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Abstract
Over the past two decades, advances in cross-sectional imaging such as computed tomography and magnetic resonance imaging (MRI) have dramatically changed the concept of gastrointestinal (GI) imaging. MR is playing an increasing role in the evaluation of GI disorders. MRI combines the advantages of excellent soft-tissue contrast, noninvasiveness, functional information and lack of ionizing radiation. Furthermore, recent developments of MR imaging have led to improved spatial and temporal resolution as well as decreased motion artifacts. In this article we describe the technical aspects of gastrointestinal MR imaging and present a practical approach for a well-known spectrum of gastrointestinal disease processes.
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Core tip: The implementation of fast and ultra-fast sequences and dedicated advanced imaging protocols render magnetic resonance imaging (MRI) an excellent tool for gastrointestinal (GI) imaging. State of the art MRI/MRE has rapidly emerged as successful gastrointestinal imaging modality, offering detailed anatomic and morphologic information and also permitting evaluation of extra-luminal manifestation and extension of disease. The lack of ionizing radiation makes MRI the preferred modality in many GI disease processes. In this article we describe the technical aspects of gastrointestinal MR imaging and present a practical approach for a well-known spectrum of gastrointestinal disease processes.
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INTRODUCTION
Medical imaging of the gastrointestinal (GI) tract is crucial for the diagnosis of GI diseases. Historically, barium techniques have been the only available method. Although many diagnoses have been made on the basis of these exams, the diagnostic performance of these exams for certain abnormalities has been disappointing[1].
Over the past two decades, advances in cross-sectional imaging such as computed tomography (CT) and magnetic resonance imaging (MRI) have dramatically changed the concept of GI imaging. Recently, developments in endoscopic techniques, especially the advent of capsule endoscopy (CE) have made it possible to provide direct mucosal visualization of the GI tract. However, CE also has such limitations in disease localization, and is contraindicated in patients with suspected of bowel stricture or obstruction[1,2]. 
MR and CT techniques optimized for small bowel imaging are playing an increasing role in the evaluation of gastrointestinal disorders. Several studies have shown the advantage of these techniques over traditional barium fluoroscopic examinations. Cross-sectional techniques have several advantages, including their ability to display the entire thickness of the gastric and bowel wall, visualize the deep pelvis ileal loops without superimposition, and evaluate the mesentery and perienteric fat. Another intrinsic advantage is the possibility to assess solid organs and provide a global overview of the abdominopelvic cavity.
The preference of MR over CT is mainly based on available resources and public policies. However, similar to fluoroscopic procedures, CT is associated with patients’ radiation exposure. With the increasing awareness of radiation exposure, there has been a more global interest in implementing techniques that either reduce or eliminate radiation exposure[3]. This may be of particular importance in radiosensitive patient population with chronic inflammatory bowel disease; who may require multiple studies over a lifetime[4]. As a result, MR imaging has become increasingly important as a method of evaluating various gastrointestinal disease processes[5].
MRI combines the advantages of excellent soft-tissue contrast, noninvasiveness, functional information and lack of ionizing radiation. Furthermore, recent developments of MR imaging have led to improved spatial and temporal resolution as well as decreased motion artifacts[6]. In this article we describe technical aspects of gastrointestinal MR imaging and present a practical approach for a well-known spectrum of gastrointestinal disease processes. 

PRACTICAL ASPECTS OF GASTROINTESTINAL MRI TECHNIQUE
Similar to other imaging techniques, adequate luminal distension is desirable since poorly distended loops can simulate[7] or hide pathologic processes; especially in less experienced hands. Two different techniques to provide sufficient luminal distension of the small bowel have been proposed: MR enteroclysis and MR enterography. MR enteroclysis is associated with excellent image quality because of superb bowel distension achieved by fluid administration after nasojejunal intubation. However, the placement of the catheter is unpleasant and stressful for the patient. The improved distention achieved with enteroclysis does not necessarily translate into an improvement in diagnostic effectiveness[8,9] and peroral fluid administration results in effective and most often satisfactory means of achieving small bowel distention. One advantage of MR enteroclysis may reside in the detection of mesenteric small bowel tumors[10,11].
Three groups of contrast agents can be utilized to achieve distension and are classified as positive (bright lumen), negative (dark lumen), or biphasic contrast agents. Biphasic contrast agents (water-based) are usually preferred because they are easy to implement and provide excellent signal characteristics, resulting in bright lumen on T2-weighted and dark lumen on T1-weighted sequences. Tap water is frequently used as a biphasic contrast agent, especially when imaging the upper gastrointestinal segment (stomach, duodenum and proximal jejunum); however, it is rapidly reabsorbed in the small intestine, leading to a poor distension of the distal jejunum and ileum. In order to slow intestinal absorption of water, higher-osmolality and viscosity agents are routinely added[12-14]. After a 4 to 6-h fast, patients are asked to drink between 1000 mL and 1500 mL of intraluminal contrast (Figure 1); 45 to 55 minutes prior to examination. Metoclopromide (20 mg) may be added directly to the oral contrast to promote gastric emptying. Adverse effects are rare, usually mild and transitory, and experienced mainly after the termination of the MR examination[15].
Some patients cannot tolerate the ingestion of high volumes of oral contrast; in our experience, we found that luminal distension is not as critical as on CT and the MR examination can still be performed even if only a small volume has been ingested.
Patients undergoing MRE should be examined in prone position. This position may facilitate separation of small bowel loops while decreasing the volume of peritoneal cavity to be image and, as a result, the number of coronal sections to be acquired [16]. Hence, acquisition times and consequently the time span for breath holding can be decreased. However, many patients may not tolerate lying prone in the MR scanner, and therefore supine position is almost always adequate. 
Gastrointestinal MR evaluation is based on the ultra-fast imaging generally applied for body MRI. Body MR imaging is still based on T1-weighted and T2-weighted sequences plus or minus fat-suppression and postgadolinium T1-weighted sequences. A combination of single-shot fast/turbo spin-echo T2-weighted and GRE T1-weighted sequences with intravenous gadolinium enhancement and fat-suppression result in consistent image quality of the gastrointestinal tract. Two- or three-dimensional balanced steady-state free precession (bSSFP) sequences are additionally collected as part of the MRE protocol. 
Single-Shot TSE/FSE T2-weighted sequences are very robust to motion and usually acquired with and without fat-saturation. These sequences have high sensitivity for fluid and are crucial to depict edema in or adjacent to the bowel wall. This is especially important in Crohn’s disease, which can be regarded as a marker for active inflammation. Single-shot sequences are susceptible to flow artifacts, and thus intraluminal flow voids can be seen (Figure 1).
Because bSSFP sequences are relatively robust with regard to motion artifacts and intraluminal flow voids, these sequences are performed in the beginning of the study prior to glucagon or intravenous contrast administration. These sequences can be performed quickly and are complementary to single-shot TSE/FSE sequences and the preferred pulse sequence to evaluate the mesentery. The ratio of T1/T2 contrast provides images that appear primarily T2-weighted, with very high signal for all types of fluid. This feature allows good evaluation of the bowel wall, particularly in the definition of edema and of bowel wall layering appearance. Cine-analysis can also be performed with this technique allowing supplementary functional information. We generally acquire 15-25 frames per section location during free breathing. These images may then be displayed as a cine loop to assess bowel motility to exclude or confirm fixed stenoses, segmental dilatation, and detect adhesions. 
T1-weighted GRE MR imaging represents the core of the body MR protocol. Since these sequences are quite prone to bowel motion artifacts, spasmolytic agents (e.g., Glucagon® or Buscopan®) should be administered intravenously immediately before image acquisition. Buscopan® is less expensive; however, it is not Food and Drug Administration approved and therefore not available in the United States. These sequences are performed as either 2D or 3D techniques, and on newer MR systems, the most commonly used is the 3D-GRE with fat-suppression. Post-contrast coronal and axial images are also acquired. Our protocol includes an arterial and interstitial phase in the coronal plane and an enteric (early hepatic-venous) phase (circa 50 s) in the axial plane. Gadolinium-enhanced T1-weighted images are helpful to detect both intestinal tumors and inflammatory bowel diseases with high sensitivity[17].
Diffusion-weighted imaging (DWI) has been increasingly used for body MRI. Initial studies underline a possible value of DWI also for small bowel imaging, aiding in the assessment of disease activity[18,19]. A set of coronal diffusion-weighted images (b = 0-50 s/mm2; b = 600-800 s/mm2) may be added to the protocol, depending on the indication of the examination and preference of the radiologist. This is especially important in pregnant patients those with contraindications to gadolinium administration (Figure 2)

