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Abstract
MRI has transformed from the theoretical, investigative realm to mainstream clinical medicine over the past four decades 
and has become a core component of the diagnostic toolbox in the practice of gastroenterology (GI). Its success is attribut-
able to exquisite contrast and the ability to isolate specific proton species through the use of different pulse sequences (i.e., 
T1-weighted, T2-weighted, diffusion-weighted) and exploiting extracellular and hepatobiliary contrast agents. Consequently, 
MRI has gained preeminence in various GI clinical applications: liver and pancreatic lesion evaluation and detection, liver 
transplantation evaluation, pancreatitis evaluation, Crohn’s disease evaluation (using MR enterography) rectal cancer staging 
and perianal fistula evaluation. MR elastography, in concert with technical innovations allowing for fat and iron quantification, 
provides a noninvasive approach, or “MRI virtual liver biopsy” for diagnosis and management of chronic liver diseases. In 
the future, the arrival of ultra-high-field MR systems (7 T) and the ability to perform magnetic resonance spectroscopy in 
the abdomen promise even greater diagnostic insight into chronic liver disease.

Keywords  Magnetic resonance imaging · Elastography · Enterography · T1-weighted · T2-weighted · Diffusion-weighted · 
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Introduction

In less than four decades since its invention, magnetic res-
onance imaging (MRI) has been transformed from a tool 
mostly limited to investigative applications to a core com-
ponent of the diagnostic armamentarium in modern medi-
cine. In the USA, over 100 MRI examinations have been 
performed per 1000 people since 2010 [1]. While early MRI 
technology focused on the brain, the spine, and the joints, 
primarily since physiologic movement thwarted imaging of 
other organs, today’s MR systems are capable of acquiring 
high-quality images of the abdomen and pelvis for numer-
ous applications, especially pertaining to the gastrointesti-
nal (GI) system. Moreover, MRI has become integral to the 
practice of gastroenterology in numerous instances such as 
characterizing liver lesions, managing patients with chronic 
liver disease and potential liver transplant recipients, quanti-
fying chronic liver disease, diagnosing and assessing biliary 

diseases, establishing the etiology and potential complica-
tions of pancreatitis, diagnosing pancreatic cancer, manag-
ing Crohn’s disease and polyposis syndromes, detecting 
perianal fistulas, and staging rectal cancer. Future directions 
depend on the potential applications of ultra-high-field MRI 
(i.e., 7 T) initially in the direction of better understanding 
hepatic energy metabolism through enhanced spectroscopic 
capabilities at higher field strength—specifically by analyz-
ing phosphorus metabolites.

This article reviews the history, current state, and future 
direction for MR scanning as pertains to gastroenterologists. 
Part of its purpose is to describe how paradigm shifts in 
particle physics transformed medical practice decades later; 
the other is to provide insight into a field that is not always 
well understood by GI specialists. The authors hope that this 
insight into the enormous capabilities of MR for imaging the 
GI tract will not only enhance appreciation of the study in its 
many forms, but also reinforce the importance of practition-
ers providing as much clinical information as possible when 
ordering such studies. *	 Christopher G. Roth 
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History of MRI

The earliest known discovery to which the development of 
clinical MRI can be credited is Nikola Tesla’s concept of the 
rotating magnetic field, first described in 1882 in Budapest, 
Hungary (Fig. 1). This phenomenon involves exploiting the 
ability of multiple magnetic fields to separate protons based 
on their chemical species and spatial location. Nevertheless, 
multiple convergent subsequent scientific discoveries were 
needed in order to usher in the advent of clinical magnetic 
resonance imaging. The world would have to wait over a half 
century for the next major innovation—nuclear magnetic 
resonance (NMR), the basis of current MRI imaging. The 
independent contributions from Columbia University Profes-
sor Isidor I. Rabi and the team of Edward Purcell and Felix 
Bloch provided the scientific understanding of this phenom-
enon through their respective discoveries. In the 1930s, Rabi 
elucidated the concept of the magnetic moment, the notion 
that protons or other atomic nuclei have the capacity to 
behave as tiny magnets, absorbing and emitting energy when 
subjected to radiofrequency energy. In 1946, Felix Bloch and 
his team demonstrated the phenomenon of NMR in matter 
by measuring the radiofrequency energy in voltage emitted 
by water subjected to a rotating magnetic field.

Three more decades would elapse before a combination 
of scientific discoveries, and technological innovations 

would converge to transform the understanding of this 
physical phenomenon into its practical application—mag-
netic resonance imaging (MRI) as is currently termed. 
Raymond Dalmatian, a physician and mathematician at 
Downstate Medical Center, used NMR to demonstrate 
a difference in emitted radiofrequency energy between 
the protons in explanted normal and malignant tissues in 
rats in 1971 [2]. Paul Lauterbur, a chemistry professor at 
SUNY Stonybrook, appreciated the value of Damadian’s 
work and the need to translate this technological innova-
tion to an in vivo environment. In his seminal work enti-
tled, “Image Formation by Induced Local Interactions: 
Examples Employing Nuclear Magnetic Resonance,” he 
described how the addition of a second magnetic field ena-
bled spatial localization and image creation (i.e., “zeugma-
tography”), obviating the need to remove tissue from the 
body in order to potentially obtain diagnostic images [3]. 
Peter Mansfield, a British physicist, concurrently worked 
on how to mathematically analyze the signals generated 
with interacting gradient magnetic fields, developing a 
novel system for rapidly obtaining magnetic resonance 
images, known as echo planar imaging [4]. Meanwhile, 
Damadian was awarded a patent for his “Apparatus for 
Detecting Cancer in Tissue” in 1974, which led to his 
development of the first whole-body MRI scanner in 
1977 named “Indomitable.” In 1980, Damadian formed 
the Fonar Corporation, introducing the first commercial 
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MRI scanner. Ultimately, Lauterbur and Mansfield won the 
Nobel Prize in Physiology or Medicine in 2003 for their 
synergistic discoveries, although Damadian’s discoveries 
and innovations were arguably equally important and were 
definitely financially rewarding, with the Damadian-owned 
Fonar Corporation currently valued at over $180 million.

Since the 1970s, MRI has evolved technologically in a 
number of ways. New pulse sequences (the scripted way in 
which the magnetic field gradients are turned on and off) 
have been devised that enable faster imaging and more effi-
cient means to collect MRI signals. Magnetic field gradient 
performance (the speed at which they ramp up and down) 
has escalated substantially, enabling faster imaging and 
newer applications able to accommodate physiologic motion 
such as cardiac pulsation, respiratory motion, and bowel 
peristalsis. Coil technology (the radiofrequency energy sig-
nal transmitter and receiver) has continuously evolved in 
order to enhance the quantity and richness of the MRI signal, 
with consequent enhanced quality of MR images. Hardware 
improvements have enabled higher-field imaging (1.5 T and 
above), which improves image quality and facilitates more 
challenging MR applications such as cardiac, abdominal, 
vascular, and diffusion-weighted imaging, and wider, more 
open configuration MR systems mitigating patient claus-
trophobia and body habitus issues. Contrast agents have 
increased the potential applications of MRI and helped to 
realize Damadian’s contention that the modality could dis-
tinguish between neoplastic and nonneoplastic tissue.

