.  

BWT and color Doppler were the only parameters with unique significant 

contributions to the model, and they achieved high interobserver reliability. Thus, we 

therefore simplified the ultrasound score by excluding stratification and fatty 

wrapping. The remaining activity index correlated well with SES-CD (r=0.83, 

p<0.001) and had high reproducibility (ICC=0.95) 

The simplified ultrasound score correlated well with ileocolonoscopy (r=0.78 

p<0.001) in the validation cohort, while poorer correlations were revealed for 

clinical- and biochemical tests. 23 patients were independently examined by two 

investigators, revealing excellent agreement (ICC=0.90) with no fixed or proportional 

bias.  
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5. Discussion 

5.1 Methodological considerations  

In paper I, we used the CDAI as reference standard as it is commonly employed to 

define clinical endpoints in trials. Still, assessment of clinical disease activity remains 

challenging as patients' symptoms do not reliably measure underlying inflammation 

(49), and current treatment goals have shifted from alleviation of symptoms to 

objective endpoints. Although developed for measuring disease activity in CD, 

similar CDAI scores may be present in patients with Irritable Bowel Syndrome (IBS) 

(195), and due to a considerable coexistence of IBS in CD patients (196), the ability 

of clinical scores to distinguish between active CD and other conditions is limited. 

However, the decision to treat and changing treatment regime was performed as part 

of standard care by the treating physician unaware of the ultrasound results.  

 

Ultrasound is operator-dependent, and the investigator’s level of experience may 

significantly impact the quality of the results. All CEUS-acquisitions were obtained 

by an experienced sonographer in paper I, while the primary investigator conducted 

the perfusion analyses and was at that time a medical student with little experience in 

clinical ultrasound. Despite some training in bowel ultrasonography and instructions 

on how to use the quantification software, the lack of experience might influence the 

validity of the results. Other limitations in paper I was the small number of included 

patients and that no interobserver analyses were performed. Quantification of CEUS-

derived perfusion holds several limitations which are further discussed in the 

following paragraphs.  

 

In paper II and III, the primary investigator gained more experience during the 

inclusion period, which could affect the validity of the results. Still, all ultrasound 

examinations were under close supervision by experienced sonographers during the 

first months of inclusion. Thereafter, a second observer re-examined a randomly 
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selected subgroup of patients for interobserver assessment.  

 

5.2 Discussion of the main results  

5.2.1 Clinical and biochemical evaluation of disease activity  

Clinical and biochemical markers seem appealing for monitoring activity as they are 

simple, non-invasive, and have low operator dependency. Although well-established 

and valuable in the clinic, clinical symptoms and CRP have limited reliability for 

assessing inflammatory activity in CD (49, 54). This was further clearly demonstrated 

in paper II and III, as these parameters yielded poor accuracy for separating patients 

in remission from activity and had poor correlation with endoscopic activity.  

Fecal calprotectin is useful for initial work-up and follow-up examinations (17, 42). 

Still, it is probably better suited for evaluating distal inflammation, as seen in 

ulcerative colitis (54) and colonic CD (60). In paper II and III, we found poor 

sensitivity and only moderate correlation to endoscopy. Similar correlations between 

endoscopy and clinical- and biochemical tests are previously reported (50). By 

excluding patients with terminal ileitis, the diagnostic accuracy significantly 

improved. Thus, our findings confirm that calprotectin is better suited for evaluating 

activity in patients with colonic involvement. The ideal use of calprotectin in CD 

management is monitoring activity over time. Repeated samples from the same 

patients help identify changes in disease activity but patient reluctance for providing 

repeated samples (197, 198) limits its utility. This problem was clearly demonstrated 

in our studies, as patient compliance on delivering fecal samples was poor with 33-

40% missing data. There were no significant differences between the groups for 

delivering fecal samples. Furthermore, although conflicting evidence exits (199), 

previous studies report intra-individual variability of calprotectin (200, 201) which 

may further complicate interpretation. Ultimately, although being important non-

invasive tools in CD management, neither calprotectin nor CRP had sufficient 
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accuracy to predict endoscopic activity or remission and cannot replace 

ileocolonoscopic evaluation (50, 202). 

To overcome some of the practical challenges of fecal sampling, development and 

validation of a blood-based multi-marker test was recently performed (203). The 

authors found that the test could discriminate between active disease and remission, 

suggesting that the biomarker could replace some ileocolonoscopies. Still, most 

biomarkers constituting the test are not routinely measured. Moreover, as it cannot 

depict neither site nor extent, it must be complemented by additional methods.  

 

5.2.2 Ultrasonographic prediction of endoscopic activity 

In paper II and III, we found that increased bowel wall thickness (> 3 mm) has high 

diagnostic accuracy in distinguishing patients with active disease from patients in 

endoscopic remission in a heterogeneous hospital cohort.  

Although endoscopic remission is commonly considered as SES-CD of 0-2 (71), 

patients’ long-term prognosis seems to improve when there is no evidence of 

macroscopic inflammation defined as SES-CD or CDEIS scores of 0 (204, 205). This 

may be of particular importance in patients eligible for treatment discontinuation as 

the relapse rate seems to be less in patients obtaining endoscopic- rather than clinical 

remission after therapy withdrawal (206). Thus, in paper II, we used such strict 

endoscopic criteria (SES-CD=0) which have not been previously compared to 

ultrasonography.  

According to our data, GIUS seems to provide high sensitivity and positive predictive 

value for detecting inflammatory lesions and may be sufficient to evaluate disease 

activity in scenarios where continuation or escalation of treatment is appropriate. The 

diagnostic accuracy could be further improved by adding color Doppler on 

pathological bowel segments and fecal calprotectin in sonographic colitis. For 

patients eligible for treatment discontinuation, however, ultrasonography does not 

seem to provide sufficient accuracy as it is not sensitive enough to detect mild 
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inflammatory lesions and should thus be examined with ileocolonoscopy. 

Consequently, implementation of bowel ultrasound has the potential to reduce the 

number of ileocolonoscopic examinations, improving allocation of endoscopic 

resources, and lessen patients’ need to undergo invasive procedures. The upcoming 

national screening program for colorectal cancer will demand more endoscopy 

resources and may further push the development for endoscopic surrogate markers in 

IBD care.  

Our principal finding seems to be in concordance with other studies (131, 151, 163, 

207, 208), although there are some differences in design, ultrasound thresholds, and 

reference standard. Increased BWT due to inflammatory activity is considered the 

most important ultrasound parameter to detect active CD (126). Moreover, a recent 

study found that BWT was the best ultrasound parameter for measuring disease 

activity with good discriminative ability as well as a high correlation with SES-CD 

(r=0.60) (208), similar to our findings. By adding color Doppler, the positive 

predictive value increased, but we did not reveal adequate negative predictive value. 

These results are consistent with previous reports (151, 159), and could be due to 

insensitivity of equipment, obesity, or measuring at increased depths (125). A recent 

study suggests that further evaluations with CEUS may be useful to determine disease 

status when Doppler signals are lacking (151). Still, these measurements are usually 

performed on bowel segments with increased BWT, thus the pre-test probability for 

activity increases. Hence, measurements of BWT seems most suited to decide 

whether patients are in remission or not, while Doppler and CEUS are useful to 

quantify disease activity.  

 

Although increasing BWT correlates with disease severity (209), bowel wall 

thickening could also appear in fibrotic segments (210). Additional sonographic 

findings could be useful to distinguish between these entities; inflammatory segments 

could be depicted as loss of stratification, prominent submucosal layer, and increased 
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Doppler signals, while preserved stratification and thickened proper muscle layer 

suggests fibrosis (138, 139, 141, 151). In paper I, we found significantly thicker 

proper muscle and submucosal layers in the treatment failure group one and three 

months after treatment start, respectively. Such differences were not revealed for 

BWT which could be explained by a limited number of included study participants. 

Although reaching significance at one month only, a closer inspection of the proper 

muscle boxplots suggests that there were differences between the groups at treatment 

start and at three months as well. As a thickened proper muscle layer may be 

indicative of fibrosis (139), this could partly explain the lack of medical effect in our 

study. Furthermore, a thickened submucosal layer is associated with active CD (138, 

139, 211), which corresponds to our results. Thus, measurements of individual wall 

layers are simple and may provide additional guidance for disease activity evaluation. 

Although promising, their clinical significance is poorly investigated and should be 

examined in larger studies. Emerging methods such as CEUS (139, 164, 166) and 

elastography (212) may potentially aid further differentiation, although 

methodological challenges limit current use. 

  

Although the usefulness of ultrasonography is thoroughly demonstrated (132, 151, 

177), incorporation into clinical practice in Norway is limited. Ultrasound is 

commonly perceived as subjective and highly operator-dependent thus limiting its 

clinical utility. Although conflicting evidence exists (137), BWT measurements are 

found to have good reproducibility (136, 213), in line with our results. Recent 

recommendations regarding measurement standardization and minimum training may 

aid to standardize acquisition and interpretation of the US findings (125, 214).  

 

5.2.3 Ultrasonographic activity index to measure endoscopic activity  

A recent expert review advocates the use of cross-sectional imaging for monitoring 

CD patients (215). Although an MRI-based approach accurately depicts disease 

activity (86, 216), most protocols require bowel preparation and distention, as well as 
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administration of intravenous contrast agents. Gadolinium-based contrast agents may 

accumulate in brain tissue and should be limited, although no harmful effects are 

currently proven (217). Diffusion-weighted MRI or the simplified MaRIA score may 

overcome some of the obstacles of conventional MRI, as they are less time-

consuming and do not require administration of contrast agents (90, 218). Still, 

frequent use of MRI is limited due to the reduced availability and high costs.  

Ultrasonography seems well suited for systematic activity monitoring of CD patients, 

as it is rapid, non-invasive, well-tolerated by patients, and feasible in out-patient 

clinics (132, 177, 198). An accurate ultrasound score may ease interpretation of 

sonographic activity, thus facilitating incorporation in clinic. Moreover, as it is useful 

to monitor the same patient over time, an ultrasound score can determine whether the 

inflammatory activity increases or decreases. Several ultrasound activity indices have 

previously been developed (146-148, 219-221), but most with inadequate 

methodology (178).   

In paper III, we developed and validated a simple and reproducible ultrasound 

scoring system for Crohn’s disease, overcoming the limitations of previous scoring 

systems. The activity index, the Simple Ultrasound Score for Crohn’s Disease (SUS-

CD), correlates well with the SES-CD and may thus be a surrogate of endoscopic 

activity. The usefulness in daily life is further demonstrated, as real-world data with 

patients at different disease stages were included. 

 

Although BWT seems to be sufficient to distinguish between patients with active 

disease from patients in remission, it should be accompanied by additional 

sonographic parameters for quantifying activity. The SUS-CD was developed 

similarly as the SES-CD (66), using multiple linear regression to select the ultrasound 

parameters that should be included. Initially, seven sonographic parameters were 

carefully selected and weighted according to current knowledge (126). Length of the 

affected segment and stenosis were excluded due to multicollinearity and minimal 

unique contribution to the model, respectively. No case of fistula was present, and the 
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parameter was thus excluded. Although penetrating behavior indicates severe disease, 

the presence of fistulas or abscesses do not seem useful for score development as 

activity monitoring should be applicable in heterogeneous patient populations. 