PRACTICAL APPROACH TO INFLAMMATORY CONDITIONS-SMALL BOWEL
Crohn’s disease
Crohn’s disease (CD) is a chronic relapsing inflammatory disease of the gastrointestinal tract involving all layers of the bowel wall and may be classified as active inflammatory (without fistulas or strictures), penetrating, or fibrostenotic disease[20]. Although any segment of the gastrointestinal tract may be involved with CD, it most commonly involves the terminal ileum, and frequently in association with disease in the right colon. 
Endoscopy and histologic examination have served as the standard approach for the diagnosis of CD; however, diagnosing lesions in the small bowel between the distal duodenum and mid ileum has been a challenge. Furthermore, the major disadvantage of endoscopic methods endoscopic tests and biopsies will evaluate the mucosa but do not evaluate inflammation or fibrosis within the submucosa or deeper tissues. Currently, CT enterography and MRE are the only two imaging modalities that enable the visualization of submucosal tissues throughout the entire small bowel; however, as stated above, MRE does not expose patients to ionizing radiation and it provides additional technical and diagnostic advantages[21].
The following important questions can be addressed on MRE: (1) extent of small and large bowel involvement; (2) distinction between active inflammatory and fibrotic stricturing disease; (3) recognition of penetrating disease +/- extramural complications; (4) evaluation of response to medical therapy; and (5) detection of recurrent disease following surgery.
A relatively simple and accurate approach for evaluation of CD activity is based on the association of T2-weighted and post-gadolinium T1-weighted sequences. This combination allows comprehensive evaluation and discrimination between quiescent disease and active inflammation and for evaluation of complications including abscesses or fistulas[21,22].

Findings perceived on post-gadolinium T1-weighted images
Increased mucosal enhancement has long been one of the most important findings and is the most sensitive finding of disease activity, which may approach 100% sensitivity [23-27]. Imaging findings of mucosal enhancement; bowel wall edematous thickening (> 3mm); and enhancement of different bowel layers, termed “mural stratification”, are classic features of active small bowel disease[28,29] (Figure 3). Quantitative bowel enhancement parameters were found to correlate highly with histologic and endoscopic disease severity[30].
Other findings include stranding extending into the mesenteric border fat and engorgement of the hyperemic vasa recta surrounding the inflamed bowel segment (comb sign) and reactively enlarged and hyper-enhancing mesenteric lymph nodes.

Perceived on T2-weighted images
Bowel wall thickening with increased T2-signal within or adjacent to the abnormal bowel on fat-suppressed images indicates active inflammation[31]. Other sings include fluid accumulation in adjacent intraperitoneal and mesenteric spaces (Figure 4).
Fibrofatty proliferation or creeping of the mesenteric fat along the mesentery and onto the involved bowel segment (Figure 5) suggests a chronically inflamed bowel loop, a sign mostly seen in chronic disease. However, when it is associated with engorged perpendicular distal mesenteric vessels (comb sign), it is considered surgically pathognomonic for the disease and highly specific for active CD[32]. Comb sign is usually well depicted on bSSFP sequences (Figure 5).

Practical interpretive approach to a thickened bowel wall segment[21]
Active inflammation: Bowel wall thickening and enhancement on post-gadolinium T1-weighted images, plus high signal intensity on T2-weighted fat-suppressed images (Figures 4 and 5).