Abdominal and gastrointestinal applications of MRI date 
back decades and continue to expand in scope to the present. 
In 1980, Edelstein et al reported one of the first examples 
documenting the acquisition of abdominal MR images using 
a “whole-body” magnet as a form of feasibility exercise [5]. 
Doyle et al. [6] reported one of the first series of cases of 
liver MRI studies, comparing them to computed tomogra-
phy (CT) and concluded that “the information revealed is 
fundamentally different and can be expected to have some 
diagnostic utility.” At the same time, MR contrast agents 
were being investigated; Young et al. [7] observed that 
following oral ingestion of a paramagnetic ferric chloride 
contrast agent (with similar properties to the gadolinium-
based contrast agents administered today), “spin-lattice 
relaxation time can be altered in vivo…” meaning that 
relaxation is facilitated, with consequent hyperintensity 

of T1-weighted images,1 enhancing contrast. While fur-
ther work substantiated the utility of contrast enhancement 
using gadolinium-based contrast agents in the brain, early 
abdominal applications focused on T1- and T2-weighted 
image signal intensities in order to discriminate between 
different tissues [8]. For example, Stark et al. [9] showed 
that signal intensities on T2-weighted images were useful to 
distinguish hemangiomas from malignancy and concluded 
“T2-weighted spin echo (SE) imaging may become the pro-
cedure of choice for diagnosing cavernous hemangioma 
from liver cancer.” Please see the following section enti-
tled “MRI techniques” for further explanation of T1 and T2 
weighting and diffusion images.

Shortly thereafter, the potential benefit of gadolinium 
contrast agent enhancement gradually becomes evident; 
Edelman et al. [10] concluded “…enhancement with Gd-
DTPA [diethylenetriamine pentaacetate] is a practical 
method for improving liver-lesion contrast and has the 
potential to improve the accuracy of MR imaging in the 
liver.” By the early 1990s, there was mounting evidence of 
the potential utility of contrast enhancement for abdominal 
applications. Semelka et al. [11] demonstrated the superi-
ority of postcontrast MR images compared with CT and 
T2-weighted MR images. In the ensuing years, Gd contrast 
enhancement became engrained as a core component of not 
only liver examinations, but of all abdominal examinations.

Additional diagnostic tools have been developed, such as 
chemical shift imaging, diffusion-weighted imaging, elas-
tography, and others that have had substantial impact on the 
practice of gastroenterology. Chemical shift (or in- and out-
of-phase imaging) provides a semiquantitative assessment 
of hepatic steatosis and iron deposition in conjunction with 
other quantitative techniques that will be discussed in detail. 
Diffusion-weighted imaging serves as an adjunctive means 
of identifying neoplastic tissue, response to treatment, and 
other functions. Elastography offers a noninvasive alterna-
tive to tissue sampling in order to quantify fibrosis and help 
manage chronic liver disease (Fig. 2). Magnetic resonance 
cholangiopancreatography (MRCP) techniques have evolved 
over the decades to the point that MRCP is now an accepted 
alternative or adjunct to conventional endoscopic retrograde 
cholangiopancreatography (ERCP). MRI has also become 

1  T1- and T2-weighted imaging in MRI refers to two different strat-
egies that exploit the unique behavior of different proton species 
reacting to electromagnetic energy, or radiofrequency pulses, in a 
strong magnetic field. T1-weighting is accomplished by repeating 
radiofrequency pulses either very rapidly and/or with high intensity 
to selectively isolate those protons that rapidly realign their nuclear 
spin with the main magnetic field (defined as having a low T1 value, 
which refers to the time elapsed for a proton to achieve 63% realign-
ment with the main magnetic field). T1-weighting favors signal from 
protons with short T1 values, such as gadolinium and methemoglobin 

(blood). T2-weighting is accomplished by prolonging the acquisition 
of data, or the reception of the emitted radiofrequency energy from 
protons following an radiofrequency pulse to selectively isolate the 
received signal from proton species retaining relatively greater trans-
verse, or coherent, magnetization as a function of their proton-spe-
cific T2 value (which is the time elapsed for 63% of transverse mag-
netization to decay following excitation by a radiofrequency energy 
pulse). T2-weighting favors signal from protons with long T2 values, 
such as water protons.

Footnote 1 (continued)
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the imaging “gold standard” for the diagnosis of pancreatic 
disorders because of its exquisitely high tissue contrast and 
multiparametric diagnostic capabilities. Additionally, MR 
system hardware improvements have shortened imaging 
times, with consequent improvements in the capability to 
image the gastrointestinal tract and perform MR enterog-
raphy in conjunction with the development of oral contrast 
agents.

In today’s world, MRI substantially contributes to 
multiple aspects of gastroenterological practice (Fig. 3). 

Among its numerous GI-related applications, MRI is the 
study of choice to evaluate focal liver lesions, serves as a 
noninvasive alternative to liver biopsy for the diagnosis of 
diffuse or infiltrative pathologic conditions, is the noninva-
sive “gold standard” for the evaluation of the biliary tree, 
is used to evaluate focal pancreatic lesions and pancreatitis 
and its complications, is a robust means of evaluating the 
small bowel in the context of inflammatory bowel disease 
and other conditions, is an alternative to CT and diagnostic 

Fig. 2   MR elastography of the 
liver. Wave image (a) and color 
image (b) from an MR elasto-
gram in a patient with normal 
liver stiffness show relatively 
low levels of stiffness reflected 
by the blue color in a and coher-
ent color-encoded concentric 
waves in B. Conversely, the 
wave image (c) and color image 
(d) in a patient with stage 4 
fibrosis, or cirrhosis, show high 
levels of stiffness depicted in 
red and less coherent wave 
propagation, respectively. Note 
the shear stiffness color scale (e) 
for reference
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ultrasound (US) in the diagnosis of appendicitis, and is an 
accurate means of staging rectal carcinoma.

Technological improvements have enhanced the impor-
tance of MRI in these instances, such as faster imaging to 
accommodate breath holding and shorter and wider gan-
tries that maximize patient comfort. While the expansion of 
clinical capabilities and applications in MRI in the field of 
gastroenterology has been impressive, the pace of innova-
tion is unlikely to slacken, with ongoing work in areas such 
as combined positron emission tomography (PET)/MRI; 
bringing ultra-high-field MRI (7 T) to the forefront; and in 
exploring the feasibility of esophageal, gastric, and colonic 
imaging and others.

MRI Techniques

Tissue Contrast and T1WI, T2WI, and DWI

A typical abdominal MRI examination includes a variety of 
images called “pulse sequences.” Each pulse sequence pro-
vides specific information about structures in the abdomen. 
Commonly used pulse sequences in abdominal imaging 
include “T1-weighted images,” “T2-weighted images,” and 
“diffusion-weighted images.” T1-weighted images evalu-
ate for fat, iron, protein, and blood [12, 13]. T1-weighted 
images are also used to perform gadolinium-enhanced MRI. 
T2-weighted images evaluate for fluid and edema and help 
differentiate solid from cystic lesions [14, 15]. Magnetic res-
onance cholangiopancreatography (MRCP) images, which 
are strongly T2-weighted, are designed to selectively isolate 
fluid from bile and pancreatic ductular tissue [16]. Diffusion-
weighted images evaluate for dense cellularity (i.e., solid 
lesions) and tense edema (i.e., abscesses or inflammation) 
[17–19].

