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Abstract
The diagnosis and effective management of inflammatory bowel disease (IBD) requires a combination clinical, endoscopic, histological, biological, and imaging data. While endoscopy and biopsy remains the gold standard for diagnosis of IBD, imaging plays a central role in the assessment of extra mural disease, in disease surveillance and in the assessment of response to medical treatments, which are often expensive. Imaging is also vital in the detection and diagnosis of disease related complications, both acute and chronic. In this review, we will describe, with illustrative images, the imaging features of IBD in adults, with emphasis on up-to-date imaging techniques focusing predominantly on cross sectional imaging and new magnetic resonance imaging techniques.
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Core tip: This review article provides a comprehensive overview of the multimodality imaging findings of acute and chronic inflammatory bowel disease, and of the role of imaging in the diagnosis and surveillance of this disease. There is an emphasis on up-to-date imaging including ultrasound elastography, magnetic resonance (MR) motility imaging, magnetisation MR and positron emission tomography magnetic resonance imaging, as well as a review of the currently widely used imaging techniques such as computed tomography and MR enterography.
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INTRODUCTION
Inflammatory bowel disease (IBD) is a clinical syndrome that describes a group of inflammatory conditions affecting the bowel and other organs. Ulcerative colitis (UC) and Crohn’s disease (CD) account for a large proportion of IBD, and will be the focus of this review.
CD is an inflammatory disease that can occur anywhere along the length of the digestive tract, from the mouth to the anus. Inflammation involves all layers of the bowel wall, and as a result, fistulas are often observed. UC is an inflammatory disease confined to the mucosa and submucosa of the large colon[1].
IBD is most often characterized by periods of debilitating disease activity followed by periods of remission, and the aim of treatment is to maintain a normal quality of life for the patient, and to avoid IBD related complications, as far as is possible. The diagnosis and effective management of IBD requires a combination of clinical, endoscopic, imaging and histological data. While endoscopy and biopsy remain the gold standard for diagnosis of IBD[1], imaging plays a central role in the assessment of extra mural disease, in disease surveillance and in the assessment of response to medical treatments, which are often expensive.
Imaging is also vital in the detection and diagnosis of disease related complications, some of which follow a chronic course, such as cholelithiasis, nephrolithiasis, sclerosing cholangitis and IBD related arthropathy, others of which can present acutely, such as bowel perforation, peritonitis, toxic megacolon, and abscess.
In this review, we will present, with illustration, the imaging features of IBD in adults, and its complications, with emphasis on up-to-date imaging techniques.

ULTRASOUND
Ultrasound is cheap, widely available and well tolerated. It is free from ionising radiation, is extremely safe and allows realtime evaluation of the bowel wall. However, ultrasound examination of the bowel can be negatively impacted by increased body habitus and the presence of excessive intraluminal bowel gas. Furthermore, it is largely user dependant, and as such, is not always reproducible[2,3]. Transabdominal ultrasound and small intestinal contrast ultrasound (SICUS) are imaging modalities more frequently used in the paediatric population than in adults for the evaluation of IBD, and are not techniques regularly used by us in our department.
Basic ultrasound protocols for the detection/evaluation of IBD usually utilise both greyscale and colour/power Doppler, using a high frequency probe, with multiplanar image acquisition of the entire abdomen. A 4 h pre-scan fast can help reduce bowel gas. A full bladder offers an acoustic window through which pelvic bowel loops can be examined, while oral water just prior to scan can help with the identification of gastric and duodenal lesion[3]. Colour/power Doppler can be used to assess the vascularity of the bowel wall and as such can distinguish between active disease and remission, as normal or fibrotic bowel wall will not display significant vascularity, while inflamed bowel will.
SICUS utilises an ingested intra-luminal contrast agent, such as iso-osmolar polyethylene glycol solution (PEG), to help delineate small bowel lesions and decrease intraobserver variability. It is well tolerated, has an insignificant side effect profile and can improve sensitivity in the evaluation of disease extent, and as such has a role in the diagnosis and surveillance of IBD[4]. In a small study of 13 patients, Onali et al[5] compared SICUS with computed tomography enterography (CTE) against a gold standard of surgical findings and showed identical sensitivity, specificity and accuracy in the detection small bowel fistulae (accuracy 77%) and abscesses (accuracy 85%), and comparable accuracy in the detection of small bowel strictures (92% vs 100%)[5].
The use of ultrasound elastography has a potential future use in the evaluation of bowel wall fibrosis in cases of chronic IBD, and has been shown to accurately differentiate fibrotic from acutely inflamed bowel wall in rat models. Further research is required to determine its applicability in the clinical setting[3,6]. 