The interobserver analysis of the development cohort revealed excellent agreement 

for BWT (ICC=0.91) and color Doppler (ICC=0.94), while it was poorer for 

stratification (ICC=0.60) and fatty wrapping (ICC=0.45). A recent international inter-

rater agreement study revealed similar findings where BWT (ICC=0.91) and color 

Doppler (κ=0.60) revealed good to excellent agreement, while stratification (κ=0.39) 

and fatty wrapping (κ=0.50) were less reproducible (213). These findings are in 

concordance with a previous Italian study (136). Still, poorer results are previously 

presented (137), highlighting the need for clear definitions and standardization of 

measurements. The high reproducibility of BWT and color Doppler could be due to 

their quantitative interpretation, while stratification and fatty wrapping are more 

subjective and thus more prone to different interpretations.  

The SUS-CD (Appendix V) was finally constituted by BWT and color Doppler as 

they provided significant contributions in predicting endoscopic activity and was easy 

to reproduce. These parameters are the most commonly selected in score 

development (178) and seem to be the best reflectors of disease activity. By 

excluding complications, length, stratification, and fatty wrapping, the ultrasound 

score lacks the ability of evaluating further important aspects of CD. However, the 

trade-off yields a reliable, reproducible, and easy-to-use tool during follow up. The 

excluded parameters may instead serve as additional modifiers when present. Further 

discussion regarding parameter selection, significance, and interpretation is provided 

in the associated paper. 

The ultrasound score seems well suited for monitoring CD activity, still, it is not 

developed for assessing proximal bowel segments, it may not be useful in patients 

with obesity or bowel gas, and does not seem to achieve sufficient sensitivity in 

detecting mild inflammatory lesions. Furthermore, increased BWT could occur in 

fibrotic segments as well, which could lead to misinterpretation. Thus, as the 
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ultrasound score may not be applicable in all patients, a careful selection of patients 

could be necessary. Also, it has not been tested for its ability to detect changes in 

disease activity. Although ultrasonography may not replace ileocolonoscopic 

examinations, it could serve as an adjunct. As it can be frequently performed, GIUS 

might facilitate close monitoring of disease activity and treatment response. 

Implementation of GIUS in clinic may potentially enable better allocation of 

endoscopic- and imaging resources. 

 

5.2.4 Predictive value of bowel perfusion in CD 

In paper I, we found that CEUS-derived bowel perfusion enables prediction of 

treatment outcome as there were significant differences between responders and non-

responders one month after treatment start. Increased bowel perfusion due to 

angiogenesis and dysfunctional regulation of blood supply are features of active CD 

(38, 39), and perfusion estimates may be potential surrogate markers. Our principal 

finding suggests that the efficacy of a treatment regime is poor in patients with 

sustained increased perfusion and that an early change in therapy could be beneficial. 

The current practice in our hospital is to assess the therapeutic outcome after three 

months of treatment start. Hence, implementation of CEUS may potentially 

accelerate treatment decisions, monitor treatment effect, decrease doctor’s delay, and 

enabling better tailoring of patient care. To our knowledge, this was the first study to 

report early perfusion differences with repeated CEUS-examinations during 12 

months of follow-up.  

All amplitude-based perfusion parameters except wash-out area under the curve and 

wash-in/ wash-out area under the curve were statistically significant one month after 

treatment start. However, with a closer examination of the boxplots, there seems to be 

a group effect and the non-significant results could be explained by type 2 errors. 

Moreover, the acquisition lasted for 60 seconds which might be insufficient to 
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evaluate the wash-out of contrast agents, and longer time recordings may be 

necessary. This was later demonstrated by Quaia et al. (167, 169) who found 

significant differences in all amplitude related parameters between responders and 

non-responders, when extending the contrast acquisition period to 120 seconds in 

larger patient cohorts (n=50 and n=115). In line with our results, they could neither 

find significant differences between time-related parameters.  

Our principal finding is in concordance with other studies (167-169, 222), even 

though there are differences in methodology. In our study, re-linearized bowel 

perfusion was normalized using the right iliac artery as an internal scaling factor. In 

contrast, other research groups evaluated the percentage change between perfusion at 

baseline and follow-up without using a scaling factor (167, 169, 223), measured 

video intensity in greyscale on log-compressed recordings (222), or assessed the pre-

post difference in contrast enhancement on the same recording on log-compressed 

video data (168). Measurements of contrast intensity in decibel may be another 

method useful in clinic (161) although linear intensity data is the only mathematically 

valid approach for perfusion calculation (115).  

Beyond the differences in methods and numerical values, all aforementioned studies 

reached similar conclusions. There are, however, serious concerns regarding 

reproducibility which could be partly due to vendor-specific detection of 

microbubbles and difficulties in obtaining raw-data (116, 224, 225), as well as inter-

individual differences in the arterial input function (AIF). Thus, both the 

quantification method as well as the US machine- and settings must be identical in 

follow-up examinations. The AIF describes the input of contrast agents to the tissue 

of interest and is substantially influenced by injection speed and inter-individual 

differences in size, vascular system, and physiology (111, 226, 227). The AIF could 

be estimated using a complex mathematical model, as proposed by Jirik et al., 

enabling calculation of absolute perfusion (mL/min) (111). 

As different ultrasound systems measure contrast signals differently, the comparison 

between various US vendors becomes difficult (228). Application of a calibration 
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procedure using phantoms (224) or by measuring absolute perfusion (111) may 

overcome these challenges. Furthermore, the size and selection of the region of 

interest could significantly influence the result, suggesting that strict criteria are 

needed (229). To facilitate implementation of CEUS in treatment monitoring, an 

international consensus regarding standardization of acquisition, perfusion 

quantification, and software selection is warranted. 
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6. Conclusion  

We demonstrated that gastrointestinal ultrasound could accurately quantify 

inflammatory activity in CD. We developed and validated a simple ultrasound 

activity index that correlates well with ileocolonoscopy and has low interobserver 

variability. We have also provided evidence for the ability of ultrasonography to 

accurately differentiate between patients with disease activity from patients in 

endoscopic remission. Bowel wall thickness exceeding 3 mm is a simple and 

reproducible cut-off value, providing sufficient discriminative ability. Thus, 

implementation of ultrasonography in outpatient clinics could significantly impact 

clinical decision making. Furthermore, by adding ultrasound contrast agents, we 

demonstrated the ability of ultrasonography to provide prognostic information 

regarding treatment effect, as there were perfusion differences between medical 

responders and non-responders. Still, challenges remain before CEUS could be 

implemented as part of routine clinical practice.  

 

 

 

 

 

 

 



57 

 

7. Future perspectives  

Ileocolonoscopy will still be necessary in the management of CD patients but has 

limitations that restrict its use. Implementation of ultrasonography during follow-up 

could reduce the need for ileocolonoscopic examinations, enabling better allocation 

of endoscopic resources. Future studies or expert recommendations should further 

designate dedicated scenarios where ultrasonography may be appropriate, and further 

clarify which should be reserved for other modalities.  

We developed an ultrasound activity index (SUS-CD) that correlates well with 

endoscopy and may ease interpretation of ultrasonographic disease activity. Still, the 

scoring system should be validated by other groups and tested for responsiveness to 

changes in disease activity before incorporation in clinical practice. Future studies 

may further investigate the ability of the SUS-CD to guide treatment decisions. The 

clinical significance of transmural healing is uncertain, although it may represent a 

profound level of healing. This could be further clarified in large prospective studies 

including MRI, ultrasound, and ileocolonoscopy.  

Point-of-care-ultrasonography (POCUS) allows for rapid diagnosis at the bedside and 

has emerged as a valuable tool in the emergency department. In bowel ultrasound, 

POCUS is an evolving concept and still in its infancy. As BWT is simple, 

reproducible, and highly accurate to discriminate between active and inactive bowel 

segments, it may provide clinicians with additional guidance in point-of-care settings 

at the out-patient clinic, and should be further investigated in future studies  

Contrast-enhanced ultrasound has an emerging role in CD management. However, 

there is high variability in detection and quantification of contrast agents, making 

standardization and interpretation of perfusion measurements difficult. Thus, 

standardization, simplification, and improvement of software and quantification 

procedure are needed. Moreover, a comparison of different quantification procedures 

ultimately selecting the most appropriate in daily clinical practice should be 

performed. Finally, 3- and 4D ultrasound may overcome some challenges of CEUS, 
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including out-of-plane images, difficulties in motion correction, and assessment of 

absolute perfusion.  

Many CD patients suffer due to impaired bowel function. The need for frequent 

invasive investigations adds to the patients’ burden. Broader implementation of 

ultrasound as a disease monitoring tool may aid clinicians to perform better tailoring 

of patient care as well as alleviating patient’s burdens.  



59 

 

8. References  

1. Lennard-Jones JE. Classification of inflammatory bowel disease. Scandinavian 

journal of gastroenterology Supplement. 1989;170:2-6; discussion 16-9. 

2. Torres J, Mehandru S, Colombel JF, Peyrin-Biroulet L. Crohn's disease. 

Lancet (London, England). 2017;389(10080):1741-55. 

3. Freeman HJ. Application of the Vienna Classification for Crohn's disease to a 

single clinician database of 877 patients. Canadian journal of gastroenterology = 

Journal canadien de gastroenterologie. 2001;15(2):89-93. 

4. Peyrin-Biroulet L, Loftus EV, Jr., Colombel JF, Sandborn WJ. The natural 

history of adult Crohn's disease in population-based cohorts. The American journal of 

gastroenterology. 2010;105(2):289-97. 

5. Molodecky NA, Soon IS, Rabi DM, Ghali WA, Ferris M, Chernoff G, et al. 

Increasing incidence and prevalence of the inflammatory bowel diseases with time, 

based on systematic review. Gastroenterology. 2012;142(1):46-54 e42; quiz e30. 

6. Ng SC, Shi HY, Hamidi N, Underwood FE, Tang W, Benchimol EI, et al. 

Worldwide incidence and prevalence of inflammatory bowel disease in the 21st 

century: a systematic review of population-based studies. Lancet (London, England). 

2018;390(10114):2769-78. 

7. Burisch J, Pedersen N, Cukovic-Cavka S, Brinar M, Kaimakliotis I, Duricova 

D, et al. East-West gradient in the incidence of inflammatory bowel disease in 

Europe: the ECCO-EpiCom inception cohort. Gut. 2014;63(4):588-97. 

8. Shivananda S, Lennard-Jones J, Logan R, Fear N, Price A, Carpenter L, et al. 

Incidence of inflammatory bowel disease across Europe: is there a difference between 

north and south? Results of the European Collaborative Study on Inflammatory 

Bowel Disease (EC-IBD). Gut. 1996;39(5):690-7. 

9. Kappelman MD, Rifas-Shiman SL, Kleinman K, Ollendorf D, Bousvaros A, 

Grand RJ, et al. The prevalence and geographic distribution of Crohn's disease and 

ulcerative colitis in the United States. Clinical gastroenterology and hepatology : the 

official clinical practice journal of the American Gastroenterological Association. 

2007;5(12):1424-9. 

10. Lördal M, Burisch J, Langholz E, Knudsen T, Voutilainen M, Moum B, et al. 

P237 Annual incidence and prevalence of ulcerative colitis and Crohn’s disease from 

2010 to 2017 in four Nordic countries: Results from the TRINordic study. Journal of 

Crohn's and Colitis. 2020;14(Supplement_1):S261-S2. 