In addition to the tissue contrast provided by standard 
noncontrast MRI pulse sequences, T1-weighted images 
obtained after administering intravenous gadolinium pro-
vide additional tissue characterization information, which 
when combined with other pulse sequences leads to a spe-
cific tissue diagnosis in many cases [18]. The administered 
gadolinium highlights organs, vascular structures, and 
abnormalities, while the timing of enhancement provides 
additional temporal information. Specifically, early enhance-
ment occurs with vascular structures or neoplasms, slow/
progressive enhancement can indicate fibrosis or edema, and 
cysts or areas of necrosis will have no enhancement [18].

Further accentuating the clinical utility of gadolinium-
enhanced MRI is the availability of 3 distinct categories 
of gadolinium-based contrast agents that can be used for 
abdominal MRI examinations [18, 20, 21]. This includes 
extracellular space contrast agents (ECSAs), hepatocyte-
specific contrast agents (HSCAs), and blood pool agents 

(BPAs). The category selected depends on the indication 
for the examination. ECSAs are the “workhorse” category 
used for most abdominal indications such as abdominal 
pain or mass, cirrhosis evaluation to rule out hepatocellular 
carcinoma, or pancreas, kidney, adrenal, or spleen evalua-
tion [22]. HSCAs are the agent of choice to exclude liver 
metastases, characterize focal nodular hyperplasia, and for 
bile duct evaluation such as excluding a bile leak [23, 24]. 
BPAs are mainly for vascular applications including MR 
angiography and MR venography [18, 25, 26].

GI Applications and the Value/Impact 
on the Practice of Gastroenterology

Accurate diagnostic imaging of the GI tract is necessary 
for the evaluation and treatment of GI and liver diseases. 
Over the past 20 years, advances in cross-sectional imag-
ing with MRI have extensively changed GI imaging due to 
its major advantages when compared to traditional radio-
graphic examinations [27]. In GI practice, MRI can be used 
for lesion characterization or as a problem-solving exami-
nation in cases in which the results from multidetector CT 
or US examinations are inconclusive or incomplete. Of the 
available modalities, MRI provides the most accurate detec-
tion and characterization of hepatobiliary disease and can be 
used for sophisticated assessment of benign and malignant 
hepatic tumors [28] attributable to the superior intrinsic 
properties of MR imaging in evaluating soft tissue contrast 
in comparison with CT. This difference may be important for 
detecting subtle areas of pathology and may improve char-
acterization of certain abnormalities, such as in the evalu-
ation of perianal fistulas in the setting of Crohn’s disease. 
The MR imaging appearance of this condition shows greater 
concordance with surgical findings than any other imaging 
evaluation. Thus, MR has the potential to evaluate small 
and large bowel and perianal disease using a single imag-
ing modality. The excellent inherent soft tissue contrast of 
MRI can be further improved by using gadolinium-based 
contrast agents including extracellular space contrast agents 
and liver-specific contrast agents [20, 21, 23].

With the increasing awareness of the short- and long-term 
hazards of radiation exposure, global interest has increased 
in implementing techniques that either reduce or eliminate 
radiation exposure [29]. This may be of particular impor-
tance in patients with chronic inflammatory bowel and liver 
disease, who may require multiple studies over a lifetime 
[30]. As a result, MRI has become increasingly important as 
a method of evaluating GI diseases [31, 32]. MRI combines 
the advantages of excellent soft tissue contrast, noninvasive-
ness, functional information, and lack of ionizing radiation 
[33], enabling gastroenterologists to have an increased level 
of confidence in their decision to pursue medical or surgical 



1107Digestive Diseases and Sciences (2018) 63:1102–1122	

1 3

interventions [34]. The main drawbacks may be related 
to economic constraints and the need for subspecialized 
radiologists.

Hepatobiliary System

Liver

Liver Lesions

MRI can image virtually every GI structure, including the 
liver, biliary system and gallbladder, pancreas, spleen, small 
bowel, appendix, and rectum. Identifying and characterizing 
liver lesions was the first recognized GI application of MRI 
and has been the most widely utilized. By 1985, the exqui-
site tissue contrast properties of MRI were being realized as 
researchers demonstrated the value of T2-weighted imag-
ing. Stark et al. [9] reported that T2-weighted images “may 
become the procedure of choice for distinguishing cavernous 
hemangioma from liver cancer” based on their comparison 

of cysts and hemangiomas with metastases. Subsequent 
work substantiated these findings, which are now deeply 
embedded into the MRI diagnostic armamentarium [35–37]. 
The physical principle behind this diagnostic tool is the dif-
ference in magnetization decay between free water protons 
(very prolonged) in the simple fluid contained in cysts and 
hemangiomas compared with that of bound water protons 
(much shorter) in solid tissue (Figs. 4 and 5). 

The next major breakthrough in harnessing the diagnostic 
power of MRI was the introduction of contrast enhancement. 
While the T2 signal proved its ability to discriminate solid 
from cystic tissue using relative signal intensities, occasional 
overlap requires supporting techniques. Since intravenous 
contrast enhancement is delivered through the circulatory 
system, contrast enhancement effectively connotes solid tis-
sue, which is necessarily vascularized (Fig. 4). This premise 
was substantiated by the early 1990s by numerous studies, 
including Semelka et al. [11], who in 1992 reported that 
contrast-enhanced MRI exceeded contrast-enhanced CT 
and T2-weighted MR imaging in differentiating between 
solid and cystic lesions and was “…particularly successful 

*

A

EDC

B

Fig. 4   Hepatic cyst compared with metastasis. The axial fat-sup-
pressed T2-weighted image a shows the stark difference between 
the markedly hyperintense free water in the large simple cyst in the 
right lobe (asterisk) compared with the mild hyperintensity of the 
bound water in the adjacent ocular melanoma metastasis (arrow). On 
the corresponding fat-suppressed T1-weighted image (b), the cyst is 
hypointense and the metastasis is hyperintense because of its mel-
anotic content. The postcontrast subtracted (arterial phase postcon-

trast minus precontrast) image c reflects the lack of enhancement in 
the cyst compared with the metastasis, which enhances (even follow-
ing chemoembolization) indicating the presence of solid, viable tis-
sue. The diffusion-weighted image d demonstrates a combination of 
T2 signal and diffusion restriction with nearly equal signal intensity 
between the cyst and metastasis. Signal intensity on the ADC map 
image e is directly proportional to diffusion and shows the stark dif-
ference between free water (cyst) and solid tissue (metastasis)
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in characterization of 5 mm to 1.5 cm diameter lesions as 
cystic or solid.”

