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SA-CME LEARNING OBJECTIVES

After completing this journal-based SA-CME
activiry, participants will be able to:

m Discuss a logical approach to selecting
an appropriate MRI contrast agent for
liver imaging on the basis of indication
and patient factors.

B Modify a body MRI protocol to use
Dixon chemical shift imaging and various
techniques to address motion artifact.

m Describe how to use DWI in an abdom-
inal approach as a tool for greater lesion
conspicuity and problem solving.

See rsna.orgllearning-center-rg.

Body MRI has evolved from a niche subspecialty to a standard
modality in the practice of abdominal radiology. However, the prac-
ticing radiologist may feel uncomfortable interpreting body MRI
studies owing to a lack of case volume and inconsistent exposure.
The authors highlight teaching points and subtleties central to bet-
ter acquisition and interpretation of body MRI studies. Appropriate
contrast agent selection and arterial phase acquisition timing pro-
vide greater diagnostic certainty in answering common clinical
questions at liver MRI, such as assessing cirrhosis and evaluating
focal liver lesions. Clinically relevant artifacts and physiologic phe-
nomena, such as magnetic susceptibility and transient hepatic in-
tensity difference, must be recognized and appropriately used when
reading a study. Fat within organs and lesions is commonly encoun-
tered at body MRI. The authors discuss the nuances of common
and uncommon entities, how to address fat suppression failure, as-
sessment of bone marrow at body MRI, and an organized approach
to fat-containing renal and adrenal masses. Motion artifacts are
more commonly encountered at body MRI than at MRI of other
anatomic regions, and understanding the various techniques, their
benefits, and trade-offs will aid the body imager in protocol design
and moving beyond “nondiagnostic” examinations. Challenging
anatomic sites to evaluate at body MRI are reviewed. Finally, the
authors offer tips for accurate interpretation of diffusion-weighted
imaging, hepatobiliary phase imaging, and posttreatment imag-

ing studies. By reviewing this article, the abdominal imager will be
better prepared to perform and interpret body MRI studies confi-
dently and accurately.

An invited commentary by Kalb is available online.
Online supplemental material is available for this article.

©RSNA, 2022 - radiographics.rsna.org

Introduction
Body MRI is a cornerstone of abdominal imaging and a key tool for
problem solving, diagnosis, monitoring of treatment response, and
surveillance. More so than musculoskeletal and brain MRI, body
MRI is confounded by protocols of varying design and quality (1).
Artifacts related to motion and speed of acquisition are common and
must be considered in the context of both individual MRI scanner
capabilities and individual patient anatomy. Timing of image acquisi-
tion, including dynamic acquisitions with intravenous gadolinium-
based contrast agents and sequence ordering within protocols, greatly
impacts the quality and diagnostic utility of body MRI. Newer
techniques in body MRI to image fat and address motion may be
unfamiliar to the practicing body imager and therefore underutilized.
Interpretation of diffusion-weighted imaging (DWI), hepatobiliary
phase (HBP) imaging, and posttreatment imaging studies often re-
quires special consideration and must be approached thoughtfully.
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TEACHING POINTS

B |n patients with risk factors for primary liver malignancy (eg,
cirrhosis), arterial phase quality is critical. The LI-RADS strongly
emphasizes the acquisition of postcontrast T1-weighted late
hepatic arterial phase images to identify APHE, a major feature
of HCC and a mandatory feature for characterization as LI-
RADS 5 (definitely HCC).

B T2-weighted imaging can usually be performed after contrast
agent administration without significantly altering the appear-
ance of the abdominal organs, as contrast agents shorten T2
much less than T1. The major exception is the urinary tract,
where concentrated gadolinium may shorten T2 sufficiently
to obscure potential findings.

B Diffuse hepatic steatosis is commonly diagnosed by observing
diffuse signal loss on opposed-phase images compared with
in-phase images. Less commonly, steatosis may be nodular,
focal, and infiltrative, requiring careful attention to chemical
shift imaging.

B Motion artifact attributable to respiratory motion is the
most common cause of a nondiagnostic or suboptimal
body MRI examination. These artifacts can be mitigated by
increasing acquisition speed to shorten breath holds, us-
ing motion-insensitive acquisition techniques, or utilizing
respiratory triggering.

B DWI often provides the greatest lesion conspicuity of any non-
contrast sequence in a body MRI protocol. However, diffusion
restriction should not be equated with malignancy, as both
benign and malignant entities can restrict diffusion.