Features of IBD on ultrasound[3,7-10]
Mural thickening. Large bowel wall thickening > 3 mm, and small bowel mural thickening > 2.5 mm has been shown to have a good positive predictive value for moderate/severe disease in the bowel (Figure 1); Non-compressible, relatively hypo peristaltic bowel; Strictures with pre-stenotic dilatation; Fistulas, which manifest as peri-intestinal duct-like structures; Fibrofatty proliferation of the mesentery; Echogenic, hyperaemic mesentery with hyperaemic mesenteric lymphadenopathy, although this is nonspecific; Loss of normal stratification of the bowel wall, although, interpretation of the morphology of the bowel wall is non-specific and is often not useful to differentiate accurately between the subtypes of IBD. 

MAGNETIC RESONANCE IMAGING
Although sometimes associated with poor patient tolerance and a high incidence of artefact, magnetic resonance imaging (MRI) has the advantage of being a radiation free mode of imaging, with the ability to obtain images in multiple planes. MRI has excellent soft tissue analysis and the ability to assess for extra-mural disease[11,12]. 
Soft tissue analysis and thus assessment of disease status is greatly enhanced by the administration of a gadolinium based contrast agent. For instance, in the evaluation of CD, stricturing can occur in the acute setting secondary to mural oedema, or in the chronic setting, secondary to fibrosis, chronic inflammation and fatty infiltration. The differentiation between acute and chronic stricturing can present a major clinical challenge, with implications for management. Even endoscopic evaluation of strictures can remain inconclusive as deeper mural layers are inaccessible to endoscopic assessment[13]. In these cases, the post- gadolinium enhancement pattern of the bowel on T1 weighted MR images is diagnostic- acute inflammatory stenoses avidly enhance (Figures 2 and 3) while chronic fibrotic stenoses show little or no enhancement (Figure 4)[10,13]. Differentiating between acute inflammatory strictures and chronic fibrotic strictures is important, as chronic strictures are irreversible and do not respond to medical therapy.
Magnetic resonance enterography (MRE) is the preferred MRI technique, and is the overall imaging technique favoured in our department for the evaluation of small bowel CD. In our institution, the MRE protocol is as follows: Images are obtained after a fast of 6 hours and following the ingestion of 2.5% mannitol solution. Coronal and axial images are acquired, using a phased-array coil and a 1.5T or a 3T magnet. True fast imaging with steady-state precession (true FISP) and HASTE sequences with and without fat suppression are acquired, followed by pre and post contrast fat-suppressed coronal and axial (3D) T1-weighted breath-hold gradient-echo images of the abdomen and pelvis.
Diffusion weighted imaging (DWI) is steadily becoming a routine part of our MRE protocol. DWI MRI assesses the diffusion of water via Brownian motion in biological tissue[12,14]. The apparent diffusion coefficients (ADCs) are quantitative expressions of the diffusion characteristics of tissues and ADC values have been shown to decrease in areas of increased cell density or hypercellularity[11]. Although many studies have demonstrated restricted diffusion in areas of acutely inflamed bowel wall, the pathogenesis of this restricted diffusion remains somewhat unclear with many theories postulated, including an increase of cellularity in the inflammatory phase of the disease[11,15]. Many studies have shown that diffusion is restricted within the inflamed wall in the setting of acute IBD[11,16] (Figure 5).
In cases of CD, MRI and MRE has been shown to be quite accurate as a minimally-invasive assessment of patient response to medical treatments such as corticosteroids, anti-TNF alpha and other biological agents. In a multicenter prospective study of 48 patients with ulcerating CD, Ordas et al[17] showed that, when compared with a gold standard of iliocolonoscopy, MRE detected ulcer healing with a 90% accuracy and endoscopic remission with a 83% accuracy, after 12 wk of medical treatment (Figure 6).