Chronic disease without active inflammation: Bowel wall thickening and reduced and homogeneous enhancement on post-gadolinium T1-weighted images without a layering enhancement; plus low T2-signal intensity on fat-suppressed images with possible stenosis with obstruction and occasionally sacculations or dilated amorphous bowel loops. In the fibrostenotic disease subtype, MRE demonstrates a fixed narrowing of the involved bowel with associated wall thickening and marked pre-stenotic dilatation. On MRE cine imaging, fibrotic strictures appear as aperistaltic bowel segment that often demonstrate fixed mural thickening and luminal narrowing; these sequences help to differentiate a fibrotic stricture from small bowel obstruction secondary to spasm associated with active inflammatory disease[33] (Figure 6).

Chronic disease with active inflammation: These features can overlap with active inflammation and sometimes only distinguished upon further short-term follow-up post-trial medical treatment. Acute on chronic involvement is suggested by marked enhancement of the mucosa with substantial low T2 signal intensity and minimal enhancement of the outer layer; therefore, appreciation of these findings may have a role in the evaluation of acute exacerbations of CD. The presence of sub-mucosal intramural fat deposition, which is also related to prior or ongoing chronic inflammation, can be accurately identified when combining features from steady state free precession as well as T2-weighted images with and without fat-suppression (Figure 7).

Complications of CD
Complications of CD are also well shown in MRE and include: fistulas, phlegmons, abscesses and bowel obstruction. Fistulas and sinus tracts are demonstrated by the high signal intensity of their fluid content on steady-state free-precession and single-shot fast/turbo spin echo T2-weighted images, and enhancement of the linear tract on the post gadolinium T1-weighted sequences. Entero-enteric (Figure 8) and entero-colic fistulas are not uncommon. Fistulous communication with adjacent pelvic organs can also be seen. They should be suspected when crowded retracted and angulated small bowel loops are appreciated; known as star sign. Deep fissuring ulcers are occasionally appreciated, and better see on bSSFP images. Extra-enteric collections and abscesses (Figure 9 and 10) can be recognized by their fluid content and increased wall enhancement on post-gadolinium images. The irregular morphology of an abscess cavity and appreciation of its rounded configuration on multiple planes allows distinction from tubular-shaped bowel.
Identifying active inflammation is rarely an interpretive problem in MRE. However, active inflammation can mask underlying fibrosis related to chronic disease of the bowel wall. In the setting of active inflammation, short-term MRE follow-up may be implemented to confirm improvements of active inflammation and to then evaluate the presence of unmasked chronic fibrotic disease[21]. It is important to identify fibrotic strictures because these are unresponsive to medical therapy and oftentimes require surgical intervention.
Assessment of inflammatory activity of CD is important to identify patients with active inflammation so that appropriate medical therapy may be prescribed. Given the advent of new medications some with serious side effects such as TNF alpha inhibitors, objective measures of activity are needed to justify their use and judge their effectiveness. Currently, there is no gold standard for determination of CD activity. Various authors have proposed MRE-based scoring systems for the assessment of inflammatory activity that includes features such as bowel wall thickening, lumen narrowing and the number of peri-intestinal lymph nodes[34-37]. However, these evaluation algorithms are relatively demanding, which may ultimately limit clinical utilization. Quantitative bowel enhancement parameters were found to correlate highly with histologic and endoscopic disease severity[30,38]. Although the perfusion analysis seems to be an accurate tool and correlates well with clinical parameters, it is relatively time consuming and requires special software and image post-processing. A recent study by Taylor et al[30] outlines another difficulty regarding perfusion analyses of the bowel wall. The use of DWI may also help in assessing disease severity and is thought to be a promising tool, especially if the use of a contrast agent is contraindicated[39].
For clinical follow-up of patients with CD, MRE is the preferred examination of choice due to lack of ionizing radiation and allowance of more frequent monitoring, which is important given the costs and side effects associated with medical treatment (Figure 11). Furthermore, MRE is also adequate for detection of recurrent disease following surgery (Figure 12).

CELIAC DISEASE
Celiac disease is a permanent gluten-sensitive enteropathy of the gastrointestinal tract that affects the small intestine in genetically susceptible individuals. It is a systemic disease that may entail a variety of autoimmune disorders; the most important finding is an inflamed and flattened small intestinal mucosa with impaired function[40]. The disease may present at any age and may show a wide range of clinical presentations of variable severity. The diagnosis of celiac disease can be challenging due to a wide range of clinical manifestations and the lack of specificity. Although the diagnosis is confirmed by small-intestine biopsy, patients who are referred for MRE with nonspecific gastro-intestinal complaints might have celiac disease as the underlying pathology.
MRE allow the visualization of the entire small bowel, and can demonstrate findings useful to suggest the diagnosis of celiac disease in symptomatic adult patients.  Among these findings, fold-pattern abnormality is the most distinctive[41,42]. Furthermore, because there are diseases that can resemble celiac disease histologically, MRE can help in excluding other disease entities[43], such as lymphoma. Due to greater contrast resolution, MRE may be the preferred method of evaluation.
Fold-pattern abnormalities can best be assessed on bSSFP and single-shot fast/turbo spin-echo T2-weighted pulse sequences. A decreased number of jejunal folds (less than three folds per inch) or complete flattening of the folds can be seen in celiac disease (Figure 13). Also, the ileal folds can be increased (more than 5 folds per inch), a sign called “ileal jejunization” (Figure 14). Jejunoileal fold pattern reversal is present when both ileal jejunization and a decreased number of jejunal folds are present in the same patient. This fold-pattern reversal is very specific for celiac disease[41]. However, less specific imaging findings can be seen including strictures, lymphadenopathy, and perienteric stranding. Also, intussusception, visible as the “double halo sign” of bowel-within-bowel, and enlarged lymph nodes (> 1 cm)[41,42] are frequently encountered.
Small bowel lymphomas are associated with the concomitant presence of celiac disease[44] and should be suspected in cases in which considerable enlargement of lymph nodes (> 2 cm) are identified. 