While discriminating the solid from cystic nature of liver 
lesions is an important first step in the diagnostic process, 
providing more specific diagnostic information is almost 
always necessary. Dynamic contrast enhancement—imag-
ing before (precontrast) and then repetitively following 
intravenous contrast (postcontrast)—provides information 
beyond binary present or absent enhancement. Numerous 
studies have reported that the differential characteristics 
enhance hepatic lesions with relatively high specificity. For 
example, while technically fluid-filled, or “pseudocystic,” 
hemangiomas exhibit a unique peripheral, clumped, dis-
continuous, and centripetally progressive enhancement 
pattern (Fig. 5), truly solid lesions enhance in a variety of 
patterns including rim enhancement of metastases and the 

hyperenhancement of hepatocellular carcinoma [38]. With 
the subsequent wealth of research on the MRI appearance of 
liver lesions, characterizing lesions based on enhancement 
is relatively straightforward. In conjunction with the appear-
ance on T2-weighted imaging, the presence or absence of 
enhancement effectively addresses the question of solid ver-
sus cystic. When solid lesions are characterized as either 
hypoenhancing or hyperenhancing compared with the back-
ground liver (Figs. 6 and 7), numerous additional enhance-
ment features help further characterize these lesions. For 
example, hepatocellular carcinoma (HCC) exhibits a number 
of unique enhancement features, including corona enhance-
ment (rim of fading hyperenhancement), capsule appear-
ance (delayed peripheral enhancement), and mosaic archi-
tecture (multicompartmental appearance). While ancillary 
features help characterization, the basic tenet of malignant 

Fig. 5   MRI of liver hemangioma. The axial T2-weighted image a 
shows a giant hemangioma in hepatic segment 6 (arrows) with central 
cystic change contrasting with the less hyperintense periphery. Fat-
suppressed T1-weighted postcontrast arterial phase (b), portal phase 

(c), and delayed (d) images demonstrate the classic clumped, discon-
tinuous, and centripetally progressive hemangioma enhancement pat-
tern that clinches the diagnosis

Fig.6   Liver lesion classification 
scheme Cystic Hypoenhancing Hyperenhancing

Simple hepatic cyst Hypovascular metastasis Hypervascular metastasis

Biliary hamartoma Cholangiocarcinoma Hepatocellular carcinoma

Inflammatory lesions Lymphoma Focal nodular hyperplasia

Biliary cystadenoma (-
adenocarcinoma) Confluent fibrosis Hepatocellular adenoma
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enhancement is washout, which means relative reduction in 
enhancement compared with the liver from an earlier to a 
later phase of enhancement appearing as portal and/or later 
phase hypoenhancement (in other words, the liver enhances 
relatively more over time compared with an HCC lesion 
causing it to become increasingly hypointense over time). 
Within the hyperenhancing category, benign lesions either 
fade to isointensity to liver (i.e., focal nodular hyperplasia 
and hepatocellular adenoma) or remain hyperintense (i.e., 
flash-filling hemangioma). Although hypoenhancing lesions, 
which are more protean, have enhancement kinetics that are 
more difficult to appreciate, the vast majority are hypovascu-
lar metastases. Less common hypoenhancing lesions demon-
strate unique features including the peripheral and centrip-
etally progressive enhancement of cholangiocarcinoma and 
the gradually progressive enhancement of confluent fibrosis. 

The development of hepatocyte-specific MRI contrast 
agents (gadoxetate disodium or Eovist® or Primovist™) 
has added further diagnostic utility. In addition to providing 
similar dynamic enhancement information as standard extra-
cellular contrast agents, gadoxetate disodium adds delayed 
hepatobiliary uptake, which helps to isolate nonhepato-
cellular lesions with high sensitivity (Fig. 8) [39–41]. Its 

secondary application is to establish the diagnosis of focal 
nodular hyperplasia (FNH), which hyperenhances and then 
retains contrast on delayed hepatobiliary phase imaging 
(Fig. 8) [42–44].

Diffusion-weighted imaging (DWI) confers additional 
diagnostic utility in detecting and diagnosing liver lesions. 
The unregulated growth in tumors translates to a relatively 
higher concentration of cell and cell membranes, which 
restrict water diffusion, and diffusion restriction is directly 
proportional to signal intensity on DWI. Because DWI 
is also T2-weighted, these images are effectively doubly 
weighted for malignant tissue, explaining the extreme sen-
sitivity (Fig. 9).

The combination of these parameters explains the preemi-
nent role of MRI in the evaluation liver lesions. Yet, despite 
this vast diagnostic armamentarium, data have failed to 
establish the diagnostic superiority of MRI over CT. A 
recent meta-analysis concluded that “no definitive recom-
mendation can be made for systematic use of gadoxetate-
enhanced MRI or extracellular contrast-enhanced MRI over 
CT [45].” While both modalities are reasonable liver-lesion 
imaging options, particular circumstances favor one over the 
other. In the case of large-volume ascites, (if not drained), 

Fig. 7   Hypo- versus hyperenhancement. The axial fat-suppressed 
T1-weighted precontrast image a shows a hypointense liver lesion 
(arrow) representing a cholangiocarcinoma, which has minimal 
enhancement following contrast administration on the arterial phase 
postcontrast image (b). The axial fat-suppressed T1-weighted image 

in a different patient with hepatocellular carcinoma c shows a large 
right lobar lesion with foci of hyperintensity corresponding to hemor-
rhage. The arterial phase postcontrast image d shows mosaic architec-
ture with hyperenhancement, typical of HCC
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MRI potentially confronts the dielectric effect, especially on 
3 T systems. Ascites presents a conductive medium in which 
a circulating electrical current is generated by the rapidly 
changing magnetic field. This current constitutes an elec-
tromagnet, which opposes the changing magnetic field and 
reduces the amplitude of the radiofrequency field and the 
subsequent signal contributing to image data. Breathholding 
limitations also favor CT over MRI, although recent innova-
tions in MR image acquisition strategies have substantially 
shortened breathhold requirements [46]. In the setting of 
hepatocellular dysfunction, the poor uptake of gadoxetate 
disodium argues against the use of this agent.

Significance for Transplantation/Liver Imaging Reporting 
and Data System (LI‑RADS)

Hepatocellular carcinoma (HCC) is the sixth most com-
monly diagnosed cancer worldwide [47], developing in the 
presence of cirrhosis in 90% of cases [48]. The 5-year cumu-
lative incidence of HCC is 8–30% in patients diagnosed 
with cirrhosis [49]. The implementation of radiographic 
surveillance programs has enabled early tumor diagnosis 
increasing the probability of cure, achieving 5-year sur-
vival rates of up to 75% [50, 51]. In light of this survival 

benefit, the American Association for the Study of Liver 
Diseases (AASLD) recommends that HCC surveillance pri-
marily consists of liver ultrasound at 6-month intervals [52]. 
According to the AASLD guidelines, when a nodule grows 
to ≥ 1 cm, MRI or CT is then recommended for surveillance. 
Because of its higher diagnostic accuracy for the detection 
and characterization of HCC, MRI has gained an increas-
ingly predominant role in evaluating patients with chronic 
liver disease.

The therapeutic option of choice for HCC is liver trans-
plantation (LT) since it removes both the neoplasm and any 
underlying cirrhosis. The most appropriate candidates for 
LT are patients that fit into the Milan criteria (single tumor 
< 5 cm or up to 3 tumors of < 3 cm) achieving a 5-year 
survival rate of 70%–80%. In these patients, the recurrence 
rates are ~ 10% [53, 54]. Based on this evidence, it is essen-
tial to be able to provide an accurate measurement of the 
size of an HCC and assess its potential for vascular invasion 
using diagnostic imaging such as MRI. To help with this 
assessment, LI-RADS was developed in 2011 in order to 
facilitate the interpretation and the reporting of CT and MRI 
examinations of the liver in patients at risk of HCC [55]. To 
address the limitations of prior assessment strategies, the 
development of LI-RADS had the goal of standardizing the 