Imaging features of acute IBD on MRI[3,10,12]
Restricted diffusion within the wall of acutely inflamed bowel segments (Figure 5); Early intense mucosal enhancement on T1 weighted images post the administration of contrast (Figures 2, 3, 7 and 8); Bowel wall thickening > 3 mm (Figures 8 and 9); Hyperintense signal with the bowel wall on T2 fat suppressed/fluid sensitive sequences; Enhancing, diffusion restricting, enlarged mesenteric lymph nodes measuring > 8 mm; MRI is particularly useful in demonstrating fistulous extent in fistulating CD (Figure 10).
 
Imaging features of chronic IBD on MRI[10,11,18]
Fibrofatty proliferation of the mesentery (Figure 11); Chronic fibrotic strictures do not display avid post contrast enhancement (Figure 4); Fistulas can indicate the presence of acute or chronic disease and are best assessed on fast spine echo sequences (FSE) or contrast enhanced T1 weighted images (Figure 10).

Latest diagnostic advances in MR imaging on IBD
MR motility imaging: Of particular use in the evaluation of the small bowel. Based on the premise that inflamed bowel is relatively hypo peristaltic when compared with healthy bowel. This is particularly relevant in cases of CD where multifocal skip lesions can be compared with non-affected bowel in the same patient. Images are acquired in a cine sequence using fast T2-weighted SSFP or echo planar imaging sequences to allow repeated acquisition of images every 300-1000 ms on the same plane for one breath hold period[11]. Motility is assessed visually, and by formal measurements of the change of luminal cross sectional diameter over time[11,19]. Regions of hypo peristaltic bowel direct the radiologist to regions of inflammation where acute lesions are likely to reside. In a study of 40 patients, Froehlich et al[12] identified 124 CD related lesions using both motility imaging and standard MRE vs 89 lesions using MRE alone (P = 0.007). More studies are required to establish the feasibility of this technique in clinical practice[3].

Perfusion MR: Via the assessment of the kinetics of contrast media uptake and washout within the bowel wall, perfusion MR provides quantitative/semi-quantitative measurements of perfusion[11,20]. In acute IBD, particularly in early CD, acute inflammation is demonstrated by an increase of vascular perfusion while decreased regional blood flow is observed in areas of fibrosis[11]. Thus far, the few studies investigating the accuracy of perfusion MR in the assessment of IBD have showed conflicting results, and large randomized trials are needed in order to validate this imaging technique[11].

Magnetisation transfer MR: In regions of chronic fibrosis, large molecules, such as proteins and collagen are present. Magnetisation transfer MR exploits this fact by measuring the energy transferred from protons in free mobile water molecules compared to the protons in water molecules associated with large collagen and protein molecules. In this way, it can be used to detect regions of fibrosis[3].

Positron emission tomography-MRI: An imaging modality that allows characterisation of lesions through a combination of the superior soft tissue analysis of MRI and the functional detail of positron emission tomography (PET), in either combined or sequential acquisition. Combined data acquisition allows simultaneous registration of the mobile bowel and related tissues under the same physiological conditions. PET data can be combined with both anatomical detail and also with functional data, for example, DWI. Using contrast-enhanced MR images, information regarding perfusion and blood flow can be integrated into the pharmacokinetic modelling of PET data to allow for better PET reconstruction and data analysis[11]. There is currently a lack of data on PET MRI and its applications in IBD, but there is imminently emerging literature (Figure 12).