The purpose of this article is to provide a tool
kit for the body MR imager to hone their imaging
protocols, identify and leverage common arti-
facts, detect and use fat effectively in diagnosis,
address motion artifacts prospectively, recognize
common blind spots and pain points, and identify
subtle findings that impact interpretation. Cases
harnessing our experience with these topics illus-
trate key learning points. We describe lessons we
have learned over time that empower radiologists
to interpret body MRI studies with more confi-
dence and accuracy.

Imaging Protocols and
Contrast Agents

Liver MRI Contrast Agent Selection

The choice of a gadolinium-based contrast agent
for liver MRI should be predicated on specific
patient characteristics, the pretest probability

of malignancy versus benignity, and the clinical
question to be answered (Table) (2). In patients
with risk factors for primary liver malignancy
(eg, cirrhosis), arterial phase quality is critical.
The Liver Imaging and Reporting Data System
(LI-RADS) strongly emphasizes the acquisition
of postcontrast T'1-weighted late hepatic arterial
phase images to identify arterial phase hyperen-
hancement (APHE), a major feature of hepatocel-
lular carcinoma (HCC) and a mandatory feature
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for characterization as LI-RADS 5 (definitely
HCC) (3). The timing and degree of enhance-
ment are paramount for distinguishing between
nonrim and rim APHE. Extracellular contrast
agents (Table) provide high-quality arterial phase
imaging with optimal enhancement (typically
greater than gadoxetate disodium [Eovist; Bayer])
without transient arterial phase motion, which
occurs in up to 10%—-20% of examinations with
gadoxetate (Fig 1) (4,5). Extracellular agents

also provide multiple opportunities to identify
washout (ie, portal venous phase onward); by
comparison, washout can be identified in only the
portal venous phase at gadoxetate examinations
owing to rapid hepatocyte uptake (3). Gadoxetate
does allow assessment of additional LI-RADS M
(malignancy, not definitely HCC) features, such
as transitional phase or HBP targetoid appear-
ance, but at the expense of potential arterial phase
motion leading to inability to define a continuous
rim of APHE.

In patients without cirrhosis, the next consid-
eration is the pretest probability of a focal liver
lesion (FLL) representing metastasis from an
extrahepatic primary malignancy versus a benign
lesion such as a hemangioma, adenoma, or focal
nodular hyperplasia. Imaging hemangiomas can
be problematic with gadoxetate, as progressive
centripetal enhancement may not be present in
the later postcontrast phases owing to hepatocyte
uptake resulting in blood pool clearance (Fig 2)
(6). In patients with known malignancy and prior
CT or MRI examinations without possible hem-
angioma, gadoxetate should be preferred, offering
greater sensitivity for detecting small metastases
(7). If no prior imaging examination is available
or if a hemangioma is possible based on findings
at prior imaging, an extracellular agent may fa-
cilitate hemangioma diagnosis, with a concurrent
decrease in sensitivity for small metastases.

In patients without known or suspected malig-
nancy in which characterization of an FLL is re-
quested, gadobenate dimeglumine (MultiHance;
Bracco) is of potential value. Gadobenate com-
bines the behavior of a pure extracellular contrast
agent during dynamic imaging (ie, hemangiomas
will enhance centripetally) with an HBP at 1
hour after injection that helps differentiate focal
nodular hyperplasia from hepatic adenoma (8).
However, the drawback of a longer delay for HBP
imaging with gadobenate (60 minutes) compared
with gadoxetate (20 minutes) can create potential
workflow challenges.

Liver MRI Contrast Agent Timing
Optimizing the arterial phase timing is critical in
detecting APHE in the cirrhotic liver. The hepatic
arterial phase can be divided into the early phase,
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Contrast Agents for Liver MRI
Contrast Agent
Name Trade Name Class Benefits Drawbacks
Gadopentetate ~ Magnevist Extracellular No increased risk of arte- No HBP
dimeglumine (Schering) rial phase motion
Gadoterate Dotarem (Guerbet), Extracellular No increased risk of arte- No HBP
meglumine Clariscan (GE rial phase motion
Healthcare)
Gadodiamide Omniscan (GE Extracellular No increased risk of arte- No HBP
Healthcare) rial phase motion
Gadoteridol ProHance (Bracco) Extracellular No increased risk of arte- No HBP
rial phase motion
Gadobutrol Gadavist (Bayer) Extracellular No increased risk of arte- No HBP
rial phase motion
Gadobenate MultiHance Extracellular, = No increased risk of arte- Longer delay for HBP (at
dimeglumine (Bracco) hepatobiliary  rial phase motion least 60 minutes)
Dynamic liver imaging ap-
pearance similar to other
extracellular agents
HBP
Gadoxetate Primovist (Bayer), Hepatobiliary = HBDP with shorter de- Risk for arterial phase mo-
Eovist (Bayer) lay (20 minutes) and tion (10%—-20%)
greater contrast than Dynamic liver enhance-
with gadobenate ment different than that
with extracellular agents
Potentially weaker arterial
phase enhancement