MISCELLANEOUS
Infectious diseases of the small bowel are the most prevalent disease processes in the small bowel after CD. Yersinia enterocolitica and Campylobacter jejuni represent the most common pathogens. Because of the increasing number of immunocompromised patients, the spectrum of pathogens has become wider during the past decades, including Mycobacterium avium-intracellulare, Cryptosporidium species, and cytomegalovirus (CMV). Infectious diseases may mimic CD; because they often manifest as terminal ileitis. Hence, clinical features always need to be considered in order to establish the correct diagnosis[45].
The small bowel is highly sensitive to radiation exposure, with the ileum showing the lowest radiation tolerance. Radiation enteritis typically affects the distal ileum and is often associated with rectosigmoid involvement[46] (Figure 15). The rectum is affected more frequently than the small bowel in pelvic radiotherapy, where proctitis is estimated to occur in 19% of cases[47]. Typical imaging findings include luminal narrowing with small bowel obstruction and pre-stenotic dilatation as well as symmetric wall thickening and edema. Gadolinium-enhanced T1-weighted images reveal increased enhancement in the affected bowel wall. Furthermore, submucosal edema can be depicted in early-stage radiation enteritis on T2-weighted images. Care is required to exclude malignancy, especially lymphoma, suggested by mass-like thickening, infiltration of adjacent tissues, and nodal enlargement[45].

PRACTICAL APPROACH TO INFLAMMATORY CONDITIONS-LARGE BOWEL
Inflammatory bowel disease
CD and Ulcerative Colitis (UC) are the two main forms of chronic inflammatory bowel disease (IBD)[48] with 20%–25% of diagnoses being made during childhood[49]. Ileocolonoscopy with biopsy is the primary tool to make the diagnosis of colonic IBD. However, as mentioned above, intramural changes and extra-luminal abnormalities cannot be appreciated. Furthermore, concomitant small bowel involvement must be excluded. 
Given the present role of MRE in small bowel CD, we believe that MRE +/- colonic enema (MR colonography) might have a similar role in colonic IBD. Often, the degree of distension of the large bowel achieved with oral contrast agents is suboptimal; however, previous reports have shown high sensitivity for differentiating type and severity of colonic IBD with comparable diagnostic accuracy to endoscopy[50]. Furthermore, a recent meta-analysis[51] suggested that MRI is a potentially effective method even without the administration of colonic enema. Recently, Rimola et al[36] demonstrated that MRE in combination with a water-based enema is adequately able to assess disease activity in patients with established CD (Figure 16). Current evidence suggests adequate accuracy in evaluating disease activity in established IBD patients. Initial diagnosis and additional differentiation between UC and CD has not been defined yet. MR imaging findings of UC are similar to those of CD. UC is chronic inflammatory bowel disease restricted to the mucosa and distinctively limited to the colon (Figures 17 and 18) with a predictable distribution, i.e., the disease begins in the rectum and extends proximally in a continuous fashion to involve part or the entire colon (pancolitis). In case of pancolitis, a backwash ileitis may also be present.

Diverticulitis
Magnetic resonance imaging (MRI) can effectively diagnose acute diverticulitis, with reported sensitivity of 86% to 94% and specificity of 88% to 92%[52]. It is likely that continually improving MRI techniques may result in higher sensitivity and specificity in the future. Buckley et al[53] described MRI findings in patients with acute colonic diverticulitis, identifying findings similar to CT: bowel wall thickening, pericolic stranding, presence of diverticula (Figure 19), and presence of complications such as perforation and abscess formation[53]. MRI is also comparable to CT in its ability to identify alternative diagnoses[54]. 

Appendicitis
Traditionally, acute appendicitis has been diagnosed on the basis of clinical findings. Despite having high sensitivity (up to 100%), clinical evaluation has relatively low specificity (73%)[55]. The exact role of imaging in the setting of suspected appendicitis is still a matter of debate. CT is the preferred imaging technique for the diagnosis and assessment of appendicitis in the United States[56] and has been shown to reduce the negative-finding appendectomy rate from 24% to 3%[57]. There are several individual CT findings that suggest a diagnosis of appendicitis like appendiceal enlargement (> 6 mm in diameter) that has a high positive predictive value[58]. Likewise, the sensitivity of adjacent fat infiltration is high for the diagnosis of appendicitis[59]. However, the visualization of an appendicolith has been shown to have a low positive predictive value for the diagnosis of appendicitis[58]. Complications, such as perforated appendicitis, extraluminal gas or abscess can be diagnosed with high specificity[60]. If appendicitis can be ruled out, the most common alternative imaging-based diagnoses are gynecologic diseases, diverticulitis, colitis, or epiploic appendagitis[61]. 
MR imaging has demonstrated promising accuracy for the assessment and diagnosis of appendicitis, albeit in a relatively small series of patients, who often were pregnant (Figure 20)[62]. A recent study showed that the accuracy of conditional or immediate MR imaging was similar to that of conditional CT in patients suspected of having appendicitis[63] However, due to the non-wide availability of MRI systems, relative lack of required expertise and extensive cost-effectiveness studies; the role of MRI is somewhat limited. At this time, MR imaging is used in only select cases at many institutions, primarily after ultrasound yields nondiagnostic findings in pregnant women. 
As in CT, the inflamed appendix and surrounding tissues show marked enhancement on gadolinium-enhanced T1-weighted fat-suppressed images. Recently, Leeuwenburgh et al[64] suggested that the most significant MRI features of acute appendicitis include appendix enlargement (diameter > 7 mm), peri-appendiceal fat stranding, and restricted diffusion of appendiceal wall; the presence of all these three features on MRI leads to a correct diagnosis of 96%, whereas their absence practically rules out appendicitis.