Fig. 8   Gadoxetate disodium enhancement. The fat-suppressed 
T1-weighted precontrast image a shows a mostly hypointense metas-
tasis with hyperintense foci corresponding to hemorrhage. The post-
contrast arterial phase image b shows hyperenhancement, typical 
of an ocular melanoma metastasis. The delayed hepatobiliary phase 
image c shows stark contrast between the hypointense metastasis 
(rendered slightly more hyperintense because of the superimposed 

hemorrhage) compared with the hyperintense normal liver paren-
chyma. Arterial phase postcontrast image d in a different patient 
shows an avidly hyperenhancing left lobar focal nodular hyperplasia 
(FNH) with a characteristic central scar. The corresponding delayed 
hepatobiliary phase image e shows persistent contrast hyperenhance-
ment, which is diagnostic of an FNH
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interpretation, reporting, and data collection of HCC imag-
ing. Prior strategies generally categorized hepatic lesions as 
positive, negative, or indeterminate for HCC, with biopsy 
recommended for the latter. The problem was that for these 
strategies, the indeterminate category was very broad, 
including lesions that are likely to be benign and thus could 
safely be followed up without biopsy [56]. To address this, 
LI-RADS expanded the “indeterminate” category into prob-
ably benign, intermediate probability of HCC, and prob-
ably HCC (LI-RADS categories 2, 3, and 4, respectively), 
in order to facilitate personalized clinical decision-making. 
This system dovetails with the trend over the past two dec-
ades from the historic HCC diagnostic gold standard of tis-
sue sampling toward relying on diagnostic imaging studies 
[57]. This trend reflects a combination of the risks of percu-
taneous biopsy and accuracy of diagnostic imaging studies. 
Biopsy risks include significant bleeding (2.5%) [58], death 
(0.06%) [59], 10–30% false-negative results [60–62] and up 
to 5% risk of tumor seeding along the biopsy tract [63–66]. 
Against this risk, the reliability of LI-RADS 1 and 2 classi-
fications essentially guarantees benign etiology and justifica-
tion for expectant management. A recent study reported that 
none of 122 LI-RADS 1 and LI-RADS 2 lesions (61 each) 

corresponded to a final diagnosis of HCC [67]. The same 
study found that 94% of 250 LI-RADS 5 lesions were cor-
rectly diagnosed and another study corroborated these find-
ings by reporting a 97% positive predictive rate for 156 LI-
RADS 5 lesions [68]. LI-RADS 3 and 4 lesions require an 
approach more customized to patient-specific factors. Both 
lesions generally benefit from a multi-disciplinary approach 
and are usually followed conservatively with follow-up 
imaging with biopsy in select cases [69]. Furthermore, LI-
RADS is a dynamic strategy that will continue to be refined 
and updated as experience and validating data accrue [70].

As a bridge to liver transplantation and as a palliative 
therapy, there has been an evolution of minimally invasive, 
local-regional approaches to treat HCC lesions [71]. Regard-
less of the treatment modality, the best indicator of success-
ful local-regional treatment is the absence of enhancement 
on postcontrast images [72]. MRI substantially contributes 
to the evaluation of the therapeutic response of HCC follow-
ing the local-regional therapy. The treatment cavity occa-
sionally appears T1 hyperintense in which case subtracted 
images better show the presence or absence of enhance-
ment. Although a thin, smooth rim of hyperemic reactive 
tissue persists around the ablated cavity for several months, 

Fig. 9   Pulse sequences and tissue contrast. The axial T2-weighted 
sequence a shows mildly hyperintense masses corresponding to 
urothelial carcinoma metastases (arrows) and scattered hyperintense 
cysts. With fat suppression (b), the solid masses (arrows) are more 
conspicuous. The T1-weighted postcontrast image (c) demonstrates 

lesion hypoenhancement, which is typical of urothelial tumors. On 
the diffusion-weighted image (d), tissue contrast is extreme due to the 
combined differences in T2 signal and diffusion restriction between 
the metastases and the normal background liver
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nodular or mass-like internal or peri-lesional enhancement 
suggests residual or recurrent tumor.

Diffuse Liver Disease/Elastography

Chronic liver disease is a major cause of morbidity and 
mortality worldwide. The most common causes of chronic 
liver disease include hepatitis B, hepatitis C, nonalcoholic 
fatty liver disease, and alcoholic liver disease [73]. The 
importance of chronic liver disease is that it can progress to 
hepatic fibrosis and eventually cirrhosis. New data suggest 
that this is not an inexorable progression in that if fibro-
sis ensues, treatment can either slow, halt, or even reverse 
its progression. If cirrhosis develops, the imaging strategy 
changes to one focused on excluding hepatocellular carci-
noma (HCC) and evaluating for portal hypertension [74, 75]. 
Currently, the “gold standard” for detecting liver fibrosis 
is percutaneous liver biopsy. Nonetheless, liver biopsy has 
significant limitations including patient reluctance, sampling 
error, heterogeneous fibrosis distribution, and inter-observer 
variability by pathologists reporting fibrosis of up to 20% 
[76, 77]. Liver biopsies can also be complicated by bleed-
ing (1.7%) and death (0.2%) [74, 78]. Finally, monitoring 
response to treatment with liver biopsy is not ideal due to 
the above limitations.

MR elastography (MREL), a noninvasive imaging tech-
nique that evaluates for liver fibrosis, has revolutionized 
evaluation of patients with chronic liver disease [74, 75, 79]. 
With this technique, a plastic paddle placed on the abdomi-
nal wall generates vibrations that create “shear waves” in 
the liver which when measured can be quantitated (Fig. 2a). 
The speed that shear waves propagate through the liver is 
directly related to liver stiffness. Liver stiffness increases 
with increasing stages of liver fibrosis [80]. The ability to 
accurately stage the amount of fibrosis in the liver has made 
MREL an important diagnostic tool for patients with chronic 
liver disease. MREL can be used to detect or stage liver 
fibrosis, differentiate simple steatosis from nonalcoholic 
steatohepatitis, follow-up patients with chronic liver disease, 
and monitor treatment response [75].

Nonalcoholic Fatty Liver Disease (NAFLD)

NAFLD is defined as increased lipid (primarily triglycer-
ides) accumulation in hepatocytes not associated with exces-
sive alcohol use or other causes of fatty liver [81]. NAFLD 
is the most common cause of chronic liver disease in the 
USA, with a 30% prevalence. By 2020, NAFLD will likely 
be the most common etiology for advanced liver disease and 
indication for liver transplantation in the USA [82]. Patients 
with NAFLD can develop nonalcoholic steatohepatitis 
(NASH) with or without fibrosis. Long-standing NASH can 
progress to advanced fibrosis and eventually cirrhosis with 

its inherent complications including portal hypertension, 
liver failure, and HCC [83]. Standard imaging techniques 
using ultrasound, CT scan, and MRI only provide qualitative 
measurements of the amount of fat in the liver [84]. Never-
theless, a new MR technique creates a “fat fraction” map to 
quantify the triglyceride content in the liver [85–87]. This 
technique provides accurate quantitative liver fat measure-
ments that in many cases may preempt a liver biopsy.

Hepatic Iron Overload

Hepatic iron overload can occur from increased intestinal 
iron absorption due to hereditary hemochromatosis (HH) 
or from repeated intravenous blood transfusions required 
to treat hematologic disorders such as thalassemia major, 
sickle cell disease, and myelodysplastic syndromes, or from 
advanced chronic kidney disease [88]. Quantifying the 
amount of iron in the liver is important in hemochromatosis 
patients as it may identify which patients need phlebotomy 
and helps to exclude disease with those at risk of developing 
HH based on genetic studies. For patients with iron overload, 
typically those receiving multiple blood transfusions, with 
hematologic disorders, or with severe kidney disease, the 
liver stores excess iron (up to 70% of the total body iron), 
which over time can lead to cirrhosis and HCC [89]. Quan-
tifying hepatic iron in a liver biopsy is sometimes needed 
since blood tests such as transferrin saturation and ferritin 
are not always reliable. Hence, quantifying the amount of 
liver iron can help determine when chelation treatment 
is needed [88]. With MRI, a new technique can create an 
“R2*” map of the liver to quantify the amount of iron in 
the liver and to determine whether clinically significant iron 
overload is present, a method that may eventually replace 
the liver biopsy.