with no portal vein enhancement, and the late
phase, with submaximal portal vein enhancement
(ie, less hyperintense than with the portal venous
phase) (Fig 3). Notably, some HCCs will exhibit
APHE only in the late hepatic arterial phase (3).
A fixed delay from injection to acquisition (eg,
20-25 seconds) is simple but unreliable for cap-
turing the late arterial phase, which varies among
patients or even between examinations for an
individual patient. Alternatively, bolus tracking is
widely available on newer scanners and involves
placing a region of interest on the descending
thoracic or abdominal aorta, which is dynami-
cally imaged during contrast agent bolus injec-
tion. Once a threshold signal intensity is reached,
image acquisition commences (9). On older
scanners without bolus tracking, scan timing can
be calculated by using a test bolus by injecting 1
mL of contrast agent during a dynamic acquisi-
tion through the abdominal aorta to determine
the time to peak enhancement (TTP). The delay
from full bolus injection to start of image acquisi-
tion can then be calculated by the technologist by
using the following equation:

injection duration

I'4

Vel

Figure 1. Transient arterial phase motion seen with use of
gadoxetate contrast agent in a 64-year-old woman. Axial T1-
weighted arterial phase MR image is degraded by respiratory
motion artifact (arrowhead), creating ambiguity as to whether
nonrim APHE in a segment VIl observation (circle) is truly present.
Image from a repeat examination with an extracellular agent (in-
set) confirms nonrim APHE (arrows) in a LI-RADS 5 HCC.

value of 5 seconds is a “fudge factor” to account
for the delay from peak enhancement of the ab-
dominal aorta to the start of portal venous inflow
in the late hepatic arterial phase (9).

On the newest scanners, two additional
techniques are available, both involving multiple

Delay =TTP + — Tispace + 5 seconds,

where T, is time to center of k-space. The
space
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Figure 2. Contrast enhancement of a hemangioma with ga-
doxetate and an extracellular contrast agent in a 33-year-old
woman. Axial T1-weighted arterial phase MR image shows hy-
perenhancement (white arrow) of a segment VIII liver lesion
similar to that of the venous blood pool. With gadoxetate, the
transitional phase image obtained 5 minutes after contrast
agent administration (top right inset) shows hypoenhance-
ment of the lesion (arrowhead). MR image from a repeat
examination with an extracellular agent (bottom right inset)
shows persistent enhancement at 5 minutes after contrast
agent administration similar to that of the venous blood pool,
confirming the diagnosis of a flash-filling hepatic hemangioma.

acquisitions during the hepatic arterial phase.
The first technique uses time-resolved imaging
with k-space sharing or “keyhole imaging” (eg,
Time-resolved angiography With Interweaved
Stochastic Trajectories [TWIST; Siemens],
Time-Resolved Imaging of Contrast KineticS
[TRICKS; GE]), in which the center of k-space
(the “keyhole,” where contrast information re-
sides) is repeatedly sampled during a breath-hold
acquisition to produce images at multiple arterial
phase time points (10) (Fig E1). The periphery
of k-space, which provides the spatial resolu-
tion data that do not change significantly during
contrast agent bolus injection, is sampled much
less frequently and shared across multiple central
k-space samples. This approach significantly
shortens the acquisition time for each contrast
phase, resulting in higher temporal resolutions.
This technique aims to maximize the likelihood
that the late arterial phase is captured, at the
expense of lower signal-to-noise ratio (SNR) and
more images to review during interpretation. If
respiratory motion occurs during acquisition, the
artifact is “shared” across all views.