GASTRIC AND SMALL BOWEL TUMORS
Gastric tumors
Adenocarcinoma: Gastric carcinoma is one of the most common causes of cancer-related death worldwide. Borrmann proposed the original classification of advanced gastric cancer in 1926 based on macroscopic evaluation of the tumor. Advanced gastric cancer was classified by Borrmann as fungating (type 1), excavated (type 2), ulcerated infiltrating (type 3), and diffusely infiltrating (type 4) based on shape and infiltration margin. The prognosis of this disease depends on a variety of factors including Borrmann classification[65].
It is generally accepted that the goals of MRI is to demonstrate the primary tumor, but also assess the depth of invasion and detect extra gastric disease[66,67]. On gadolinium-enhanced fat-suppressed T1-weighted images, the tumor shows heterogeneous enhancement compared to normal gastric wall. Infiltrative tumors (linitis plastica) enhances modestly (Figure 21). In contradistinction, other morphologic types enhance more intensely; however, these tend yet to be better demonstrated in the arterial phase, as normal gastric mucosa tends to enhance substantially. Previous studies have shown that MRI has similar diagnostic accuracy in the in the diagnosis and preoperative staging of gastric cancer compared to multidetector CT (MDCT)[67]. Maccioni et al[67] have shown similar detection rate of gastric lesions; however, the T staging accuracy for gastric cancer was superior for MRI (60% vs 48%). This aspect has been previously described by Sohn et al[68] showing a slightly improved accuracy with MRI (73.3% vs 66.7%). The presence of involved lymph nodes is acknowledged to be an independent factor of poor prognosis. The overall accuracy for nodal staging with MRI is similar to that attained with CT[67,68]. 

Gastrointestinal stromal tumors: Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal neoplasms, which can occur anywhere in the GI tract. Approximately 60%–70% of GISTs occur in the stomach, followed by the small intestine at 25%–35%[69]. GISTs can either grow into the mucosa causing ulceration or protrude towards the serosal side[70]. These are solid tumors that can undergo liquefactive necrosis and intratumoral hemorrhage. On MRI, the tumor’s large size coupled with intense enhancement and regions of necrosis are typical features of GISTs. Moreover, MRI may be helpful in determining the organ of origin in large tumors, as well as detecting metastases of GISTs involving the liver and peritoneum (Figure 22). Also, MRI can provide additional information on the tumor response to medical treatment[71]. 

Lymphoma: The stomach is the most commonly involved site in GI tract, followed by the small bowel (ileocecal region) and rectum[72]. Diffuse gastric wall thickening is almost always present in gastric lymphoma (Figure 23). Lymphoma also has other characteristics including homogeneous T2 signal intensity, substantial lymph nodes enlargement, and splenomegaly[73].

Small bowel tumors
The incidence of primary tumors is low, accounting for approximately 1% to 3% of all gastrointestinal tumors. Although small bowel tumors are rare, they are commonly considered in the differential diagnosis of small bowel disease because of their nonspecific presenting symptoms such as pain, obstruction, bleeding, and weight loss. 
Secondary intestinal tumors, which originate from other parts of the body and metastasize to the small intestine, are clinically common and may cause symptoms similar to primary intestinal neoplasms[74]. MRE has been shown to be a useful technique for the study of suspected bowel masses[75]. Factors that affect the diagnostic performance of a specific modality include the size and characteristics of the tumor, extra-enteric extension, and eventual small bowel obstruction. The degree of distention and motion artifacts also influences the quality of the study. Although there is paucity of data regarding the sensitivity of MRE for the detection of small-bowel masses, one study showed no significant difference between MR imaging and wireless capsule endoscopy (WCE) for the detection of large, clinically significant polyps in patients with polyposis syndromes with additional advantage of improved localization with MRE[11].
On MRE, hyper-enhancing masses are usually well depicted when biphasic enteric contrast material is administered. Although any tumor may appear as focal intraluminal mass, location along the GI tract (duodenal, jejunal, or ileal), as well as focal areas of bowel wall thickening or areas of increased mural enhancement, suggest the presence of a tumoral mass. For example, a pedunculated or predominantly exophytic mass suggests a gastrointestinal stromal tumor[76] (Figure 24), while an exophytic mass combined with adjacent lymphadenopathy with or without significant dilatation of the small bowel suggests small bowel lymphoma[76] (Figure 25). Carcinoid tumors arise from neuroendocrine precursors or small bowel wall and may manifest as hypervascular masses, often in the ileum or as enhancing carpet lesions, mimicking the wall thickening of CD. Mesenteric carcinoid metastases demonstrate a desmoplastic reaction that may contain eccentric calcifications (not depicted on MRE) or may be clustered near the mesenteric root[77] (Figure 26). Carcinoid metastases to the liver can appear hypervascular and usually show washout on the delayed imaging mimicking hepatocellular carcinomas (Figure 26). Adenocarcinomas assume a variety of shapes but are generally located in the proximal small bowel (Figure 27) and typically result in proximal dilatation greater than that observed with other neoplasms. 