MRI Virtual Liver Biopsy

MR elastography, liver fat quantification, and liver iron 
quantification are usually performed at the same time to 
provide an MRI “Virtual Liver Biopsy” in less than 5 min. 
These techniques are generally combined with a standard 
gadolinium-enhanced abdominal MRI examination in order 
to provide the most comprehensive liver imaging available.

Biliary System

MRI is well adapted to the biliary system due to its ability 
to isolate bile from surrounding tissues. T2-weighted imag-
ing favors signal from protons that retain energy longer 
after experiencing a radiofrequency energy pulse longer 
is usual, such as free water protons in fluid, which retain 
energy orders of magnitude longer than other proton spe-
cies. This phenomenon becomes increasingly evident as the 
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imaging time, or TE (or time to echo), is increased to the 
point where only fluid maintains energy or signal. These 
images containing signal from free water protons alone 
can be targeted to the biliary system, in which case they 
are called magnetic resonance cholangiopancreatographic 
(MRCP) images (Fig. 10). MRCP, first described in 1991, 
rapidly demonstrated its ability to accurately image the 
biliary system [90], whereas its diagnostic sensitivity and 
specificity do not quite match those for endoscopic retro-
grade cholangiopancreatography (ERCP)—reported as high 
as 93 and 99%, respectively [91]—its noninvasive nature, 
lack of contrast administration, lack of substantial risk, and 
opportunity to evaluate structures outside the biliary tract 
render it a very useful diagnostic modality. Since its incep-
tion in 1991, the MRCP pulse sequence armamentarium has 

expanded from a single heavily T2-weighted pulse sequence 
to updated programs including numerous additional pulse 
sequence options (Fig. 11). While the conventional notion 
of an MRCP includes only noncontrast T2-weighted pulse 
sequences (2-dimensional and 3-dimensional, if technical 
capabilities permit), contrast-enhanced MRCP techniques 
are also useful. For over two decades, MRCP has been 
accepted as the noninvasive diagnostic “gold standard” for 
biliary diseases. Guibaud et al. [92] demonstrated the diag-
nostic superiority of MRCP for the diagnosis of choledo-
cholithiasis compared with ultrasound and CT, and Boraschi 
et al. [93] substantiated these results in nearly 300 patients 
by reporting a sensitivity of 93%, specificity of 98%, a posi-
tive predictive value of 92%, a negative predictive value of 
98%, and an accuracy of 96%. MRCP has also been reported 
to have similar performance characteristics in the assessment 
of anatomic anomalies such as variant cystic duct anatomy 
and aberrant right hepatic ducts, postsurgical complications, 
inflammatory disease such as sclerosing cholangitis and 
malignant ductal obstruction (Fig. 12) [94].  

The advent of hepatobiliary contrast agent usage has 
enhanced the capabilities of MRCP. Although gadoxetate 

disodium-enhanced images supplement the information 
provided by standard T2-weighted MRCP images for most 
diagnostic applications, they have been adopted as the pri-
mary means of identifying bile leaks. Extrabiliary contrast 
identifies sites of bile duct injury and bile extravasation 
and accumulation within bilomas. Due to its diagnostic 
utility in this regard combined with the ability to depict 
anatomic detail and other conditions, MRI/MRCP offers 
a compelling alternative to hepatobiliary scintigraphy in 
the setting of bile duct injury and biloma. The plethora 
of diagnostically accurate MRCP techniques explains its 
primary contribution to the evaluation of biliary diseases 
over other diagnostic imaging modalities and even in place 
of ERCP, in some instances.

Fig. 10   MRCP isolating free water protons. The maximal intensity 
projection (MIP) image from a 3-dimensional MRCP isolates fluid 
from surrounding tissues and optimizes the characterization of ductal 
structures, such as the irregularly dilated pancreatic duct (arrows) 
with ectatic sidebranches in this patient with chronic pancreatitis

Fig. 11   MRCP pulse sequences Pulse Sequence T1/T2 Contrast Details

Single-shot T2 No Anatomic images with fluid contrast

Radial slab T2 No Radial slices isolating fluid-filled structures 
targeted to biliary and pancreatic ducts

3-D MRCP T2 No Respiratory triggered coronal volume 
isolating fluid-filled structures covering 
biliary and pancreatic ducts

Enhanced T1 Gadoxetate
disodium

Hyperintense contrast excreted into the 
biliary system after 20 minutes

*Delayed postcontrast T1-weighted images using standard extracellular contrast 
agents also provide detailed anatomic depiction of hypointense biliary radicles against 
hyperintense liver parenchyma.
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Pancreas

Solid Masses

The predominance of MR imaging of the pancreas 
occurred after MR was considered to be the superior 
modality for imaging of the liver and biliary system. In 
their review of the status of MRI, Margulis and Fisher 
[95] concluded “it appears that without addition of con-
trast media, MRI offers no advantages over the CT and 
US.” By the beginning of the next decade, the feasibility 
and utility of contrast enhancement for pancreatic disease 
were being realized. Chezmar et al. [96] suggested that 
pancreatic enhancement “has the potential to improve 
visualization of pancreatic masses.” Semelka et al. [97] 
explained the utility of MRI in evaluating various pan-
creatic disorders from acute and chronic pancreatitis to 
focal lesions, such as ductal adenocarcinoma, periamp-
ullary masses, islet cell tumors, and cystic lesions. This 
utility arises in part because of the inherent attributes of 
the pancreas, attributable to its endocrine and synthetic 
properties. The normal pancreas exhibits hyperintensity on 
T1-weighted images and markedly avid arterial enhance-
ment, both of which render virtually all lesions relatively 
hypointense. Furthermore, the fluid within the pancreatic 
duct and cystic lesions is markedly hyperintense against 
the relatively hypointense background normal pancreatic 
parenchyma, enabling ready detection and characteriza-
tion, which is supplemented by contrast enhancement.

Whereas CT is the dominant imaging modality used in 
the evaluation of pancreatic adenocarcinoma, the multiplic-
ity of pulse sequences with different tissue contrast prop-
erties and the sensitivity of diffusion-weighted imaging 
generally exceed the capability of CT in detecting small or 
infiltrating masses and metastatic spread (Fig. 13). Since 
pancreatic adenocarcinoma is T1-hypointense and hypovas-
cular due to its neoplastic nature and desmoplastic content, 
it is particularly conspicuous against the T1-hyperintense, 
hypervascular pancreatic parenchyma. Nevertheless, the lit-
erature regarding the use of current, 3-D dynamic contrast 
MR imaging for pancreatic adenocarcinoma is limited. Not-
withstanding, MRI has gained importance in the imaging 
evaluation of pancreatic adenocarcinoma due to its superior 
sensitivity for liver metastases, as previously discussed. Fur-
thermore, MRI has a higher sensitivity to peritoneal and 
omental metastases, compared with CT [98].