An alternative approach is to use a free-breath-
ing sequence in which image data are acquired
continuously before, during, and following
contrast agent bolus injection (spanning 3-5
minutes). These sequences use compressed sens-
ing to facilitate undersampling of data acquired
by using a golden radial angle spoke trajectory
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Figure 3. Late hepatic arterial phase timing of postcontrast
T1-weighted liver MRI. Axial MR image in the late hepatic arte-
rial phase shows that the portal vein (arrow) is submaximally
enhanced, with no contrast enhancement of the hepatic veins
(arrowhead). The timing of this acquisition is variable from pa-
tient to patient and examination to examination and can be
achieved with various methods.

(GRASP), followed by wavelet transformation to
a sparse projection and iterative reconstruction
(GRASP-VIBE [Siemens], HyperSENSE [GE],
compressed SENSE [Philips]) (11,12) (Fig E2).
The data from these continuous acquisitions can
be retrospectively binned according to user pref-
erence to improve temporal resolution (shorter
time periods used for reconstruction) or SNR
(longer time periods). Respiratory phase bin-
ning is also performed to reduce motion artifact.
We reconstruct a precontrast phase, three arte-
rial phases, a portal venous phase, and a delayed
phase. Additional drawbacks of this technique,
which is available on only the newest scanner
platforms, include long reconstruction times,
larger datasets, and radial streak artifacts.

Protocol Modifications

T2-weighted imaging can usually be performed
after contrast agent administration without signif-
icantly altering the appearance of the abdominal
organs, as contrast agents shorten T2 much less
thanT'1 (13). The major exception is the uri-
nary tract, where concentrated gadolinium may
shorten T2 sufficiently to obscure potential find-
ings (14). This is particularly important in blad-
der or urography protocols, where T2-weighted
imaging and DWT of the collecting systems and
bladder should be performed before contrast
agent administration (Fig 4). If short-t inversion
recovery (STIR) is used for fat suppression, the
sequence should be performed before contrast
agent administration, as gadolinium can shorten
the T'1 of a normal organ or lesion to the T'1 of
fat (~250 msec at 1.5T), inadvertently suppress-
ing its signal (Fig 5) (15).
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Careful sequence placement within a protocol
can also reduce examination length. For ex-
ample, gadoxetate protocols will include a HBP
at 20 minutes after injection. The contrast agent
should be administered as early as possible in the
protocol to begin the 20-minute clock, with T2-
weighted imaging and DWI moved between dy-
namic contrast imaging and the HBP to use the
“dead space” most efficiently (16). Consequently,
these T2-weighted images should use non-STIR
techniques for fat suppression. An easily over-
looked facet of gadoxetate use in two-station
abdomen and pelvis protocols is that postcon-
trast imaging of the pelvis should be performed
as rapidly as possible after abdominal dynamic
imaging, when some contrast material has not
yet been cleared from the blood pool by hepato-
cytes. Failure to do so can result in suboptimal
enhancement of pelvic structures (Fig E3).

Medications administered for an imaging
protocol, such as glucagon for enterography, have
a limited span of effect (17). Motion-sensitive
sequences, such as dynamic T 1-weighted bowel
sequences, should be performed soon after medi-
cation administration for maximal reduction in
motion artifact (Fig E4). Less motion-sensitive
sequences, such as single-shot T2-weighted and
free-breathing DWI sequences, can be performed
later without significant loss of quality.

Gadoxetate

Several factors affecting the quality of liver imag-
ing with gadoxetate should be considered in pro-
tocol design and selection. Transient arterial phase
motion can adversely affect detection of arterially
hyperenhancing metastases from neuroendocrine
neoplasms or melanoma, but the benefit of greater
sensitivity in the HBP for small metastases likely
outweighs this drawback (Fig 6). Adjusting the
flip angle of the spoiled three-dimensional (3D)
T1-weighted gradient-echo acquisition for the
HBP enhances diagnostic yield by improving
contrast between hyperintense liver parenchyma
and metastases owing to the shorter T'1 of liver
parenchyma in the HBP after contrast agent up-
take. The flip angle should be increased from the
standard 9°-12° for dynamic imaging to 35°-40°
for the HBP (Fig 7) (18). HBP liver signal inten-
sity is adversely affected by liver dysfunction and
hyperbilirubinemia, as gadoxetate uptake is medi
ated by the same transporter as bilirubin (19). A
total bilirubin threshold of 3 mg/dL is reasonable
to determine whether a gadoxetate HBP will be
beneficial, although some patients with liver dys-
function but normal bilirubin levels will likewise
exhibit poor gadoxetate uptake (Fig 8). Finally, if
there is concern for bile leak, the HBP acquisition
should instead be obtained at 60—90 minutes after