COLORECTAL TUMORS
Colorectal adenocarcinoma
Ninety-six percent of colorectal cancers are adenocarcinomas[78]. A combination of thin-section 3D-GRE fat-suppressed gadolinium-enhanced T1-weighted and high-resolution T2-weighted fast-spin echo (FSE) provides excellent information about tumor size, bowel wall involvement, peri-tumoral extension, and lymph node detection; especially for tumors located proximally to rectal ampulla[79,80].
MRI has established itself as the primary method for local staging as well as preoperative planning and post-neoadjuvant assessment of the rectal cancers. Rectal cancer MRI evaluation requires a dedicated protocol. The only sequence that is required is a high-resolution T2-weighted fast spin echo. Sagittal plane images are initially acquired, followed by axial and coronal images perpendicular to the rectal wall at the level of the tumor, termed short- and long-axis images, respectively. With high-resolution T2-weighted imaging as a gold standard sequence, it proved to be superior in T staging, especially when the patient’s comfort and acceptance are taken into consideration[81-83]. The ability of MR to delineate the mesorectal fascia and related structures makes it effective to accurately predict curative resection of the rectal cancer[81,84].
Practical aspects of rectal cancer MR staging include tumor size evaluation, longitudinal and axial localization, tumor extent through the rectal wall layers, extramural invasion of the mesorectal fat and/ or mesorectal fascia as well as deep pelvic organs invasion or anal canal extension in case of low lying rectal tumors. Short-axis T2 high-resolution imaging is critical for more accurate tumor (T) staging and yields higher accuracy for deeper tumoral extension (T3-4) (Figure 28); however, transrectal ultrasound has higher reported accuracy in superficial tumors (T1-T2)[85]. A limitation of MR is its inability to easily differentiate T2 from early T3 tumors and certainly cannot differentiate between T1 and T2 cancers[85]. With the advent of endorectal coils, the T staging accuracy has been reported to be between 70%-90%[84,86,87]; however, patient’s compliance, limited availability and cost contribute to its less wide application[85]. MRI has 92% accuracy in predicting circumferential resection margin (CRM) when a cutoff point of 1 mm is used[88]. Nodal involvement can be evaluated using MRI, which rely on short-axis nodal measurement, signal heterogeneity of the cortex, marginal irregularity, or surrounding fat infiltration. The use of superparamagnetic iron oxide particles appears to be promising[89]. Studies also showed that diffusion weighted imaging and perfusion imaging are useful in following-up tumor treatment response including assessing the response to neoadjuvant therapy and determining residual disease or local tumor recurrence[90-93]. The main difficulty in assessing the response to chemoradiation is the distinction between fibrosis with and without residual tumor[94]. Studies evaluating the ability of MRI after chemoradiation to predict tumor clearance from the mesorectal fascia have shown a high negative predictive value of 100%, at the expense of many false-positives leading to a low positive predictive value (PPV) of 50%–60%[95]. Two studies reported a PPV of 83% and 91% and the PPV increased to 94% when > 70% volume downsizing was combined with MR morphological changes[96,97]. The detection of very small volumes of disease remains a problem with techniques that only give information on morphological data. Although 18-Fludeoxyglucose positron emission tomography (18F-FDG PET) provides additional functional information, it cannot solve the problem of detection of residual tumor in fibrosis, as shown by a study on the assessment of clearance from the mesorectal fascia[98].

Benign lesions of the small and large bowel
Some lesions have typical features on MR imaging, which is crucial for a correct diagnosis. For instance, hemangiomas are typically strongly hyperintense on T2-weighted MR images; lipomas or tumors with a marked fat content will show high T1 signal intensity that suppresses on fat-suppressed T1-weighted images (Figure 29). However, many other benign neoplasms such as leiomyomas, fibromas and neurogenic tumors may be indistinguishable from other hypervascular lesions on MRE/MRI.

CONCLUSION
The implementation of fast and ultra-fast sequences and dedicated advanced imaging protocols render MRI an excellent tool for GI imaging. State of the art MRI/MRE has rapidly emerged as successful gastrointestinal imaging modality; offering detailed anatomic and morphologic information and also permitting evaluation of extra-luminal manifestation and extension of disease. These features have now been shown to alter physician level of confidence and management procedures including medical or surgical approaches.
The lack of ionizing radiation makes MRI the preferred modality in many GI disease processes, especially in young patients in the setting of CD, considering that the majority will undergo frequent imaging evaluation. Pregnant patients and those with iodinated contrast agents allergy or decreased renal function may also benefit from MR imaging. The main drawbacks may be related to relative non-wide availability at present time, economic constrains, and need for highly subspecialized radiologists. 
Whenever cross-sectional imaging is requested, especially MRI or CT, the current trend is to weigh the strengths and weaknesses of both techniques considering a risk-benefit analysis. The choice of a diagnostic technique should be determined taking in account patient’s age, clinical status and estimated follow-up exams.
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Figure 1 Coronal T2-weighted single shot fast spin echo and coronal balanced steady state free precession images. Good bowel distension is achieved with the administration of peroral fluid (A and B). Balanced steady state free precession (bSSFP) sequence (B) is robust to flow voids; in addition to its ability to demonstrate fine anatomical details including bowel thickness, mesenteric vessels and lymph nodes; even without the use of spasmolytic agents. SSFSE: Single shot fast spin echo; bSSFP: Balanced steady state free precession.
        
                           
Figure 2 Active distal ileal Crohn’s disease.  Axial diffusion weighted imaging (A) (B = 150) and (B) apparent diffusion coefficient map as well as (C) axial and (D) coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is a long segment of distal ilial diffuse thickening associated with diffusion restriction (A and B) as well as significant contrast enhancement (C) and vasa recta engorgement (comb sign) (D) in keeping with active Crohn’s disease. 


Figure 3 Enhancement of bowel wall layers in active Crohn’s disease.  Coronal (A) and (B) axial fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the (A) arterial and (B) enteric in a patient with active Crohn’s disease. There is extensive mucosal enhancement involving the affected terminal ileum (arrows, A), reflecting active disease. Enteric phase images (B) shows serosal enhancement providing the tri-laminar appearance of active disease (arrows, B).  

Figure 4 Active Crohn’s disease. A and B: Coronal T2-weighted SSFSE without and with fat suppression and © coronal bSSFP image as well as coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the (D) arterial and E: interstitial phases. There is abnormal bowel wall thickening and edema involving distal ileal segments, associated with small fluid collection in the adjacent mesentery (A and B), engorgement of the mesenteric vessels (comb sign) (C, D and E), and extensive mucosal enhancement (D and E), in addition to the presence of enhancing mesenteric lymph nodes, in keeping with active Crohn’s disease. 


Figure 5 Active Crohn’s disease. A: Coronal T2-weighted single shot fast spin echo (SSFSE) and (B) coronal balanced steady state free precession (bSSFP) images as well as (C) coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the interstitial phase. There is an abnormal segment of distal ileal thickening with diffuse submucosal increased T2 signal intensity (arrows, A) displaying high signal intensity, consistent with edema. The bSSFP image (B) doesn’t demonstrate submucosal edema, but clearly depicts mesenteric lymph nodes and comb sign, associated with extensive mucosal enhancement (arrows, C), reflecting disease activity. Fibrofatty proliferation around the affected ileal segments is also seen.