Cystic Lesions

Advances and improvements in imaging technology have 
set off a virtual explosion of newly diagnosed pancreatic 
cystic lesions. The efficacy of MRI in evaluating pancre-
atic cystic lesions is unchallenged; due to its exquisite tis-
sue contrast, MRI surpasses other imaging modalities in 
the ability to fulfill the three chief functions of pancreatic 
cystic lesion evaluation: 1) morphology, 2) relationship 
to the pancreatic duct, and 3) solid components (Fig. 14). 
MRI provides confident discrimination of benign serous 

*

M

A B

Fig. 12   MRCP image showing the “double-duct” sign. The MRCP 
image a shows the dilated common bile duct (asterisk) and biliary 
tree and the dilated pancreatic duct (arrows) converging on a pancre-
atic head mass (M), which is not visible on this pulse sequence. Fill-

ing defects in the gallbladder represent gallstones. The correspond-
ing coronal T2-weighted image b shows the pancreatic head mass 
(arrows), but only partially demonstrates biliary and pancreatic ductal 
dilatation
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cystadenomas from mucinous neoplasms, which are at least 
potentially malignant and require surveillance at the mini-
mum. The distinctive features of lobulated margins and lack 
of communication with the pancreatic duct in the setting 
of an oligocystic or microcystic lesions (especially in the 
pancreatic head) uniquely characterize this lesion. Mucinous 
cystic neoplasms are typically oligocystic without lobula-
tion and with convex margins almost always located in the 
distal pancreas. Intraductal papillary mucinous neoplasms 
(IPMNs) occasionally demonstrate a microcystic appear-
ance, although more commonly conform to pleomorphic 
morphology and feature communication with the pancreatic 
duct by definition.

Fluid Collections and Pancreatitis

Although pancreatic fluid collections can also potentially 
simulate cystic neoplasms, the history of pancreatitis usually 
confirms their etiology. In addition to detecting pancreatic 
fluid collections, MRI also provides valuable information 
in the setting of pancreatitis. The inflammatory changes 
in acute pancreatitis are amply demonstrated, along with 

hemorrhagic change, necrosis, and vascular complications, 
findings usually equivocal when imaged using CT (Fig. 15). 
In chronic pancreatitis, MRI clearly demonstrates the paren-
chymal atrophy and fibrosis along with the characteristic 
irregular, dilated beaded ductal appearance. All imaging 
modalities occasionally struggle with differentiating the 
changes of chronic pancreatitis from pancreatic adenocar-
cinoma. In this setting, MRI has the highest likelihood of 
making this distinction with a sensitivity and specificity of 
85 and 95%, respectively [99]. Differentiating acute inter-
stitial edematous pancreatitis (and pancreatic adenocarci-
noma) from autoimmune pancreatitis is also feasible with 
MRI; confirmation with elevated serum IgG4 concentrations 
can facilitate appropriate treatment with steroids. Pancre-
atic enlargement without peripancreatic inflammation with 
ductal attenuation and a distinctive hypointense surrounding 
capsule are the typical MRI findings.

Future of Pancreatic Imaging

Advances in MRI technology have improved the quality of 
pancreatic imaging, elevating it to an essential diagnostic 
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Fig. 13   MRI of pancreatic adenocarcinoma. The axial T2-weighted 
image a shows a large necrotic pancreatic tail mass (arrow). The cor-
responding axial fat-suppressed T1-weighted postcontrast image b 
confirms the lack of enhancement in the necrotic center with a rind 
of peripheral enhancing tissue. The ADC map image c shows the 
hypointense, diffusion-restricting peripheral viable tumor (arrows). 

The MRCP image d in a different patient exemplifies the double-duct 
sign with pancreatic and biliary ductal dilatation upstream from a 
pancreatic head mass (GB gallbladder, D duodenum, CBD common 
bile duct, PD pancreatic duct). The corresponding diffusion-weighted 
image e shows the hyperintense, diffusion-restricting mass in the pan-
creatic head (arrow)
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procedure. Future directions include diffusion-weighted 
imaging (DWI) to differentiate simple cysts from pseudo-
cysts and neoplastic cysts, chronic pancreatitis from normal 
pancreas, and adenocarcinoma from pancreatitis. A variation 
of DWI, intravoxel incoherent motion (IVIM), also incorpo-
rates bulk flow information from capillary flow—or perfu-
sion. Preliminary work suggests that perfusion information 
from IVIM will help discriminate hypoperfused adenocar-
cinomas from normal pancreatic tissue [100]. Finally, pre-
liminary findings obtained from MR spectroscopy studies 
have indicated that pancreatic cancers harbor a higher level 
of lipid compared with pancreatitis [101].

Gastrointestinal Tract

Introduction

Given the universal availability of computed tomography 
(CT) and the obstacles provided in obtaining high-quality 
MRI examinations of the bowel, which include bowel peri-
stalsis, respiratory motion, cardiovascular pulsations, and 
the lack of a suitable enteric contrast agent, the bowel was 

one of the last gastrointestinal organs evaluated with MRI. 
These obstacles have been overcome by the development 
of faster pulse sequences that have less motion artifact, the 
use of antiperistalsis agents to slow bowel motion, and the 
availability of several enteric contrast agents to highlight the 
bowel wall [102–105]. Because of these advances, MRI is 
now used to image a variety of GI conditions such as inflam-
matory bowel disease, bowel and mesenteric masses, celiac 
disease, rectal carcinoma, perianal fistulas, and appendicitis. 
With MRI, specific protocols have been designed to provide 
optimal images for each indication (Fig. 16).

While CT is a faster technique that is more readily avail-
able and has higher spatial resolution, MRI has significant 
advantages over CT, which makes MRI the imaging test of 
choice for many GI applications. For example, MRI avoids 
ionizing radiation, which can be important in patients with 
Crohn’s disease or polyposis syndromes, many of which 
require multiple imaging studies starting at a young age 
[102]. Since the soft tissue contrast of MRI is superior to 
CT, MRI is more sensitive for identifying bowel wall edema 
or fibrosis and soft tissue masses. Furthermore, the inherent 
chemical properties of gadolinium result in superior tissue 
enhancement in comparison with CT iodinated agents, with 

Fig. 14   MRI of pancreatic cystic lesions. The axial T2-weighted (a) 
and T1-weighted fat-suppressed (b) images in a 75-year-old woman 
reveals a lobulated and septated cystic lesion corresponding to a 
serous cystadenoma—no ductal communication was established on 
the MRCP images (not included). The axial T2-weighted image in 
a different patient with a main duct intraductal papillary mucinous 

neoplasm shows a tubular cystic lesion (arrows), which is seen to be 
fusiform dilatation of the pancreatic duct on the MRCP image (b). 
The corresponding T1-weighted fat-suppressed image e shows absent 
enhancement of the lesion compared with the surrounding enhancing 
pancreatic tissue
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a better blood pool phase to obtain delayed images, while 
requiring a far lower dose of contrast compared to CT [106]. 
Furthermore, multiple dynamic contrast-enhanced phases 
can be obtained with MRI to evaluate the temporal enhance-
ment of the bowel and soft tissues [18]. Finally, MRI can 
evaluate small bowel peristalsis by using a pulse sequence 
called “cine MRE” which creates a video depicting small 
bowel peristalsis [107]. This cine MRE can help identify 
abnormal small bowel segments, strictures, adhesions, and 
bowel masses.