11. Abraham C, Cho JH. Inflammatory bowel disease. The New England journal 

of medicine. 2009;361(21):2066-78. 

12. Xavier RJ, Podolsky DK. Unravelling the pathogenesis of inflammatory bowel 

disease. Nature. 2007;448(7152):427-34. 

13. Ng SC, Bernstein CN, Vatn MH, Lakatos PL, Loftus EV, Jr., Tysk C, et al. 

Geographical variability and environmental risk factors in inflammatory bowel 

disease. Gut. 2013;62(4):630-49. 



 60 

14. Satsangi J, Silverberg MS, Vermeire S, Colombel JF. The Montreal 

classification of inflammatory bowel disease: controversies, consensus, and 

implications. Gut. 2006;55(6):749-53. 

15. Aniwan S, Park SH, Loftus EV, Jr. Epidemiology, Natural History, and Risk 

Stratification of Crohn's Disease. Gastroenterology clinics of North America. 

2017;46(3):463-80. 

16. Louis E, Collard A, Oger AF, Degroote E, Aboul Nasr El Yafi FA, Belaiche J. 

Behaviour of Crohn's disease according to the Vienna classification: changing pattern 

over the course of the disease. Gut. 2001;49(6):777-82. 

17. Gomollon F, Dignass A, Annese V, Tilg H, Van Assche G, Lindsay JO, et al. 

3rd European Evidence-based Consensus on the Diagnosis and Management of 

Crohn's Disease 2016: Part 1: Diagnosis and Medical Management. Journal of 

Crohn's & colitis. 2017;11(1):3-25. 

18. Thia KT, Sandborn WJ, Harmsen WS, Zinsmeister AR, Loftus EV, Jr. Risk 

factors associated with progression to intestinal complications of Crohn's disease in a 

population-based cohort. Gastroenterology. 2010;139(4):1147-55. 

19. Richards RJ. Management of abdominal and pelvic abscess in Crohn's disease. 

World J Gastrointest Endosc. 2011;3(11):209-12. 

20. Vavricka SR, Brun L, Ballabeni P, Pittet V, Prinz Vavricka BM, Zeitz J, et al. 

Frequency and risk factors for extraintestinal manifestations in the Swiss 

inflammatory bowel disease cohort. The American journal of gastroenterology. 

2011;106(1):110-9. 

21. Solberg IC, Vatn MH, Hoie O, Stray N, Sauar J, Jahnsen J, et al. Clinical 

course in Crohn's disease: results of a Norwegian population-based ten-year follow-

up study. Clinical gastroenterology and hepatology : the official clinical practice 

journal of the American Gastroenterological Association. 2007;5(12):1430-8. 

22. Beaugerie L, Seksik P, Nion-Larmurier I, Gendre JP, Cosnes J. Predictors of 

Crohn's disease. Gastroenterology. 2006;130(3):650-6. 

23. Hoivik ML, Moum B, Solberg IC, Henriksen M, Cvancarova M, Bernklev T, 

et al. Work disability in inflammatory bowel disease patients 10 years after disease 

onset: results from the IBSEN Study. Gut. 2013;62(3):368-75. 

24. Henriksen M, Jahnsen J, Lygren I, Stray N, Sauar J, Vatn MH, et al. C-reactive 

protein: a predictive factor and marker of inflammation in inflammatory bowel 

disease. Results from a prospective population-based study. Gut. 2008;57(11):1518-

23. 

25. To N, Gracie DJ, Ford AC. Systematic review with meta-analysis: the adverse 

effects of tobacco smoking on the natural history of Crohn's disease. Alimentary 

pharmacology & therapeutics. 2016;43(5):549-61. 

26. Hovde O, Kempski-Monstad I, Smastuen MC, Solberg IC, Henriksen M, 

Jahnsen J, et al. Mortality and causes of death in Crohn's disease: results from 20 

years of follow-up in the IBSEN study. Gut. 2014;63(5):771-5. 

27. Rieder F, Zimmermann EM, Remzi FH, Sandborn WJ. Crohn's disease 

complicated by strictures: a systematic review. Gut. 2013;62(7):1072-84. 

28. Latella G, Rogler G, Bamias G, Breynaert C, Florholmen J, Pellino G, et al. 

Results of the 4th scientific workshop of the ECCO (I): pathophysiology of intestinal 

fibrosis in IBD. Journal of Crohn's & colitis. 2014;8(10):1147-65. 



61 

 

29. Lenze F, Wessling J, Bremer J, Ullerich H, Spieker T, Weckesser M, et al. 

Detection and differentiation of inflammatory versus fibromatous Crohn's disease 

strictures: prospective comparison of 18F-FDG-PET/CT, MR-enteroclysis, and 

transabdominal ultrasound versus endoscopic/histologic evaluation. Inflammatory 

bowel diseases. 2012;18(12):2252-60. 

30. Gionchetti P, Dignass A, Danese S, Magro Dias FJ, Rogler G, Lakatos PL, et 

al. 3rd European Evidence-based Consensus on the Diagnosis and Management of 

Crohn's Disease 2016: Part 2: Surgical Management and Special Situations. Journal 

of Crohn's & colitis. 2017;11(2):135-49. 

31. Magro F, Langner C, Driessen A, Ensari A, Geboes K, Mantzaris GJ, et al. 

European consensus on the histopathology of inflammatory bowel disease. Journal of 

Crohn's & colitis. 2013;7(10):827-51. 

32. Rubio CA, Orrego A, Nesi G, Finkel Y. Frequency of epithelioid granulomas 

in colonoscopic biopsy specimens from paediatric and adult patients with Crohn's 

colitis. J Clin Pathol. 2007;60(11):1268-72. 

33. Heresbach D, Alexandre JL, Branger B, Bretagne JF, Cruchant E, Dabadie A, 

et al. Frequency and significance of granulomas in a cohort of incident cases of 

Crohn's disease. Gut. 2005;54(2):215-22. 

34. De Matos V, Russo PA, Cohen AB, Mamula P, Baldassano RN, Piccoli DA. 

Frequency and clinical correlations of granulomas in children with Crohn disease. 

Journal of pediatric gastroenterology and nutrition. 2008;46(4):392-8. 

35. Molnar T, Tiszlavicz L, Gyulai C, Nagy F, Lonovics J. Clinical significance of 

granuloma in Crohn's disease. World journal of gastroenterology. 2005;11(20):3118-

21. 

36. Alkim C, Alkim H, Koksal AR, Boga S, Sen I. Angiogenesis in Inflammatory 

Bowel Disease. Int J Inflam. 2015;2015:970890. 

37. Deban L, Correale C, Vetrano S, Malesci A, Danese S. Multiple pathogenic 

roles of microvasculature in inflammatory bowel disease: a Jack of all trades. Am J 

Pathol. 2008;172(6):1457-66. 

38. Hatoum OA, Binion DG, Otterson MF, Gutterman DD. Acquired 

microvascular dysfunction in inflammatory bowel disease: Loss of nitric oxide-

mediated vasodilation. Gastroenterology. 2003;125(1):58-69. 

39. Danese S, Sans M, de la Motte C, Graziani C, West G, Phillips MH, et al. 

Angiogenesis as a novel component of inflammatory bowel disease pathogenesis. 

Gastroenterology. 2006;130(7):2060-73. 

40. Alkim C, Savas B, Ensari A, Alkim H, Dagli U, Parlak E, et al. Expression of 

p53, VEGF, microvessel density, and cyclin-D1 in noncancerous tissue of 

inflammatory bowel disease. Digestive diseases and sciences. 2009;54(9):1979-84. 

41. Hulten L, Lindhagen J, Lundgren O, Fasth S, Ahren C. Regional intestinal 

blood flow in ulcerative colitis and Crohn's disease. Gastroenterology. 

1977;72(3):388-96. 

42. Maaser C, Sturm A, Vavricka SR, Kucharzik T, Fiorino G, Annese V, et al. 

ECCO-ESGAR Guideline for Diagnostic Assessment in IBD Part 1: Initial diagnosis, 



 62 

monitoring of known IBD, detection of complications. Journal of Crohn's & colitis. 

2019;13(2):144-64. 

43. Walsh AJ, Bryant RV, Travis SP. Current best practice for disease activity 

assessment in IBD. Nat Rev Gastroenterol Hepatol. 2016;13(10):567-79. 

44. Baumgart DC, Sandborn WJ. Crohn's disease. Lancet (London, England). 

2012;380(9853):1590-605. 

45. Best WR, Becktel JM, Singleton JW, Kern F, Jr. Development of a Crohn's 

disease activity index. National Cooperative Crohn's Disease Study. 

Gastroenterology. 1976;70(3):439-44. 

46. Harvey RF, Bradshaw JM. A simple index of Crohn's-disease activity. Lancet 

(London, England). 1980;1(8167):514. 

47. Peyrin-Biroulet L, Panes J, Sandborn WJ, Vermeire S, Danese S, Feagan BG, 

et al. Defining Disease Severity in Inflammatory Bowel Diseases: Current and Future 

Directions. Clinical gastroenterology and hepatology : the official clinical practice 

journal of the American Gastroenterological Association. 2016;14(3):348-54 e17. 

48. Vermeire S, Schreiber S, Sandborn WJ, Dubois C, Rutgeerts P. Correlation 

between the Crohn's disease activity and Harvey-Bradshaw indices in assessing 

Crohn's disease severity. Clinical gastroenterology and hepatology : the official 

clinical practice journal of the American Gastroenterological Association. 

2010;8(4):357-63. 

49. Peyrin-Biroulet L, Reinisch W, Colombel JF, Mantzaris GJ, Kornbluth A, 

Diamond R, et al. Clinical disease activity, C-reactive protein normalisation and 

mucosal healing in Crohn's disease in the SONIC trial. Gut. 2014;63(1):88-95. 

50. Falvey JD, Hoskin T, Meijer B, Ashcroft A, Walmsley R, Day AS, et al. 

Disease activity assessment in IBD: clinical indices and biomarkers fail to predict 

endoscopic remission. Inflammatory bowel diseases. 2015;21(4):824-31. 

51. Vilela EG, Torres HO, Martins FP, Ferrari Mde L, Andrade MM, Cunha AS. 

Evaluation of inflammatory activity in Crohn's disease and ulcerative colitis. World 

journal of gastroenterology. 2012;18(9):872-81. 

52. Dignass AU, Gasche C, Bettenworth D, Birgegård G, Danese S, Gisbert JP, et 

al. European Consensus on the Diagnosis and Management of Iron Deficiency and 

Anaemia in Inflammatory Bowel Diseases. Journal of Crohn's and Colitis. 

2015;9(3):211-22. 

53. Lewis JD. The utility of biomarkers in the diagnosis and therapy of 

inflammatory bowel disease. Gastroenterology. 2011;140(6):1817-26 e2. 

54. Mosli MH, Zou G, Garg SK, Feagan SG, MacDonald JK, Chande N, et al. C-

Reactive Protein, Fecal Calprotectin, and Stool Lactoferrin for Detection of 

Endoscopic Activity in Symptomatic Inflammatory Bowel Disease Patients: A 

Systematic Review and Meta-Analysis. The American journal of gastroenterology. 

2015;110(6):802-19; quiz 20. 