COMPUTED TOMOGRAPHY
Computed tomography enterography (CTE), is an attractive imaging technique for the evaluation of IBD. Reasons for this include ease of accessibility, high spatial resolution, fewer motion artefacts, short image acquisition time and radiologist familiarity[3]. Furthermore, for the evaluation of IBD related acute emergencies, such as toxic megacolon, bowel perforation and abscess, CT is the modality of choice, particularly on call. CTE and MRE are comparable in diagnostic effectiveness. A 2014 systematic review and meta-analysis performed by Qiu et al[21] compared MRE vs CTE for evaluating disease activity in small bowel CD. They analysed 290 CD patients from 6 studies and showed pooled sensitivity and specificity for MRE in detecting active small bowel CD was 87.9% and 81.2% respectively, vs 85.8% and 83.6% for CTE[21]. The obvious main disadvantage of CTE is patient exposure to ionising radiation. However, low dose technique for elective CTE can be applied, with satisfactory results. In a study of 50 patients, Craig et al[22] reduced the median effective dose by 72%, from 3.5 mSv (3-5.08 mSv) to 0.98 mSv (0.77-1.42 mSv). No clinically significant diagnostic findings were missed with low-dose imaging, although the imaging quality was noted to be inferior, as expected[22].

Imaging features of acute IBD on CT/ CTE[3,10,18,23]
Mural thickening. Peri-colonic fat stranding, and mural stratification and enhancement (Figures 13). The change in mural and mucosal enhancement over time can also be used to assess response to treatment; The “Comb sign” refers to hypervascularity of the mesentery in active CD. Prominent engorgement of the vascular arcades supplying an acutely inflamed segment of bowel is starkly contrasted against the perivascular mesentery, so that the vasa recta appear as the teeth of a comb (Figures 14 and 15). This can also be seen on MRI. It is not a pathognomonic sign; Intra-abdominal free fluid and adenopathy is nonspecific (Figure 16); Deep mural ulcers may present as focal bowel wall defects that contain fluid or oral contrast material. However, CT has low sensitivity for detection of ulcers; Acute emergencies can manifest as pneumoperitoneum in the case of perforation, and colonic dilation > 6 cm with mural thinning and loss of haustral folds in the case of toxic megacolon; In cases of IBD related abscess/collection, CT is the imaging modality of choice to evaluate the extent of the abscess and to plan and guide access route for drainage (Figure 17); CT can also be of use in the evaluation of fistulating CD (Figure 18).
 
Imaging features of chronic IBD on CT/CTE[3,10,24,25]
Fatty proliferation of the mesentery, as in MRI (Figure 19); Sub mucosal fat infiltration of affected bowel segments- the “fat-halo” sign. This is also observed in MRI (Figures 6 and 19); Chronic fibrosis, stricturing and shortening of the mesenteric border of the affected bowel with associated dilatation of the anti-mesenteric border can lead to prominent sacculations of the bowel; Chronic fibrotic strictures show little or no enhancement post administration of contrast; In chronic UC, the bowel can become featureless with loss of normal haustral pattern, this is known as “the lead pipe sign” (Figure 20).
 
PET/CT
Integrated fluorodeoxyglucose (FDG) positron emission tomography and computed tomography systems offer both functional and anatomical information, and allow simultaneous CT and PET registration images of the bowel and related tissues acquired under similar physiological conditions. PET CT does not require bowel preparation, although patients are required to fast for 6 h prior to scan, and some protocols require patients to drink up to 1500 cc of water to act as a negative intraluminal contrast agent. Like CT, it exposes the patient to ionizing radiation, in addition to the not inconsiderable dose from radioactive FDG[26].
PET CT is highly sensitive at identifying acute inflammation, due to enhanced glycolysis of inflammatory cells, which manifest as increased uptake of FDG - an analogue of glucose[1] (Figures 21 and 22). However, this imaging modality is not specific, due to the variances of normal physiological bowel uptake, which is usually diffuse, not focal[26]. Despite its low specificity, PET-CT is considered by many as an effective, well tolerated, sensitive imaging modality for the evaluation of IBD, particularly in severe cases of the disease.
In a study of 43 patients with CD, Holtmann et al[13] compared PET-CT AND MRI against a gold standard of ileocolonoscopy. Of 80 endoscopically inflamed segments in CD, FDG-PET detected 72 and MRI detected 53 segments, giving an overall sensitivity of 90% (FDG-PET) vs 66% (hydro-MRI), and specificity of 92.6% vs 99%[13].
In a study of 22 patients with CD, Louis et al[27] compared FDG PET CT against a gold standard of ileocolonoscopy. FDG PET/CT detected 35 of 48 endoscopically affected segments overall, giving a sensitivity of 72.9%. In the detection of severe endoscopic lesions, the sensitivity of FDG PET/CT was 100%. Authors defined severe endoscopic lesions as “deep ulcers and strictures”[27].
In a study of 22 patients with CD, Saboury et al[1] compared FDG PET CT against a gold standard of ilicolonoscopy and fecal calprotectin. They aimed to determine the potential utility of measuring both regional and global inflammation using volume-based FDG-PET CT parameters, as a more accurate reflection of the extent of inflammation present. Calculated indices of regional and global inflammation correlated well with both clinical and pathological disease activity. Using a volume based measurement of FDG activity (SUVvol), as opposed to measuring the maximum FDG activity in a region based on activity per voxel (SUVmax), has the potential to guide therapy such as anti-TNF, which could be titrated based on the total amount of inflammatory disease present, as opposed to a uniform or weight-based dose[1].