MR Enterography (MRE)

The most commonly performed MRI protocol for the gut 
is MRE, which is an MR examination tailored for evaluat-
ing the small bowel. With MRE, patients drink up to 1.5 L 
of an oral solution designed to distend most of the small 
bowel and highlight bowel wall abnormalities. Gadolinium 
is administered to enhance the bowel wall, and antiperistalsis 
agents are usually given to decrease small bowel peristalsis. 
A variety of pulse sequences are performed providing thor-
ough evaluation of the small bowel and adjacent structures. 
Cine sequences are included to evaluate small bowel peri-
stalsis [108].

MRE is most commonly used to evaluate inflamma-
tory bowel disease, especially Crohn’s disease (CD). 
With CD, in more than 70% of patients, the small bowel 
is involved, which is the least accessible portion of the 
bowel by endoscopy [109]. In about 50% of CD patients, 
bowel involvement may skip the terminal ileum or involve 
the intramural or mesenteric distal ileum leading to nega-
tive ileocolonoscopy results [110]. When an acute CD 
flare occurs, the clinical presentation of active inflamma-
tory Crohn’s disease and potential complications such as 
abscess, fistula formation, or small bowel obstruction can 
be clinically indistinguishable. For these reasons, cross-
sectional imaging with MRI and CT provides complemen-
tary information to ileocolonoscopy in CD patients [109, 
111, 112]. In CD patients, MRE can readily identify active 
bowel inflammation, strictures, and penetrating complica-
tions such as fistulas, sinus tracts, and abscesses (Fig. 16). 
MRE can also evaluate for the presence of perianal fistulas 
and abscesses although if detailed evaluation is needed, 
high-resolution pelvic fistula MRI can be performed (dis-
cussed below). Finally, with MRE, extraintestinal compli-
cations of CD can be identified such as femoral head avas-
cular necrosis, primary sclerosing cholangitis, sacroiliitis, 
and mesenteric venous thrombosis [113].

Fig. 15   Acute Pancreatitis. The axial T2-weighted image a shows a 
heterogeneously enlarged pancreas (arrows) in a patient with severe 
pancreatitis. The pancreas appears mostly hypointense with scat-
tered hyperintensities on the T1-weighted fat-suppressed postcontrast 
image b. However, the subtracted image c reveals essentially no sig-
nal, or enhancement, indicating extensive necrosis and necrotizing 
pancreatitis. An axial T2-weighted image in a different patient week 

after the onset of acute interstitial edematous pancreatitis d shows 
mild pancreatic edematous hyperintensity with at least heterogeneous 
peripancreatic fluid collections (arrows), which are variably hyperin-
tense on the precontrast fat-suppressed T1-weighted image e indicat-
ing hemorrhage. The subtracted image f confirms pancreatic enhance-
ment, or tissue viability, and lack of enhancement in the pseudocysts
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Other Applications

Rectal Carcinoma Staging

MRI protocols can also be tailored for rectal carcinoma 
staging, perianal fistula evaluation, and to exclude the 
diagnosis of appendicitis. For rectal carcinoma staging, 
MRI can determine the location of the tumor relative to the 
anal verge, the depth of rectal wall invasion, the presence 
of peritoneal or adjacent organ invasion, and the presence 
of extramural vascular invasion. MRI can also evaluate for 
abnormal lymph nodes in the mesorectal fossa and along 
the pelvic sidewall. This information can guide colorectal 
surgeons in determining the need for chemoradiation or 
radiation therapy prior to surgery. For low rectal tumors, 
MRI can determine whether there is involvement of the 
internal anal sphincter tin order to determine whether 
sphincter-sparing surgery can be performed [114]. For 
patients treated with neoadjuvant chemoradiation or radia-
tion therapy, MRI can determine the amount of residual 

tumor and the status of the circumferential resection mar-
gin to help plan treatment [115].

Perianal Fistula Evaluation

For perianal fistula evaluation, high-resolution pelvic fis-
tula MRI has replaced previous imaging techniques such as 
fistulography, computed tomography, and endosonography 
[116, 117]. The multiplanar capability and excellent soft 
tissue contrast of MRI facilitates identification of perianal 
fistulas, the anal sphincter complex, and the relationship of 
the fistula to the levator plate and ischiorectal fossa. Accu-
rate characterization of fistulas and possible abscesses helps 
guide appropriate surgical and medical treatment [116–118].

Appendicitis

While CT scanning is the test of choice in evaluating the 
appendix, for pregnant patients in which ionizing radiation 
should ideally be avoided, noncontrast MRI offers a viable 

Fig. 16   MR enterography in inflammatory bowel disease. The coro-
nal T1-weighted postcontrast image a shows mesenteric vascular con-
gestion—the “comb sign” (arrows)—associated with a thick-walled, 
hyperemic, acutely inflamed loop of small bowel. Axial T1-weighted 
postcontrast image in a different patient b with active terminal ileal 
inflammation shows mural hyperemia (arrow); the corresponding 

diffusion-weighted image c reveals hyperintensity (arrows), indicat-
ing diffusion restriction arising from hypercellularity in the setting of 
Inflammation. The coronal T2-weighted image in a different patient d 
shows tethering between multiple bowel loops in the setting of pen-
etrating disease and fistulization—the “star sign” (arrow)
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imaging option compared to CT [119]. With MRI, “edema-
specific” pulse sequences and diffusion-weighted images 
help identify an abnormal appendix with high specificity 
and sensitivity [120]. Not only can MRI exclude appendicitis 
in these patients, but alternative diagnoses that may be caus-
ing symptoms can be identified such as acute pyelonephri-
tis, obstructive uropathy, cholecystitis, placental abruption, 
a degenerating fibroid, or an ovarian cyst [120].

Conclusion and Future Directions

While the origins of MRI date back at least 135 years, its 
entry into the clinical world is less than four decades old 
and its impact on the practice of gastroenterology is three 
decades old. Early applications included liver lesion char-
acterization and evaluating the biliary tree. With techno-
logical advancements, additional applications were realized, 
including pancreatic and rectal imaging, enterography, and 
elastography. Its multiparametric armamentarium—T1- and 
T2-weighted imaging, dynamic contrast enhancement, dif-
fusion-weighted imaging, hepatobiliary phase imaging, and 
elastography—renders MRI an essential diagnostic tool in 
gastroenterology.

Given the central function of MRI in the practice of 
gastroenterology, it might seem there is little opportunity 
to augment its role. Yet, early work suggests that ultra-
high-field MRI (7 T) has the potential to provide informa-
tion regarding chronic liver diseases, such as NAFLD and 
cirrhosis. Magnetic resonance spectroscopy measuring 
31P metabolites, which includes cell membrane precur-
sors (phosphomonoesters) and cell membrane degradation 
products (phosphodiesters), has been studied as a means to 
potentially diagnose, assess, and monitor the progression of 
NAFLD and cirrhosis [121–123]. Still, even on 3 T systems, 
this technique is time-consuming and diagnostically chal-
lenging since three additional 31P metabolites are commonly 
encountered. At 3 T, discriminating the 5 31P substances, 
or spectroscopy peaks, is often not possible, but resolution 
improves proportionally with field strength, which enables 
peak separation at 7 T. The benefits of higher spatial resolu-
tion and greater signal-to-noise ratio with faster imaging 
promise to make this technique more clinically relevant 
[124]. Whether other novel applications will follow remains 
to be seen, but certainly seems compelling given the proven 
diagnostic superiority of MRI and its extremely high patient 
safety profile.
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