55. Schoepfer AM, Beglinger C, Straumann A, Trummler M, Vavricka SR, 

Bruegger LE, et al. Fecal calprotectin correlates more closely with the Simple 

Endoscopic Score for Crohn's disease (SES-CD) than CRP, blood leukocytes, and the 

CDAI. The American journal of gastroenterology. 2010;105(1):162-9. 

56. Heida A, Park KT, van Rheenen PF. Clinical Utility of Fecal Calprotectin 

Monitoring in Asymptomatic Patients with Inflammatory Bowel Disease: A 



63 

 

Systematic Review and Practical Guide. Inflammatory bowel diseases. 

2017;23(6):894-902. 

57. van Rheenen PF, Van de Vijver E, Fidler V. Faecal calprotectin for screening 

of patients with suspected inflammatory bowel disease: diagnostic meta-analysis. 

BMJ (Clinical research ed). 2010;341:c3369. 

58. Kopylov U, Yung DE, Engel T, Avni T, Battat R, Ben-Horin S, et al. Fecal 

calprotectin for the prediction of small-bowel Crohn's disease by capsule endoscopy: 

a systematic review and meta-analysis. European journal of gastroenterology & 

hepatology. 2016;28(10):1137-44. 

59. Menees SB, Powell C, Kurlander J, Goel A, Chey WD. A meta-analysis of the 

utility of C-reactive protein, erythrocyte sedimentation rate, fecal calprotectin, and 

fecal lactoferrin to exclude inflammatory bowel disease in adults with IBS. The 

American journal of gastroenterology. 2015;110(3):444-54. 

60. Abej E, El-Matary W, Singh H, Bernstein CN. The Utility of Fecal 

Calprotectin in the Real-World Clinical Care of Patients with Inflammatory Bowel 

Disease. Can J Gastroenterol Hepatol. 2016;2016:2483261. 

61. Tibble J, Sigthorsson G, Foster R, Sherwood R, Fagerhol M, Bjarnason I. 

Faecal calprotectin and faecal occult blood tests in the diagnosis of colorectal 

carcinoma and adenoma. Gut. 2001;49(3):402-8. 

62. Turvill J, Aghahoseini A, Sivarajasingham N, Abbas K, Choudhry M, Polyzois 

K, et al. Faecal calprotectin in patients with suspected colorectal cancer: a diagnostic 

accuracy study. Br J Gen Pract. 2016;66(648):e499-506. 

63. Annese V, Daperno M, Rutter MD, Amiot A, Bossuyt P, East J, et al. 

European evidence based consensus for endoscopy in inflammatory bowel disease. 

Journal of Crohn's & colitis. 2013;7(12):982-1018. 

64. Khanna R, Bouguen G, Feagan BG, D'Haens G, Sandborn WJ, Dubcenco E, et 

al. A systematic review of measurement of endoscopic disease activity and mucosal 

healing in Crohn's disease: recommendations for clinical trial design. Inflammatory 

bowel diseases. 2014;20(10):1850-61. 

65. Mary JY, Modigliani R. Development and validation of an endoscopic index 

of the severity for Crohn's disease: a prospective multicentre study. Groupe d'Etudes 

Therapeutiques des Affections Inflammatoires du Tube Digestif (GETAID). Gut. 

1989;30(7):983-9. 

66. Daperno M, D'Haens G, Van Assche G, Baert F, Bulois P, Maunoury V, et al. 

Development and validation of a new, simplified endoscopic activity score for 

Crohn's disease: the SES-CD. Gastrointestinal endoscopy. 2004;60(4):505-12. 

67. Sipponen T, Nuutinen H, Turunen U, Farkkila M. Endoscopic evaluation of 

Crohn's disease activity: comparison of the CDEIS and the SES-CD. Inflammatory 

bowel diseases. 2010;16(12):2131-6. 

68. Rutgeerts P, Geboes K, Vantrappen G, Beyls J, Kerremans R, Hiele M. 

Predictability of the postoperative course of Crohn's disease. Gastroenterology. 

1990;99(4):956-63. 

69. Sturm A, Maaser C, Calabrese E, Annese V, Fiorino G, Kucharzik T, et al. 

ECCO-ESGAR Guideline for Diagnostic Assessment in IBD Part 2: IBD scores and 



 64 

general principles and technical aspects. Journal of Crohn's & colitis. 2019;13(3):273-

84. 

70. Pineton de Chambrun G, Blanc P, Peyrin-Biroulet L. Current evidence 

supporting mucosal healing and deep remission as important treatment goals for 

inflammatory bowel disease. Expert Rev Gastroenterol Hepatol. 2016;10(8):915-27. 

71. Vuitton L, Marteau P, Sandborn WJ, Levesque BG, Feagan B, Vermeire S, et 

al. IOIBD technical review on endoscopic indices for Crohn's disease clinical trials. 

Gut. 2016;65(9):1447-55. 

72. Samuel S, Bruining DH, Loftus EV, Jr., Becker B, Fletcher JG, Mandrekar JN, 

et al. Endoscopic skipping of the distal terminal ileum in Crohn's disease can lead to 

negative results from ileocolonoscopy. Clinical gastroenterology and hepatology : the 

official clinical practice journal of the American Gastroenterological Association. 

2012;10(11):1253-9. 

73. Seip B, Bretthauer M, Dahler S, Friestad J, Huppertz-Hauss G, Hoie O, et al. 

Patient satisfaction with on-demand sedation for outpatient colonoscopy. Endoscopy. 

2010;42(8):639-46. 

74. Panes J, Bouzas R, Chaparro M, Garcia-Sanchez V, Gisbert JP, Martinez de 

Guerenu B, et al. Systematic review: the use of ultrasonography, computed 

tomography and magnetic resonance imaging for the diagnosis, assessment of activity 

and abdominal complications of Crohn's disease. Alimentary pharmacology & 

therapeutics. 2011;34(2):125-45. 

75. Horsthuis K, Bipat S, Bennink RJ, Stoker J. Inflammatory bowel disease 

diagnosed with US, MR, scintigraphy, and CT: meta-analysis of prospective studies. 

Radiology. 2008;247(1):64-79. 

76. Greenup AJ, Bressler B, Rosenfeld G. Medical Imaging in Small Bowel 

Crohn's Disease-Computer Tomography Enterography, Magnetic Resonance 

Enterography, and Ultrasound: "Which One Is the Best for What?". Inflammatory 

bowel diseases. 2016;22(5):1246-61. 

77. Qiu Y, Mao R, Chen BL, Li XH, He Y, Zeng ZR, et al. Systematic review 

with meta-analysis: magnetic resonance enterography vs. computed tomography 

enterography for evaluating disease activity in small bowel Crohn's disease. 

Alimentary pharmacology & therapeutics. 2014;40(2):134-46. 

78. Brenner DJ, Hall EJ. Computed tomography--an increasing source of radiation 

exposure. The New England journal of medicine. 2007;357(22):2277-84. 

79. Chatu S, Subramanian V, Pollok RC. Meta-analysis: diagnostic medical 

radiation exposure in inflammatory bowel disease. Alimentary pharmacology & 

therapeutics. 2012;35(5):529-39. 

80. Siddiki H, Fletcher JG, Hara AK, Kofler JM, McCollough CH, Fidler JL, et al. 

Validation of a lower radiation computed tomography enterography imaging protocol 

to detect Crohn's disease in the small bowel. Inflammatory bowel diseases. 

2011;17(3):778-86. 

81. Gandhi NS, Baker ME, Goenka AH, Bullen JA, Obuchowski NA, Remer EM, 

et al. Diagnostic Accuracy of CT Enterography for Active Inflammatory Terminal 

Ileal Crohn Disease: Comparison of Full-Dose and Half-Dose Images Reconstructed 

with FBP and Half-Dose Images with SAFIRE. Radiology. 2016;280(2):436-45. 



65 

 

82. Taylor SA, Mallett S, Bhatnagar G, Baldwin-Cleland R, Bloom S, Gupta A, et 

al. Diagnostic accuracy of magnetic resonance enterography and small bowel 

ultrasound for the extent and activity of newly diagnosed and relapsed Crohn's 

disease (METRIC): a multicentre trial. The lancet Gastroenterology & hepatology. 

2018;3(8):548-58. 

83. Ahmed O, Rodrigues DM, Nguyen GC. Magnetic Resonance Imaging of the 

Small Bowel in Crohn's Disease: A Systematic Review and Meta-Analysis. Can J 

Gastroenterol Hepatol. 2016;2016:7857352. 

84. Church PC, Turner D, Feldman BM, Walters TD, Greer ML, Amitai MM, et 

al. Systematic review with meta-analysis: magnetic resonance enterography signs for 

the detection of inflammation and intestinal damage in Crohn's disease. Alimentary 

pharmacology & therapeutics. 2015;41(2):153-66. 

85. Tielbeek JA, Lowenberg M, Bipat S, Horsthuis K, Ponsioen CY, D'Haens GR, 

et al. Serial magnetic resonance imaging for monitoring medical therapy effects in 

Crohn's disease. Inflammatory bowel diseases. 2013;19(9):1943-50. 

86. Rimola J, Alvarez-Cofino A, Perez-Jeldres T, Ayuso C, Alfaro I, Rodriguez S, 

et al. Comparison of three magnetic resonance enterography indices for grading 

activity in Crohn's disease. Journal of gastroenterology. 2017;52(5):585-93. 

87. Rimola J, Ordas I, Rodriguez S, Garcia-Bosch O, Aceituno M, Llach J, et al. 

Magnetic resonance imaging for evaluation of Crohn's disease: validation of 

parameters of severity and quantitative index of activity. Inflammatory bowel 

diseases. 2011;17(8):1759-68. 

88. Rimola J, Rodriguez S, Garcia-Bosch O, Ordas I, Ayala E, Aceituno M, et al. 

Magnetic resonance for assessment of disease activity and severity in ileocolonic 

Crohn's disease. Gut. 2009;58(8):1113-20. 

89. Ordas I, Rimola J, Rodriguez S, Paredes JM, Martinez-Perez MJ, Blanc E, et 

al. Accuracy of magnetic resonance enterography in assessing response to therapy 

and mucosal healing in patients with Crohn's disease. Gastroenterology. 

2014;146(2):374-82 e1. 

90. Ordas I, Rimola J, Alfaro I, Rodriguez S, Castro-Poceiro J, Ramirez-Morros 

A, et al. Development and Validation of a Simplified Magnetic Resonance Index of 

Activity for Crohn's Disease. Gastroenterology. 2019;157(2):432-9 e1. 

91. Dill T. Contraindications to magnetic resonance imaging. Heart. 

2008;94(7):943. 

92. Ødegaard S, Gilja O, Matre K. Innføring i Abdominal Ultrasonografi. 1 ed: 

Fagbokforlaget; 2009. 

93. Hoskins PR, Martin K, Trush A. Diagnostic Ultrasound: Physics and 

Equipment. 2 ed. Cambridge: Cambridge University Press; 2010. 

94. Allan PA. Clinical doppler ultrasound / edited by Paul L. Allan...[et al.]. 

London Churchill Livingstone,2000. x, 293 p. p. 

95. Dietrich CF, Averkiou MA, Correas JM, Lassau N, Leen E, Piscaglia F. An 

EFSUMB introduction into Dynamic Contrast-Enhanced Ultrasound (DCE-US) for 

quantification of tumour perfusion. Ultraschall in der Medizin (Stuttgart, Germany : 

1980). 2012;33(4):344-51. 