Figure 6 Chronic Crohn’s disease. A: Coronal T2-weighted single shot fast spin echo (SSFSE) and (B) coronal balanced steady state free precession (Bssfp), images as well as coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the (C) arterial and (D) interstitial phases. There is an intermediately low T2 signal intensity bowel wall thickening involving the distal ileum (A), also well-appreciated on bSSFP image (B), showing negligible enhancement on post-gadolinium images (arrows, C and D), consistent with chronic fibrotic segment without superimposed inflammation. A pre-stenotic dilatation is observed.

Figure 7 Acute on chronic Crohn’s disease. A: Coronal and (B) axial T2-weighted single shot fast spin echo (SSFSE) as well as (C) coronal fat-suppressed T2-weighted SSFSE and (D) coronal fat-suppressed interstitial post-gadolinium 3D-GRE T1-weighted images during the interstitial phase. There is distal small bowel segment which demonstrates diffuse thickening and luminal narrowing (arrow, A), associated with submucosal high signal intensity on T2-weighted images (A and B) and with low-signal intensity on the fat-suppressed T2-weighted images (C), related to submucosal fat deposition, in keeping with chronic Crohn’s disease. There is also a superimposed increased mucosal enhancement in affected bowel segments (arrow, D) and comb sign post-gadolinium images (D), reflecting disease activity, in keeping with acute on top of chronic disease.

Figure 8 Enteroenteric fistula in active Crohn’s disease. A: Coronal T2-weighted single shot fast spin echo (SSFSE) and (B) coronal balanced steady state free precession (Bssfp) images as well as (C) axial and (D) coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the (C) enteric and (D) interstitial phases. There is short-segment terminal ileal wall thickening (A and B), which shows extensive mucosal enhancement (C and D). There is also a linear tract extending from the involved segment to an adjacent ileal loop, showing increased enhancement, consistent with enteroenteric fistula (arrow, C and D).

Figure 9 Abscess formation complicating active Crohn’s disease. A: Coronal; B: Sagittal; C: Axial T2-weighted TSE images; D: Axial; and E: Sagittal fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the interstitial phase. Here is evidence of thickened small bowel loop segment and interloop mesenteric high T2 signal fluid collection (A, arrows, B and C) is noted, associated with rim enhancement (arrows, D and E) in keeping with mesenteric abscess formation complicating active Crohn’s disease.

Figure 10 Active distal ileal Crohn’s disease with complex fistulization and iliopsoas abscess formation. A and B: Coronal; C: axial fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is evidence of terminal ilial thickening and enhancement in keeping with active Crohn’s disease, associated with complex ileoileal and ileosigmoidal fistula formation (star sign, arrows, A and B) as well as iliopsoas inflammation and abscess formation (arrowheads, A, B and C).

Figure 11 Imaging followup in a patient with Crohn’s disease. A and E: Coronal T2-weighted single shot fast spin echo (SSFSE); B and F: Coronal balanced steady state free precession (bSSFP) images; C and G: Coronal; ans D and H: Axial fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is evidence of active Crohn’s disease involving a long segment of the terminal ileum (A, B, C and D) in form of diffuse wall thickening and submucosal mucosal enhancement (arrows, C and D). Four-month re-evaluation shows interval decreased wall thickening and significant decreased mucosal/serosal enhancement, consistent with favourable response to medical therapy. 

Figure 12 Recurrent Crohn’s disease post-surgery. A: Coronal; B: Axial T2-weighted single shot fast spin echo (SSFSE) images; C: Coronal balanced steady state free precession (bSSFP); and D: Coronal fat suppressed post-gadolinium 3D-GRE T1-weighted images. The patient is post distal ileal resection with a low-lying ileocolic anastomosis. The remaining distal ileum displays signs of active inflammation, namely bowel wall thickening and submucosal edema (A and B) associated with mucosal and serosal increased enhancement post-gadolinium (D) in keeping with recurrent Crohn’s disease post-surgery.

Figure 13 Type 2 Gluten-sensitive enteropathy (Celiac disease). A: Coronal T2-weighted single shot fast spin echo (SSFSE); B: Coronal balanced steady state free precession (bSSFP) images show an abnormal ileal fold pattern with substantial decrease in the number of jejunal folds suggesting the diagnosis of celiac disease. Concomitantly, jejunal and ileal segments with increased mural thickening and stratification are seen (arrows, B), consistent with superimposed active inflammation.

Figure 14 Gluten-sensitive enteropathy (Celiac disease). A: Coronal T2-weighted single shot fast spin echo (SSFSE); B: Coronal balanced steady state free precession (bSSFP); C: Coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the interstitial phase. There is abnormal ileal fold pattern with increased number of folds mimicking the appearance of the jejunum (ileal jejunization) in keeping with the diagnosis of celiac disease.

Figure 15 Radiation proctocolitis. A: Coronal; B: Axial; C: Sagittal T2-weighted TSE. The rectum and distal sigmoid colon demonstrates increased wall thickness with intermediate signal intensity on T2-weighted images (arrows, A, B and C). This patient underwent hysterectomy and radiation therapy. These findings are compatible with radiation proctocolitis.

Figure 16 Crohn’s colitis. A: Coronal T2-weighted single shot fast spin echo (SSFSE); B: Coronal balanced steady state free precession (bSSFP) images; C: Coronal; D: Axial fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is a segmental uniform thickening of the transverse colon associated with submucosal edema (A and B), mucosal hyper-enhancement, and engorgement of the supplying mesenteric vessels (C and D) in keeping with active Crohn’s colitis. Also of note is the focal hyper-enhancement of the terminal ileum (C).

Figure 17 Active colonic ulcerative colitis. A: Axial diffusion-weighted imaging (DWI) (B = 650 s/mm2); B: ADC map images. There is diffuse thickening involving the colon associated wish diffuse mucosal diffusion restriction (arrows A) in keeping with active ulcerative colitis. 

Figure 18 Chronic ulcerative colitis. A: Axial in-phase T1-weighted; B: Axial fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is diffuse rectal submucosal increased T1 signal (arrow, A), which demonstrates low signal on fat-suppression (arrow, B), but no significant arterial enhancement (B), in keeping with chronic ulcerative colitis. 