CONCLUSION
Just as there is an ever-increasing demand for improvements in pharmacological treatments of IBD, so too is there a constant demand for the ongoing development of well tolerated, non-invasive, safe, highly sensitive and highly specific imaging tools for the diagnosis, management and surveillance of IBD. While long standing imaging techniques such as MRE, CT and ultrasound play an ongoing integral role in IBD management, many promising imaging tools are on the horizon, as we have outlined. Most of these promising techniques are MR based, such as MR motility imaging and magnetisation transfer MR. In particular, PET MRI is a tool that we feel has a promising role in the future of IBD imaging, and there is imminently emerging data on this imaging modality and it’s applications in IBD.
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Figure 1 Ultrasound of the pelvis in a 33 years old female with right iliac fossa pain. There is marked mural thickening of distal ileal loops (white arrow). Imaging findings led to further investigations and a new diagnosis of Crohn’s disease.
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Figure 2 Coronal contrast enhanced T1 weighted image of an acute inflammatory stricture of the distal ileum (white arrow). There is avid post contrast mural enhancement and wall oedema.
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Figure 3 Coronal pre contrast (A) and post contrast (B) T1 weighted images demonstrate avid enhancement of an acute inflammatory stricture in a 69 years old man with Crohn’s disease (white arrow).
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Figure 4 True fast imaging with steady-state precession (A), pre contrast (B) and post contrast (C) TI weighted images of a 43 years old patient with chronic Crohn’s disease. Figure 4A demonstrates fatty proliferation of the mesentery (white star) and a chronic focal stricture in the distal ileum (white arrow). There is lack of post contrast enhancement demonstrated in (C).
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Figure 5 An example of restricted diffusion within the wall of an acutely inflamed distal ileum in a patient with acute Crohn’s disease. A: A B 800 image, demonstrating hyperintense signal in the mucosa of the distal ileum (white arrow); B: The apparent diffusion coefficient map, and demonstrates corresponding hypointense signal (white arrow). 
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Figure 6 Axial contrast enhanced T1 weighted images of a 38 years old female with Crohn’s disease. A: A dilated terminal ileum with avid mural enhancement (white arrow) with further wall enhancing small bowel loops in the pelvis (white star); B: Acquired following a course of Azathioprine treatment, and demonstrates a treatment response. The terminal ileum no longer demonstrates mural enhancement. There is now relatively hyperintense T1 signal in the wall of the terminal ileum, consistent with fatty infiltration - the “Fat Halo sign”. Pelvic small bowel loops no longer display post contrast mural enhancement.
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Figure 7 Pre contrast (A) and post (B) contrast coronal T1 weighted images in a 25 years old patient with ulcerative colitis. This patient is post total colectomy. Avid early mucosal enhancement of the remaining rectal stump is consistent with acute inflammation (white arrows).
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Figure 8 Axial post contrast T1 weighted images of a 34 years old man with acute Crohn’s disease shows marked mural thickening and enhancement of a loop of distal ilium in the right lower quadrant (white arrow). 
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Figure 9 Coronal true fast imaging with steady-state precession image of the same patient showing marked mural thickening of the distal ileum (white arrow).
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Figure 10 Axial contrast enhanced T1 weighted images demonstrate extensive inflammation and enhancement of small bowel and mesentery in the pelvis in a patient with acute Crohn’s disease. In this image, there is good delineation of an enterocutaneous fistula extending from pelvic small bowel to the lower anterior abdominal wall in the midline (white arrow).
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Figure 11 Axial T2 weighted image of 25 years old patient with Crohn’s disease. There has been extensive small bowel resection. There is marked fatty proliferation of the mesentery (white star), as seen in chronic Crohn’s disease.