 66 

96. Dietrich CF, Averkiou M, Nielsen MB, Barr RG, Burns PN, Calliada F, et al. 

How to perform Contrast-Enhanced Ultrasound (CEUS). Ultrasound international 

open. 2018;4(1):E2-E15. 

97. Postema M, Gilja OH. Contrast-enhanced and targeted ultrasound. World 

journal of gastroenterology. 2011;17(1):28-41. 

98. Claudon M, Dietrich CF, Choi BI, Cosgrove DO, Kudo M, Nolsoe CP, et al. 

Guidelines and good clinical practice recommendations for contrast-enhanced 

ultrasound (CEUS) in the liver--update 2012: a WFUMB-EFSUMB initiative in 

cooperation with representatives of AFSUMB, AIUM, ASUM, FLAUS and ICUS. 

Ultraschall in der Medizin (Stuttgart, Germany : 1980). 2013;34(1):11-29. 

99. Sidhu PS, Cantisani V, Dietrich CF, Gilja OH, Saftoiu A, Bartels E, et al. The 

EFSUMB Guidelines and Recommendations for the Clinical Practice of Contrast-

Enhanced Ultrasound (CEUS) in Non-Hepatic Applications: Update 2017 (Short 

Version). Ultraschall in der Medizin (Stuttgart, Germany : 1980). 2018;39(2):154-80. 

100. Piscaglia F, Nolsoe C, Dietrich CF, Cosgrove DO, Gilja OH, Bachmann 

Nielsen M, et al. The EFSUMB Guidelines and Recommendations on the Clinical 

Practice of Contrast-enhanced ultrasound (CEUS): update 2011 on non-hepatic 

applications. Ultraschall in der Medizin (Stuttgart, Germany : 1980). 2012;33(1):33-

59. 

101. Lencioni R, Della Pina C, Dietrich C. Enhancing the Role of Ultrasound with 

Contrast Agents. 1 ed: Springer; 2006 May 11, 2006. 264 p. 

102. Schneider M. SonoVue, a new ultrasound contrast agent. European radiology. 

1999;9 Suppl 3:S347-8. 

103. Correas JM, Meuter AR, Singlas E, Kessler DR, Worah D, Quay SC. Human 

pharmacokinetics of a perfluorocarbon ultrasound contrast agent evaluated with gas 

chromatography. Ultrasound in medicine & biology. 2001;27(4):565-70. 

104. Ignee A, Atkinson NS, Schuessler G, Dietrich CF. Ultrasound contrast agents. 

Endosc Ultrasound. 2016;5(6):355-62. 

105. de Jong N, Bouakaz A, Frinking P. Basic acoustic properties of microbubbles. 

Echocardiography (Mount Kisco, NY). 2002;19(3):229-40. 

106. Gorce JM, Arditi M, Schneider M. Influence of bubble size distribution on the 

echogenicity of ultrasound contrast agents: a study of SonoVue. Investigative 

radiology. 2000;35(11):661-71. 

107. Weskott HP. Contrast-enhanced ultrasound. 1 ed. Bremen: UNI-MED Verlag 

AG; 2011. 

108. Wilson SR, Burns PN. Microbubble-enhanced US in body imaging: what role? 

Radiology. 2010;257(1):24-39. 

109. Eckersley R. Contrast Media, Ultrasound, Amplitude Modulation. In: Baert 

AL, editor. Encyclopedia of Diagnostic Imaging. Berlin, Heidelberg: Springer Berlin 

Heidelberg; 2008. p. 522. 

110. Wang Z, Tang J, An L, Wang W, Luo Y, Li J, et al. Contrast-enhanced 

ultrasonography for assessment of tumor vascularity in hepatocellular carcinoma. J 

Ultrasound Med. 2007;26(6):757-62. 

111. Jirik R, Nylund K, Gilja OH, Mezl M, Harabis V, Kolar R, et al. Ultrasound 

perfusion analysis combining bolus-tracking and burst-replenishment. IEEE Trans 

Ultrason Ferroelectr Freq Control. 2013;60(2):310-9. 



67 

 

112. Lampaskis M, Averkiou M. Investigation of the relationship of nonlinear 

backscattered ultrasound intensity with microbubble concentration at low MI. 

Ultrasound in medicine & biology. 2010;36(2):306-12. 

113. Tranquart F, Mercier L, Frinking P, Gaud E, Arditi M. Perfusion quantification 

in contrast-enhanced ultrasound (CEUS)--ready for research projects and routine 

clinical use. Ultraschall in der Medizin (Stuttgart, Germany : 1980). 2012;33 Suppl 

1:S31-8. 

114. Greis C. Quantitative evaluation of microvascular blood flow by contrast-

enhanced ultrasound (CEUS). Clinical hemorheology and microcirculation. 

2011;49(1-4):137-49. 

115. Peronneau P, Lassau N, Leguerney I, Roche A, Cosgrove D. Contrast 

ultrasonography: necessity of linear data processing for the quantification of tumor 

vascularization. Ultraschall in der Medizin (Stuttgart, Germany : 1980). 

2010;31(4):370-8. 

116. Rognin NG, Frinking P, Costa M, Arditi M. In-vivo perfusion quantification 

by contrast ultrasound: Validation of the use of linearized video data vs. raw RF data.  

2008 IEEE Ultrasonics Symposium; 2-5 Nov. 20082008. p. 1690-3. 

117. Abramowicz J, Akiyama I, Evans D, Marsal K, Ter Haar G, Ziskin M. 

WFUMB policy and statements on safety of ultrasound. Ultrasound in medicine & 

biology. 2013;39(5):926-9. 

118. ter Haar G. The new British Medical Ultrasound Society Guidelines for the 

safe use of diagnostic ultrasound equipment. Ultrasound. 2010;18(2):50-1. 

119. Kollmann C, ter Haar G, Dolezal L, Hennerici M, Salvesen KA, Valentin L. 

Ultrasound emissions: thermal and mechanical indices. Ultraschall in der Medizin 

(Stuttgart, Germany : 1980). 2013;34(5):422-31; quiz 32-4. 

120. Piscaglia F, Bolondi L, Italian Society for Ultrasound in M, Biology Study 

Group on Ultrasound Contrast A. The safety of Sonovue in abdominal applications: 

retrospective analysis of 23188 investigations. Ultrasound in medicine & biology. 

2006;32(9):1369-75. 

121. Bokor D, Chambers JB, Rees PJ, Mant TG, Luzzani F, Spinazzi A. Clinical 

safety of SonoVue, a new contrast agent for ultrasound imaging, in healthy volunteers 

and in patients with chronic obstructive pulmonary disease. Investigative radiology. 

2001;36(2):104-9. 

122. Tang C, Fang K, Guo Y, Li R, Fan X, Chen P, et al. Safety of Sulfur 

Hexafluoride Microbubbles in Sonography of Abdominal and Superficial Organs: 

Retrospective Analysis of 30,222 Cases. J Ultrasound Med. 2017;36(3):531-8. 

123. Solivetti FM, Elia F, Musicco F, Bonagura AC, Di Leo N, Iera J, et al. 

Anaphylactic shock induced by sulphur hexafluoride in an individual with no history 

of heart disease: case report and literature review. Ultraschall in der Medizin 

(Stuttgart, Germany : 1980). 2012;33(6):597-8. 

124. Geleijnse ML, Nemes A, Vletter WB, Michels M, Soliman OI, Caliskan K, et 

al. Adverse reactions after the use of sulphur hexafluoride (SonoVue) echo contrast 

agent. Journal of cardiovascular medicine (Hagerstown, Md). 2009;10(1):75-7. 



 68 

125. Nylund K, Maconi G, Hollerweger A, Ripolles T, Pallotta N, Higginson A, et 

al. EFSUMB Recommendations and Guidelines for Gastrointestinal Ultrasound. 

Ultraschall in der Medizin (Stuttgart, Germany : 1980). 2017;38(3):e1-e15. 

126. Maconi G, Nylund K, Ripolles T, Calabrese E, Dirks K, Dietrich CF, et al. 

EFSUMB Recommendations and Clinical Guidelines for Intestinal Ultrasound 

(GIUS) in Inflammatory Bowel Diseases. Ultraschall in der Medizin (Stuttgart, 

Germany : 1980). 2018;39(3):304-17. 

127. Calabrese E, Maaser C, Zorzi F, Kannengiesser K, Hanauer SB, Bruining DH, 

et al. Bowel Ultrasonography in the Management of Crohn's Disease. A Review with 

Recommendations of an International Panel of Experts. Inflammatory bowel diseases. 

2016;22(5):1168-83. 

128. Nylund K, Hausken T, Odegaard S, Eide GE, Gilja OH. Gastrointestinal wall 

thickness measured with transabdominal ultrasonography and its relationship to 

demographic factors in healthy subjects. Ultraschall in der Medizin (Stuttgart, 

Germany : 1980). 2012;33(7):E225-E32. 

129. Kimmey MB, Martin RW, Haggitt RC, Wang KY, Franklin DW, Silverstein 

FE. Histologic correlates of gastrointestinal ultrasound images. Gastroenterology. 

1989;96(2 Pt 1):433-41. 

130. Fraquelli M, Colli A, Casazza G, Paggi S, Colucci A, Massironi S, et al. Role 

of US in detection of Crohn disease: meta-analysis. Radiology. 2005;236(1):95-101. 

131. Dong J, Wang H, Zhao J, Zhu W, Zhang L, Gong J, et al. Ultrasound as a 

diagnostic tool in detecting active Crohn's disease: a meta-analysis of prospective 

studies. European radiology. 2014;24(1):26-33. 

132. Kucharzik T, Wittig BM, Helwig U, Borner N, Rossler A, Rath S, et al. Use of 

Intestinal Ultrasound to Monitor Crohn's Disease Activity. Clinical gastroenterology 

and hepatology : the official clinical practice journal of the American 

Gastroenterological Association. 2017;15(4):535-42 e2. 

133. Ripolles T, Martinez MJ, Barrachina MM. Crohn's disease and color Doppler 

sonography: response to treatment and its relationship with long-term prognosis. 

Journal of clinical ultrasound : JCU. 2008;36(5):267-72. 

134. Rispo A, Imperatore N, Testa A, Nardone OM, Luglio G, Caporaso N, et al. 

Diagnostic Accuracy of Ultrasonography in the Detection of Postsurgical Recurrence 

in Crohn's Disease: A Systematic Review with Meta-analysis. Inflammatory bowel 

diseases. 2018;24(5):977-88. 

135. Castiglione F, de Sio I, Cozzolino A, Rispo A, Manguso F, Del Vecchio 

Blanco G, et al. Bowel wall thickness at abdominal ultrasound and the one-year-risk 

of surgery in patients with Crohn's disease. The American journal of 

gastroenterology. 2004;99(10):1977-83. 

136. Fraquelli M, Sarno A, Girelli C, Laudi C, Buscarini E, Villa C, et al. 

Reproducibility of bowel ultrasonography in the evaluation of Crohn's disease. 

Digestive and liver disease : official journal of the Italian Society of Gastroenterology 

and the Italian Association for the Study of the Liver. 2008;40(11):860-6. 

137. Calabrese E, Kucharzik T, Maaser C, Maconi G, Strobel D, Wilson SR, et al. 

Real-time Interobserver Agreement in Bowel Ultrasonography for Diagnostic 

Assessment in Patients With Crohn's Disease: An International Multicenter Study. 