Figure 19 Left colonic diverticulitis. A: Coronal T2-weighted SSFSE, B: axial fat-suppressed T2-weighted single shot fast spin echo (SSFSE); C: Axial and D: Coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the interstitial phase. There is wall thickening of the descending colon (A), with pericolonic free fluid, better depicted on axial T2-weighted SSFSE image (B). Post-gadolinium images (C and D) show marked enhancement of the left colon, with pericolonic enhancement including the pre-renal fascia. Coronal postgadolinium image (D) shows left colonic diverticula and associated bowel wall and vasa recti engorgement (arrows), consistent with inflammation.

Figure 20 Acute appendicitis in a pregnant patient.  A: Coronal; B: Sagittal; and C: Axial single shot fast spin echo (SSFSE) T2 as well as D: fat-suppressedSSFSE T2 images. There is a blind-ended tubular structure at the retrocecal region (arrows, A, B) associated with uniform, diffuse wall thickening and dilatation, reaching up to 13 mm in diameter (C and D) as well as periappendiceal edema and small periappendiceal fluid (A-D) collection, in keeping with acute appendicitis. Edema and fluid appear significantly more conspicuous on fat-suppressed images (arrowheads, D). Noted is a gravid uterus (A).

Figure 21 Gastric adenocarcinoma. A: Coronal T2-weighted single shot fast spin echo (SSFSE); B: Axial fat suppressed T2-weighted SSFSE; C: Axial arterial; D: Interstitial post-gadolinium 3D-GRE T1-weighted images. There is diffuse heterogeneous wall thickening of the stomach (A and B) with heterogeneous enhancement (C and D) consistent with linitis plastica. 

Figure 22 Metastatic malignant gastric gastrointestinal stromal tumors. A: Coronal T2-weighted single shot fast spin echo (SSFSE); B: Axial fat suppressed T2-weighted SSFSE, axial; C: Pre- and post-gadolinium 3D-GRE T1-weighted images during the (D) arterial and (E) interstitial phases. There is a hyperintense mass within the wall of the gastric antrum, which abuts the edge of the left lobe of the liver; Central necrosis is seen (arrowheads, A and B). Multiple liver lesions show heterogeneously increased T2 signal and hypervascular characteristics, fading to isointensity on late phase of enhancement, consistent with metastases.

Figure 23 Non-Hodgkin lymphoma of the stomach.  A: Coronal T2-weighted single shot fast spin echo (SSFSE) and (B) axial fat-suppressed T2-weighted SSFSE images. There is marked, diffuse, asymmetric gastric wall thickening with smooth outlines, predominantly involving the gastric body and antrum, associated with mildly increased heterogeneous T2 signal intensity (arrowheads, A and B), large conglomerate nodal mass at the gastrohepatic ligament (arrow, A), and multiple enlarged retroperitoneal lymph nodes (short arrows A and B). Constellation of findings is diagnostic of non-Hodgkin gastric lymphoma with diffuse abdominal lymphadenopathy.

Figure 24 Jejunal gastrointestinal stromal tumor. A: Coronal and (B) axial T2-weighted single shot fast spin echo (SSFSE), and (C) coronal bSSFP images as well as (D) coronal and (E) axial fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is a well-defined intramural, exophytic mass lesion arising from the proximal jejunum, in a patient with malrotation, which demonstrates intermediately increased T2 signal (arrow, A, B), early moderate hypervascularity (D) and progressive enhancement (E) post-gadolinium associated with a tiny central area of necrosis in keeping with jejunal gastrointestinal stromal tumor (GIST). Lack of proximal bowel obstruction is consistent with its eccentric origin.

Figure 25 Jejunal lymphoma. A: Coronal and (B) axial T2-weighted SSFSE, (C) coronal bSSFP, and (D) coronal fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is a short segment of proximal jejunal circumferential, irregular, asymmetric wall thickening resulting in luminal narrowing (arrowheads, A) and demonstrates and intermediate T2 signal (A and B) and mild enhancement post-gadolinium (D) in keeping with a pathologically proven jejunal lymphoma.

Figure 26 Mesenteric carcinoid. A: Coronal T2-weighted SSFSE, (B) coronal bSSFP, and (C and D) coronal arterial, (E) axial enteric, and (F) coronal interstitial fat-suppressed post-gadolinium 3D-GRE T1-weighted images. There is a large mesenteric mass encasing the superior mesenteric artery and its branches (arrow, B)associated with desmoplastic reaction and small bowel retraction noted on pre-contrast images (A, B), which demonstrates hypervascular (C) and typical sunburst margins (D). Liver metastases are seen with the typical wash-in (D) and washout (F) appearance mimicking the appearance of hepatocellular carcinoma.

Figure 27 Jejunal adenocarcinoma. A: Axial T2-weighted SSFSE and (B) coronal bSSFP images as well as axial fat-suppressed post-gadolinium 3D-GRE T1-weighted images during the (C) hepatic arterial dominant and (D) hepatic venous phases. There is significant circumferential, irregular, asymmetric wall thickening of the proximal jejunum with exophytic extension (arrows, A and B) and hypovascular enhancement pattern (C and D) in keeping with a pathologically proven jejunal adenocarcinoma.

Figure 28 Stage T3 rectal cancer. A and B: Axial high-resolution T2-weighted images as well as axial (C) DWI (B = 650 s/mm2) and (D) ADC map images. There is a large polypoidal mass lesion arising from the right anterolateral lower rectal wall (A and B) with two foci of tumoral extension beyond the low-signal serosal layer (arrows, B) that show diffusion restriction (C and D) in keeping with stage T3 rectal tumor. 

Figure 29 Duodenal lipoma. A: Coronal T2-weighted SSFSE; (B) Axial GRE in-phase; C: Opposed-phase T1-weighted; and D: Axial fat-suppressed 3D-GRE T1-weighted images. Small, well-defined, intra-luminal, duodenal mass lesion; which demonstrates intermediately high signal on SSFSE (arrow, A), high signal intensity on the in-phase T1 weighted image (B), no drop of signal on the opposed-phase images (C), and homogenously low signal intensity on the fat-suppressed image (D) in keeping with duodenal lipoma.