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Figures 12 (A) and (B) demonstrate positron emission tomography magnetic resonance imaging. A: Axial contrast enhanced T1 weighted image displays avid mural enhancement of small bowel loops in the pelvis; B: A superimposed positron emission tomography (PET) image demonstrates avid fluorodeoxyglucose uptake of the small bowel loops. Magnetic resonance imaging images and PET data were acquired separately in this case. 
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Figure 13 Selected intravenous and oral contrast enhanced CT images of three different patients with acute Crohn’s disease, demonstrating diffuse small bowel mural thickening and enhancement. A: An axial image demonstrating marked inflammatory thickening of the terminal ileum over approximately 10.4 cm, with extensive adjacent mesenteric stranding (white arrow); B: A coronal image demonstrating marked mural enhancement of a thickened terminal ileum, secondary to terminal ileitis (white arrowhead); C: A coronal image demonstrating inflammatory mural thickening of the mid ileum (white star).
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Figure 14 Coronal oral and intravenous contrast enhanced computed tomography demonstrates engorgement of the vasa recta of the small bowel mesentery “The Comb Sign” in acute Crohn’s disease (white star). There is also reactive mesenteric lymphadenopathy (white arrows).
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Figure 15 This coronal contrast enhanced T1 weighted magnetic resonance imaging image also demonstrates “The Comb Sign” in a patient with acute Crohn’s disease (white arrow).
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Figure 16 Coronal oral and intravenous contrast enhanced computed tomography image demonstrating bulky reactive adenopathy in the right iliac fossa (black arrow), adjacent to a segment of thickened distal ileum (black arrowhead) in a patient with acute Crohn’s disease.
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Figure 17 Axial contrast enhanced images of a 29 years old lady with fistulating Crohn’s disease who presented with a mass in the right gluteal region, and raised CRP. Computed tomography (CT) demonstrates ileocaecal inflammation associated with an abscess in right psoas (white arrow), extending to the posterior abdominal wall and the subcutaneous fat of the right gluteal region (white star). Multiple pockets of air within the abscess indicate a communication between the bowel and the abscess. A pigtail drain was inserted the intra-abdominal component of the collection under CT guidance.
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Figure 18 Sagittal oral and intravenous contrast enhanced computed tomography image demonstrating fistulating Crohn’s disease. There is a wide enterovesical fistula extending from inflamed small bowel to the posterior wall of the bladder (white arrowhead). There is a pocket of air in the bladder (white arrow), indicative of communication with bowel.
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Figure 19 Axial contrast enhanced computed tomography in a patient with chronic Crohn’s disease demonstrating fatty proliferation of the mesentery (white star). A loop of small bowel in the left iliac fossa is thickened, without adjacent stranding, and there is infiltration of fat into the submucosa - the “Fat-Halo sign” (white arrow). 
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Figure 20 Coronal intravenous contrast enhanced computed tomography demonstrating a prominent, featureless descending colon which is mildly thickened (white arrow) consistent with “the lead pipe sign” seen in chronic ulcerative colitis.
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Figure 21 Oral contrast enhanced positron emission tomography computed tomography images in a patient with symptomatic Crohn’s disease shows nonspecific thickening of the distal and terminal ileum on the computed tomography component (A), with corresponding avid fluorodeoxyglucose uptake on the positron emission tomography component (B and C), indicative of acute inflammation.
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Figure 22 Coronal positron emission tomography computed tomography images of a patient with quiescent Crohn’s disease. There is focal thickening of the distal ileum on the computed tomography component. This area of focal thickening does not show any fluorodeoxyglucose uptake on the positron emission tomography component, indicative that there is no significant associated regional inflammation and that this is likely a chronic stricture. Images used with permission from Dr. Martin O’Connell.
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