Inflammatory bowel diseases. 2018;24(9):2001-6. 



69 

 

138. Ellrichmann M, Wietzke-Braun P, Dhar S, Nikolaus S, Arlt A, Bethge J, et al. 

Endoscopic ultrasound of the colon for the differentiation of Crohn's disease and 

ulcerative colitis in comparison with healthy controls. Alimentary pharmacology & 

therapeutics. 2014;39(8):823-33. 

139. Nylund K, Jirik R, Mezl M, Leh S, Hausken T, Pfeffer F, et al. Quantitative 

contrast-enhanced ultrasound comparison between inflammatory and fibrotic lesions 

in patients with Crohn's disease. Ultrasound in medicine & biology. 2013;39(7):1197-

206. 

140. Kunihiro K, Hata J, Haruma K, Manabe N, Tanaka S, Chayama K. 

Sonographic detection of longitudinal ulcers in Crohn disease. Scandinavian journal 

of gastroenterology. 2004;39(4):322-6. 

141. Maconi G, Carsana L, Fociani P, Sampietro GM, Ardizzone S, Cristaldi M, et 

al. Small bowel stenosis in Crohn's disease: clinical, biochemical and 

ultrasonographic evaluation of histological features. Alimentary pharmacology & 

therapeutics. 2003;18(7):749-56. 

142. Rigazio C, Ercole E, Laudi C, Daperno M, Lavagna A, Crocella L, et al. 

Abdominal bowel ultrasound can predict the risk of surgery in Crohn's disease: 

proposal of an ultrasonographic score. Scandinavian journal of gastroenterology. 

2009;44(5):585-93. 

143. Maconi G, Greco S, Duca P, Ardizzone S, Massari A, Cassinotti A, et al. 

Prevalence and clinical significance of sonographic evidence of mesenteric fat 

alterations in Crohn's disease. Inflammatory bowel diseases. 2008;14(11):1555-61. 

144. Sarrazin J, Wilson SR. Manifestations of Crohn disease at US. Radiographics : 

a review publication of the Radiological Society of North America, Inc. 

1996;16(3):499-520; discussion -1. 

145. Nylund K, Hausken T, Gilja OH. Ultrasound and inflammatory bowel disease. 

Ultrasound Q. 2010;26(1):3-15. 

146. Neye H, Voderholzer W, Rickes S, Weber J, Wermke W, Lochs H. Evaluation 

of criteria for the activity of Crohn's disease by power Doppler sonography. Digestive 

diseases (Basel, Switzerland). 2004;22(1):67-72. 

147. Drews BH, Barth TF, Hanle MM, Akinli AS, Mason RA, Muche R, et al. 

Comparison of sonographically measured bowel wall vascularity, histology, and 

disease activity in Crohn's disease. European radiology. 2009;19(6):1379-86. 

148. Sasaki T, Kunisaki R, Kinoshita H, Yamamoto H, Kimura H, Hanzawa A, et 

al. Use of color Doppler ultrasonography for evaluating vascularity of small intestinal 

lesions in Crohn's disease: correlation with endoscopic and surgical macroscopic 

findings. Scandinavian journal of gastroenterology. 2014;49(3):295-301. 

149. Esteban JM, Maldonado L, Sanchiz V, Minguez M, Benages A. Activity of 

Crohn's disease assessed by colour Doppler ultrasound analysis of the affected loops. 

European radiology. 2001;11(8):1423-8. 

150. Spalinger J, Patriquin H, Miron MC, Marx G, Herzog D, Dubois J, et al. 

Doppler US in patients with crohn disease: vessel density in the diseased bowel 

reflects disease activity. Radiology. 2000;217(3):787-91. 



 70 

151. Ripolles T, Martinez-Perez MJ, Paredes JM, Vizuete J, Martin G. The Role of 

Intravenous Contrast Agent in the Sonographic Assessment of Crohn's Disease 

Activity: Is Contrast Agent Injection Necessary? Journal of Crohn's & colitis. 

2019;13(5):585-92. 

152. Ripolles T, Rausell N, Paredes JM, Grau E, Martinez MJ, Vizuete J. 

Effectiveness of contrast-enhanced ultrasound for characterisation of intestinal 

inflammation in Crohn's disease: a comparison with surgical histopathology analysis. 

Journal of Crohn's & colitis. 2013;7(2):120-8. 

153. Ripolles T, Martinez-Perez MJ, Blanc E, Delgado F, Vizuete J, Paredes JM, et 

al. Contrast-enhanced ultrasound (CEUS) in Crohn's disease: technique, image 

interpretation and clinical applications. Insights into imaging. 2011;2(6):639-52. 

154. Ma X, Li Y, Jia H, Zhang J, Wang G, Liu X, et al. Contrast-enhanced 

ultrasound in the diagnosis of patients suspected of having active Crohn's disease: 

meta-analysis. Ultrasound in medicine & biology. 2015;41(3):659-68. 

155. Serafin Z, Bialecki M, Bialecka A, Sconfienza LM, Klopocka M. Contrast-

enhanced Ultrasound for Detection of Crohn's Disease Activity: Systematic Review 

and Meta-analysis. Journal of Crohn's & colitis. 2016;10(3):354-62. 

156. Serra C, Menozzi G, Labate AM, Giangregorio F, Gionchetti P, Beltrami M, et 

al. Ultrasound assessment of vascularization of the thickened terminal ileum wall in 

Crohn's disease patients using a low-mechanical index real-time scanning technique 

with a second generation ultrasound contrast agent. European journal of radiology. 

2007;62(1):114-21. 

157. Migaleddu V, Scanu AM, Quaia E, Rocca PC, Dore MP, Scanu D, et al. 

Contrast-enhanced ultrasonographic evaluation of inflammatory activity in Crohn's 

disease. Gastroenterology. 2009;137(1):43-52. 

158. Girlich C, Schacherer D, Jung EM, Schreyer A, Buttner R. Comparison 

between a clinical activity index (Harvey-Bradshaw-Index), laboratory inflammation 

markers and quantitative assessment of bowel wall vascularization by contrast-

enhanced ultrasound in Crohn's disease. European journal of radiology. 

2012;81(6):1105-9. 

159. Ripolles T, Martinez MJ, Paredes JM, Blanc E, Flors L, Delgado F. Crohn 

disease: correlation of findings at contrast-enhanced US with severity at endoscopy. 

Radiology. 2009;253(1):241-8. 

160. Quaia E, Migaleddu V, Baratella E, Pizzolato R, Rossi A, Grotto M, et al. The 

diagnostic value of small bowel wall vascularity after sulfur hexafluoride-filled 

microbubble injection in patients with Crohn's disease. Correlation with the 

therapeutic effectiveness of specific anti-inflammatory treatment. European journal of 

radiology. 2009;69(3):438-44. 

161. Medellin-Kowalewski A, Wilkens R, Wilson A, Ruan J, Wilson SR. 

Quantitative Contrast-Enhanced Ultrasound Parameters in Crohn Disease: Their Role 

in Disease Activity Determination With Ultrasound. AJR American journal of 

roentgenology. 2016;206(1):64-73. 

162. Horjus Talabur Horje CS, Bruijnen R, Roovers L, Groenen MJ, Joosten FB, 

Wahab PJ. Contrast Enhanced Abdominal Ultrasound in the Assessment of Ileal 

Inflammation in Crohn's Disease: A Comparison with MR Enterography. PLoS One. 

2015;10(8):e0136105. 



71 

 

163. Moreno N, Ripolles T, Paredes JM, Ortiz I, Martinez MJ, Lopez A, et al. 

Usefulness of abdominal ultrasonography in the analysis of endoscopic activity in 

patients with Crohn's disease: changes following treatment with immunomodulators 

and/or anti-TNF antibodies. Journal of Crohn's & colitis. 2014;8(9):1079-87. 

164. Quaia E, De Paoli L, Stocca T, Cabibbo B, Casagrande F, Cova MA. The 

value of small bowel wall contrast enhancement after sulfur hexafluoride-filled 

microbubble injection to differentiate inflammatory from fibrotic strictures in patients 

with Crohn's disease. Ultrasound in medicine & biology. 2012;38(8):1324-32. 

165. Quaia E, Gennari AG, van Beek EJR. Differentiation of Inflammatory from 

Fibrotic Ileal Strictures among Patients with Crohn's Disease through Analysis of 

Time-Intensity Curves Obtained after Microbubble Contrast Agent Injection. 

Ultrasound in medicine & biology. 2017;43(6):1171-8. 

166. Nylund K, Saevik F, Leh S, Pfeffer F, Hausken T, Gilja OH. Interobserver 

Analysis of CEUS-Derived Perfusion in Fibrotic and Inflammatory Crohn's Disease. 

Ultraschall in der Medizin (Stuttgart, Germany : 1980). 2019;40(1):76-84. 

167. Quaia E, Sozzi M, Angileri R, Gennari AG, Cova MA. Time-Intensity Curves 

Obtained after Microbubble Injection Can Be Used to Differentiate Responders from 

Nonresponders among Patients with Clinically Active Crohn Disease after 6 Weeks 

of Pharmacologic Treatment. Radiology. 2016;281(2):606-16. 

168. Ripolles T, Paredes JM, Martinez-Perez MJ, Rimola J, Jauregui-Amezaga A, 

Bouzas R, et al. Ultrasonographic Changes at 12 Weeks of Anti-TNF Drugs Predict 

1-year Sonographic Response and Clinical Outcome in Crohn's Disease: A 

Multicenter Study. Inflammatory bowel diseases. 2016;22(10):2465-73. 

169. Quaia E, Gennari AG, Cova MA. Early Predictors of the Long-term Response 

to Therapy in Patients With Crohn Disease Derived From a Time-Intensity Curve 

Analysis After Microbubble Contrast Agent Injection. J Ultrasound Med. 

2019;38(4):947-58. 

170. Ripolles T, Martinez-Perez MJ, Paredes JM, Vizuete J, Garcia-Martinez E, 

Jimenez-Restrepo DH. Contrast-enhanced ultrasound in the differentiation between 

phlegmon and abscess in Crohn's disease and other abdominal conditions. European 

journal of radiology. 2013;82(10):e525-31. 

171. Daperno M, Castiglione F, de Ridder L, Dotan I, Farkkila M, Florholmen J, et 

al. Results of the 2nd part Scientific Workshop of the ECCO. II: Measures and 

markers of prediction to achieve, detect, and monitor intestinal healing in 

inflammatory bowel disease. Journal of Crohn's & colitis. 2011;5(5):484-98. 

172. Castiglione F, Mainenti P, Testa A, Imperatore N, De Palma GD, Maurea S, et 

al. Cross-sectional evaluation of transmural healing in patients with Crohn's disease 

on maintenance treatment with anti-TNF alpha agents. Digestive and liver disease : 

official journal of the Italian Society of Gastroenterology and the Italian Association 

for the Study of the Liver. 2017;49(5):484-9. 

173. Castiglione F, Testa A, Rea M, De Palma GD, Diaferia M, Musto D, et al. 

Transmural healing evaluated by bowel sonography in patients with Crohn's disease 

on maintenance treatment with biologics. Inflammatory bowel diseases. 

2013;19(9):1928-34. 



 72 

174. Civitelli F, Nuti F, Oliva S, Messina L, La Torre G, Viola F, et al. Looking 

Beyond Mucosal Healing: Effect of Biologic Therapy on Transmural Healing in 

Pediatric Crohn's Disease. Inflammatory bowel diseases. 2016;22(10):2418-24. 

175. Fernandes SR, Rodrigues RV, Bernardo S, Cortez-Pinto J, Rosa I, da Silva JP, 

et al. Transmural Healing Is Associated with Improved Long-term Outcomes of 

Patients with Crohn's Disease. Inflammatory bowel diseases. 2017;23(8):1403-9. 

176. Serban ED. Treat-to-target in Crohn's disease: Will transmural healing become 

a therapeutic endpoint? World J Clin Cases. 2018;6(12):501-13. 

177. Novak K, Tanyingoh D, Petersen F, Kucharzik T, Panaccione R, Ghosh S, et 

al. Clinic-based Point of Care Transabdominal Ultrasound for Monitoring Crohn's 

Disease: Impact on Clinical Decision Making. Journal of Crohn's & colitis. 

2015;9(9):795-801. 

178. Bots S, Nylund K, Lowenberg M, Gecse K, Gilja OH, D'Haens G. Ultrasound 

for Assessing Disease Activity in IBD Patients: A Systematic Review of Activity 

Scores. Journal of Crohn's & colitis. 2018;12(8):920-9. 

179. Torres J, Bonovas S, Doherty G, Kucharzik T, Gisbert JP, Raine T, et al. 

ECCO Guidelines on Therapeutics in Crohn's Disease: Medical Treatment. Journal of 

Crohn's & colitis. 2020;14(1):4-22. 

180. Devlin SM, Panaccione R. Evolving inflammatory bowel disease treatment 

paradigms: top-down versus step-up. Gastroenterology clinics of North America. 

2009;38(4):577-94. 

181. Pariente B, Mary JY, Danese S, Chowers Y, De Cruz P, D'Haens G, et al. 

Development of the Lemann index to assess digestive tract damage in patients with 

Crohn's disease. Gastroenterology. 2015;148(1):52-63 e3. 

182. Peyrin-Biroulet L, Sandborn W, Sands BE, Reinisch W, Bemelman W, Bryant 

RV, et al. Selecting Therapeutic Targets in Inflammatory Bowel Disease (STRIDE): 

Determining Therapeutic Goals for Treat-to-Target. The American journal of 

gastroenterology. 2015;110(9):1324-38. 

183. Peyrin-Biroulet L, Ferrante M, Magro F, Campbell S, Franchimont D, Fidder 

H, et al. Results from the 2nd Scientific Workshop of the ECCO. I: Impact of 

mucosal healing on the course of inflammatory bowel disease. Journal of Crohn's & 

colitis. 2011;5(5):477-83. 

184. Annese V, Duricova D, Gower-Rousseau C, Jess T, Langholz E. Impact of 

New Treatments on Hospitalisation, Surgery, Infection, and Mortality in IBD: a 

Focus Paper by the Epidemiology Committee of ECCO. Journal of Crohn's & colitis. 

2016;10(2):216-25. 

185. Shah SC, Colombel JF, Sands BE, Narula N. Systematic review with meta-

analysis: mucosal healing is associated with improved long-term outcomes in Crohn's 

disease. Alimentary pharmacology & therapeutics. 2016;43(3):317-33. 

186. Reinink AR, Lee TC, Higgins PD. Endoscopic Mucosal Healing Predicts 

Favorable Clinical Outcomes in Inflammatory Bowel Disease: A Meta-analysis. 

Inflammatory bowel diseases. 2016;22(8):1859-69. 

187. Sandborn WJ, Hanauer S, Van Assche G, Panes J, Wilson S, Petersson J, et al. 

Treating beyond symptoms with a view to improving patient outcomes in 

inflammatory bowel diseases. Journal of Crohn's & colitis. 2014;8(9):927-35. 



73 

 

188. Danese S, Fiorino G, Peyrin-Biroulet L. Early intervention in Crohn's disease: 

towards disease modification trials. Gut. 2017;66(12):2179-87. 

189. Colombel JF, Panaccione R, Bossuyt P, Lukas M, Baert F, Vanasek T, et al. 

Effect of tight control management on Crohn's disease (CALM): a multicentre, 

randomised, controlled phase 3 trial. Lancet (London, England). 

2018;390(10114):2779-89. 

190. Peyrin-Biroulet L, Fiorino G, Buisson A, Danese S. First-line therapy in adult 

Crohn's disease: who should receive anti-TNF agents? Nat Rev Gastroenterol 

Hepatol. 2013;10(6):345-51. 

191. Allez M, Karmiris K, Louis E, Van Assche G, Ben-Horin S, Klein A, et al. 

Report of the ECCO pathogenesis workshop on anti-TNF therapy failures in 

inflammatory bowel diseases: definitions, frequency and pharmacological aspects. 

Journal of Crohn's & colitis. 2010;4(4):355-66. 

192. Roda G, Jharap B, Neeraj N, Colombel JF. Loss of Response to Anti-TNFs: 

Definition, Epidemiology, and Management. Clin Transl Gastroenterol. 

2016;7(1):e135. 

193. Singh JA, Wells GA, Christensen R, Tanjong Ghogomu E, Maxwell L, 

Macdonald JK, et al. Adverse effects of biologics: a network meta-analysis and 

Cochrane overview. Cochrane Database Syst Rev. 2011(2):CD008794. 

194. Averkiou M, Keravnou CP, Izamis ML, Leen E. Evaluation of Perfusion 

Quantification Methods with Ultrasound Contrast Agents in a Machine-Perfused Pig 

Liver. Ultraschall in der Medizin (Stuttgart, Germany : 1980). 2018;39(1):69-79. 

195. Lahiff C, Safaie P, Awais A, Akbari M, Gashin L, Sheth S, et al. The Crohn's 

disease activity index (CDAI) is similarly elevated in patients with Crohn's disease 

and in patients with irritable bowel syndrome. Alimentary pharmacology & 

therapeutics. 2013;37(8):786-94. 

196. Halpin SJ, Ford AC. Prevalence of symptoms meeting criteria for irritable 

bowel syndrome in inflammatory bowel disease: systematic review and meta-

analysis. The American journal of gastroenterology. 2012;107(10):1474-82. 

197. Kalla R, Boyapati R, Vatn S, Hijos G, Crooks B, Moore GT, et al. Patients' 

perceptions of faecal calprotectin testing in inflammatory bowel disease: results from 

a prospective multicentre patient-based survey. Scandinavian journal of 

gastroenterology. 2018;53(12):1437-42. 

198. Buisson A, Gonzalez F, Poullenot F, Nancey S, Sollellis E, Fumery M, et al. 

Comparative Acceptability and Perceived Clinical Utility of Monitoring Tools: A 

Nationwide Survey of Patients with Inflammatory Bowel Disease. Inflammatory 

bowel diseases. 2017;23(8):1425-33. 

199. Naismith GD, Smith LA, Barry SJ, Munro JI, Laird S, Rankin K, et al. A 

prospective single-centre evaluation of the intra-individual variability of faecal 

calprotectin in quiescent Crohn's disease. Alimentary pharmacology & therapeutics. 

2013;37(6):613-21. 

200. Moum B, Jahnsen J, Bernklev T. Fecal calprotectin variability in Crohn's 

disease. Inflammatory bowel diseases. 2010;16(7):1091-2. 



 74 

201. Kristensen V, Malmstrom GH, Skar V, Roseth A, Moum B. Clinical 

importance of faecal calprotectin variability in inflammatory bowel disease: intra-

individual variability and standardisation of sampling procedure. Scandinavian 

journal of gastroenterology. 2016;51(5):548-55. 

202. Brand EC, Elias SG, Minderhoud IM, van der Veen JJ, Baert FJ, Laharie D, et 

al. Systematic review and external validation of prediction models based on 

symptoms and biomarkers for identifying endoscopic activity in Crohn's disease. 

Clinical gastroenterology and hepatology : the official clinical practice journal of the 

American Gastroenterological Association. 2019:S1542-3565(19)31493-4. 

203. D'Haens G, Kelly O, Battat R, Silverberg MS, Laharie D, Louis E, et al. 

Development and Validation of a Test to Monitor Endoscopic Activity in Patients 

With Crohn's Disease Based on Serum Levels of Proteins. Gastroenterology. 

2020;158(3):515-26 e10. 

204. Baert F, Moortgat L, Van Assche G, Caenepeel P, Vergauwe P, De Vos M, et 

al. Mucosal healing predicts sustained clinical remission in patients with early-stage 

Crohn's disease. Gastroenterology. 2010;138(2):463-8; quiz e10-1. 

205. Louis E, Mary JY, Vernier-Massouille G, Grimaud JC, Bouhnik Y, Laharie D, 

et al. Maintenance of remission among patients with Crohn's disease on 

antimetabolite therapy after infliximab therapy is stopped. Gastroenterology. 

2012;142(1):63-70 e5; quiz e31. 

206. Gisbert JP, Marin AC, Chaparro M. The Risk of Relapse after Anti-TNF 

Discontinuation in Inflammatory Bowel Disease: Systematic Review and Meta-

Analysis. The American journal of gastroenterology. 2016;111(5):632-47. 

207. Allocca M, Fiorino G, Bonifacio C, Furfaro F, Gilardi D, Argollo M, et al. 

Comparative Accuracy of Bowel Ultrasound Versus Magnetic Resonance 

Enterography in Combination With Colonoscopy in Assessing Crohn's Disease and 

Guiding Clinical Decision-making. Journal of Crohn's & colitis. 2018;12(11):1280-7. 

208. Allocca M, Fiorino G, Furfaro F, Zilli A, Gilardi D, Radice S, et al. P273 

Point-of-care bowel ultrasound for detecting ileocolonic inflammation in Crohn’s 

disease. Journal of Crohn's and Colitis. 2020;14(Supplement_1):S288-S. 

209. Yaguchi K, Sasaki T, Ogashiwa T, Nishio M, Hashimoto Y, Ikeda A, et al. 

Correlation between the macroscopic severity of Crohn's disease in resected intestine 

and bowel wall thickness evaluated by water-immersion ultrasonography. 

Scandinavian journal of gastroenterology. 2019;54(11):1331-8. 

210. Coelho R, Ribeiro H, Maconi G. Bowel Thickening in Crohn's Disease: 

Fibrosis or Inflammation? Diagnostic Ultrasound Imaging Tools. Inflammatory 

bowel diseases. 2017;23(1):23-34. 

211. Morson BC. Histopathology of Crohn's disease. Scandinavian journal of 

gastroenterology. 1971;6(7):573-5. 

212. Vestito A, Marasco G, Maconi G, Festi D, Bazzoli F, Zagari RM. Role of 

Ultrasound Elastography in the Detection of Fibrotic Bowel Strictures in Patients 

with Crohn's Disease: Systematic Review and Meta-Analysis. Ultraschall in der 

Medizin (Stuttgart, Germany : 1980). 2019;40(5):646-54. 

213. Wilkens RT, Nylund K, Petersen F, De Voogd F, Maaser C, Kucharzik T, et 

al. P176 Expert consensus on acquisition and reporting of intestinal ultrasonography 



75 

 

activity in Crohn’s disease. A prospective inter-rater agreement study. Journal of 

Crohn's and Colitis. 2020;14(Supplement_1):S225-S6. 

214. Gilja OH. Education and Practical Standards Committee E. Minimum training 

recommendations for the practice of medical ultrasound. Ultraschall in der Medizin 

(Stuttgart, Germany : 1980). 2006;27(1):79-105. 

215. Allocca M, Danese S, Laurent V, Peyrin-Biroulet L. Use of Cross-sectional 

Imaging for Tight Monitoring of Inflammatory Bowel Diseases. Clinical 

gastroenterology and hepatology : the official clinical practice journal of the 

American Gastroenterological Association. 2019:S1542-3565(19)31392-8. 

216. Puylaert CA, Tielbeek JA, Bipat S, Stoker J. Grading of Crohn's disease 

activity using CT, MRI, US and scintigraphy: a meta-analysis. European radiology. 

2015;25(11):3295-313. 

217. Gulani V, Calamante F, Shellock FG, Kanal E, Reeder SB, International 

Society for Magnetic Resonance in M. Gadolinium deposition in the brain: summary 

of evidence and recommendations. Lancet Neurol. 2017;16(7):564-70. 

218. Pouillon L, Laurent V, Pouillon M, Bossuyt P, Bonifacio C, Danese S, et al. 

Diffusion-weighted MRI in inflammatory bowel disease. The lancet Gastroenterology 

& hepatology. 2018;3(6):433-43. 

219. Novak KL, Kaplan GG, Panaccione R, Afshar EE, Tanyingoh D, Swain M, et 

al. A Simple Ultrasound Score for the Accurate Detection of Inflammatory Activity 

in Crohn's Disease. Inflammatory bowel diseases. 2017;23(11):2001-10. 

220. Paredes JM, Ripolles T, Cortes X, Moreno N, Martinez MJ, Bustamante-Balen 

M, et al. Contrast-enhanced ultrasonography: usefulness in the assessment of 

postoperative recurrence of Crohn's disease. Journal of Crohn's & colitis. 

2013;7(3):192-201. 

221. Paredes JM, Ripolles T, Cortes X, Reyes MD, Lopez A, Martinez MJ, et al. 

Non-invasive diagnosis and grading of postsurgical endoscopic recurrence in Crohn's 

disease: usefulness of abdominal ultrasonography and (99m)Tc-hexamethylpropylene 

amineoxime-labelled leucocyte scintigraphy. Journal of Crohn's & colitis. 

2010;4(5):537-45. 

222. Quaia E, Cabibbo B, De Paoli L, Toscano W, Poillucci G, Cova MA. The 

value of time-intensity curves obtained after microbubble contrast agent injection to 

discriminate responders from non-responders to anti-inflammatory medication among 

patients with Crohn's disease. European radiology. 2013;23(6):1650-9. 

223. Goertz RS, Klett D, Wildner D, Atreya R, Neurath MF, Strobel D. 

Quantitative contrast-enhanced ultrasound for monitoring vedolizumab therapy in 

inflammatory bowel disease patients: a pilot study. Acta Radiol. 2018;59(10):1149-

56. 

224. Pitre-Champagnat S, Coiffier B, Jourdain L, Benatsou B, Leguerney I, Lassau 

N. Toward a Standardization of Ultrasound Scanners for Dynamic Contrast-Enhanced 

Ultrasonography: Methodology and Phantoms. Ultrasound in medicine & biology. 

2017;43(11):2670-7. 



 76 

225. Tang MX, Mulvana H, Gauthier T, Lim AK, Cosgrove DO, Eckersley RJ, et 

al. Quantitative contrast-enhanced ultrasound imaging: a review of sources of 

variability. Interface Focus. 2011;1(4):520-39. 

226. Gauthier M, Pitre-Champagnat S, Tabarout F, Leguerney I, Polrot M, Lassau 

N. Impact of the arterial input function on microvascularization parameter 

measurements using dynamic contrast-enhanced ultrasonography. World Journal of 

Radiology. 2012;4(7):291-301. 

227. Calamante F. Arterial input function in perfusion MRI: a comprehensive 

review. Progress in nuclear magnetic resonance spectroscopy. 2013;74:1-32. 

228. Zink F, Kratzer W, Schmidt S, Oeztuerk S, Mason RA, Porzner M, et al. 

Comparison of Two High-End Ultrasound Systems for Contrast-Enhanced 

Ultrasound Quantification of Mural Microvascularity in Crohn's Disease. Ultraschall 

in der Medizin (Stuttgart, Germany : 1980). 2016;37(1):74-81. 

229. Wilkens R, Peters DA, Nielsen AH, Hovgaard VP, Glerup H, Krogh K. 

Dynamic Contrast-Enhanced Magnetic Resonance Enterography and Dynamic 

Contrast-Enhanced Ultrasonography in Crohn's Disease: An Observational 

Comparison Study. Ultrasound international open. 2017;3(1):E13-E24. 

 



77 

 

9. Appendix 

Appendix I 

Montreal classification  

 Montreal Classification 
Age at diagnosis  

<16 years A1 

17-40 years A2  

>40 years A3  

  

Disease location  

Ileal disease L1 

Colonic disease L2 

Ileocolonic disease L3 

Isolated upper disease* L4 

  

Disease behavior   

Non‐stricturing and non‐penetrating B1 

Stricturing B2 

Penetrating B3 

Perianal disease modifier† p 

 

*L4 is a modifier that can be added to L1–L3 when concomitant upper 

gastrointestinal disease is present. 
†“p” is added to B1–B3 when concomitant perianal disease is present. 
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Appendix II 

Crohn’s Disease Activity Index 

All factors relate to the last seven days before the exam.  

Category Weighting factor Subtotal 

Number of liquid or soft stools in 7 days x2  

Abdominal pain, sum of 7 daily ratings 

0=none,  

1=mild,  

2=moderate,  

3=severe 

x5  

General well-being, sum of 7 daily 

ratings 

0=well,  

1=slightly below par,  

2=poor,  

3=very poor,  

4=terrible 

x7  

Number of listed complications (One 

point for each) 

• arthritis or arthralgia  

• iritis or uveitis 

• erythema nodsosum, pyderma 

gangernosum or apththous 

stomatitis 

• anal fissure, fistula or perirectal 

abscess 

• Other fistulas 

• Fever (>37,8 degrees Celcius) 

x20  

Use of drug to reduce diarrhoea?  

0=No, 

1=Yes   

x30  

Abdominal mass   

0=none,  

2=questionable,  

5=definite 

x10  

Hematocrit:     

Males: 47-Hct= 

Females: 42-Hct= 

x6  

Body weight change  

  

100x 
1− 𝑤𝑒𝑖𝑔ℎ𝑡

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑤𝑒𝑖𝑔ℎ𝑡
 

x1  
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Final Score (add subtotals)           

 

Interpretation: 

Remission:  CDAI <150 

Mild:   CDAI 150-219 

Moderate:  CDAI 220-450 

Severe: CDAI >450 
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Appendix III 

Harvey-Bradshaw Index of Crohn’s Disease 

Responses should be based on the 24-hour period preceding the visit 

Category Subtotals 

General Wellbeing 

0 = Very Well   3 = Very Poor  

1 = Slightly Below Par  4 = Terrible 

2 = Poor 

 

Abdominal Pain 

0 = None              2 = Moderate    

1 = Mild    3 = Severe 

 

Number of liquid or very soft stools daily 

 

 

Abdominal Mass 

0 = None   2 = Definite  

1 = Dubious   3 = Definite and Tender 

 

Extra-intestinal  manifestations of CD (score 1 per item) 

☐ Arthralgia/Arthritis 

☐ Uveitis/Iritis 

☐ Erythema nodosum 

☐ Apthous ulcers 

☐ Pyoderma gangrenosum 

☐ Anal fissure 

☐ Draining fistula (eg, perianal, enterocutaneous, rectovaginal) 

☐ Perianal Abscess 

 

Final Score (add subtotals)             

 

 

Interpretation: 

Remission:  HBI <5 

Mild:   HBI 5-7 

Moderate:  HBI 8-16 

Severe: HBI >16 
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Appendix IV 

Simple endoscopic activity score for Crohn’s Disease (SES-CD)  

Variables Ileum Right 

colon 

Transv. 

colon 

Left colon Rectum Total 

Ulcer size (0-3)       

Ulcerated surface 

(0-3) 

      

Affected surface (0-

3) 

      

Stenosis  

(0-3) 

      

     Score  

 

 

 

Definitions of variables in SES-CD 

 

 

Interpretation: 

Remission:  SES-CD 0-2 

Mild:   SES-CD 3-6 

Moderate:  SES-CD 7-15 

Severe: SES-CD ≥16 

 

 

Variables 0 1 2 3 

Ulcer size None Aphthous ulcers  

(0-0,5cm) 

Large  

(0,5-2cm) 

Very large 

ulcers (>2cm) 

Ulcerated 

surface 

None <10% 10-30% >30% 

Affected 

surface 

Unaffected <50% 50-75% >75% 

Stenosis No Single, passable Multiple, 

passable 

Not passable 
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Appendix V 

Definitions of variables eligible for the ultrasound index: 

Variables 0 1 2 3 

 

Bowel wall 

thickness 

<3.0 mm 3.0-4.9 mm or 

4.0-4.9 mm 

(rectum) 

5.0-7.9 mm ≥8.0 mm 

Stenosis No stenosis Suspected 

(Thickened 

wall with 

narrow lumen) 

Suspected 

several per 

segment 

Suspected 

with 

prestenotic 

dilatation 

(>2.5 cm) 

Length of 

affected 

segment 

No affection <5 cm 5-10 cm >10 cm 

Color Doppler 

score  

No or single 

vessel 

2-5 vessels per 

cm2 

>5 vessels per 

cm2 

 

Stratification Normal Focal loss Diffuse loss  

Fatty wrapping Absent  Present   

Fistula Absent Present   

 

 

Simple ultrasound score of Crohn’s Disease (SUS-CD)  

Variables Ileum Right 

colon 

Transverse 

colon 

Left 

colon 

Rectum Total 

Bowel wall 

thickness  

(0-3) 

      

Color Doppler 

score (0-2) 

      

     Score  

 

 

 

 





Errata 

Page 12  Publication status of paper II and III has changed from in 

revision (paper II) and under review (paper III) to accepted in 

both papers. 

Page 32  Misspelling: “possible” corrected to “possibly” 

Page 34 Misspelling: “recommend” corrected to “recommended” 

Page 47 Missing comma: “In paper II and III” corrected to “In paper II 

and III,” 

Page 48 Grammatical correction: “were” corrected to “was”  

Page 51 Misspelling: “well tolerated” corrected to “well-tolerated”  

Grammatical correction: “affected segment” corrected to “the 

affected segment” 

Page 52 Grammatical correction: “interpretation” corrected to 

“interpretations” 

   Grammatical correction: ”seems” corrected to “seem” 

   Grammatical correction: “are” corrected to “is” 

Page 54 Grammatical correction: “quantification” corrected to “the 

quantification” 

Page 57  Grammatical correction: “restricts” corrected to “restrict” 

   Grammatical correction: “a high” corrected to “high” 

   Grammatical correction: “are” to “is” 

Throughout   Misspelling: “Contrast enhanced ultrasound” changed to  

the thesis    “Contrast-enhanced ultrasound” 
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