radiographics.rsna.org

Figure 4. Pre- and postcontrast T2-weighted imaging of the
bladder in an 87-year-old man undergoing MRI of the abdo-
men and pelvis. Axial T2-weighted MR image shows a left ure-
teral filling defect (arrow), which may be mistaken on a post-
contrast T2-weighted image (inset) for excretion of concen-
trated gadolinium (arrowhead) into the bladder. In a bladder
protocol, T2-weighted imaging should be performed before
the administration of a contrast agent.

Figure 5. Pre- and postcontrast STIR sequences at abdominal
MRI in a 76-year-old woman. STIR relies on T1 and an appro-
priately selected inversion time to reduce fat signal intensity. If a
postcontrast STIR sequence is performed, as demonstrated on the
axial MR image, the spleen (blue arrowhead) and kidney (blue
arrow) will have reduced signal intensity owing to the T1-short-
ening effects of gadolinium compared with their normal signal in-
tensity on the axial precontrast STIR image (inset). STIR sequences
should be performed only before contrast agent administration.

injection to enhance sensitivity, particularly in
patients with underlying liver dysfunction (Fig 9)
(20). For patients who are too unstable to remain
in the MRI department for that duration, we have
occasionally injected gadoxetate in the intensive
care unit ahead of a planned imaging session, with
an additional dose of an extracellular agent given
for dynamic imaging if needed.
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Figure 6. Trade-offs in imaging hypervascular metastases
with gadoxetate in a 59-year-old woman with metastatic mela-
noma. Axial MR image in the arterial phase is markedly de-
graded by transient arterial phase motion (arrows), limiting the
evaluation of hyperenhancing metastases. However, the HBP
image (inset) clearly shows numerous hypointense liver metas-
tases (arrowheads). We prefer gadoxetate as the contrast agent
for liver MRI in patients with hypervascular metastases.

Figure 7. Effects of flip angle on background liver hyperinten-
sity with gadoxetate-enhanced HBP imaging in two different
patients. Axial 3D T1-weighted spoiled gradient-echo MR im-
age shows that using a standard flip angle of 10° results in less
hyperintensity of background liver (yellow arrowhead) and less
contrast between normal liver and a hypointense mass (yellow
arrow) compared with a flip angle of 35° (inset), which opti-
mizes contrast between background liver (white arrowhead)
and a hypointense mass (white arrow).

Dixon Chemical Shift Imaging

As a fundamental component of a body MRI
protocol, dual-echo chemical shift imaging
includes multiple acquisitions with progressively
longer echo times (TEs). These TEs are selected
to coincide with times when the magnetic dipoles
of water and fat protons, which precess at slightly
different Larmor frequencies, are parallel (ie, in
phase) or antiparallel (ie, opposed phase). Signal
loss between in-phase and opposed-phase se-
quences indicates the presence of microscopic fat,
whereas India ink artifact (a black line) is seen
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Figure 8. Axial MR images show the effects of liver dysfunc-
tion on background liver hyperintensity with gadoxetate-
enhanced HBP imaging in a 69-year-old man with metastatic
melanoma. In the setting of liver dysfunction and a serum total
bilirubin level of 3.1 mg/dL, background liver signal intensity
is diminished (white arrowhead) compared with normal liver
signal intensity (black arrowhead) on an image from a prior
examination (inset) when the bilirubin level was 1.2 mg/dL. A
segment VIl metastasis (black and white arrows) is depicted on
both images, but with less contrast than the background liver
with progressive liver dysfunction.

Figure 9. Gadoxetate bile leak imaging in a 28-year-
old patient with a gunshot wound. Coronal T1-
weighted HBP MR image obtained 60 minutes after
the administration of gadoxetate shows leak of biliary
contrast agent at the hepatic hilum (arrow) out of the
normal biliary tree (arrowheads) from a gunshot injury.

at interfaces between macroscopic fat and water.
The typical acquisition is a two-dimensional (2D)
sequence performed over two to three breath
holds with 5-8-mm sections. Advances in im-

age processing algorithms and scanner technol-
ogy have led to widespread availability of a 3D
single breath-hold acquisition to produce typical
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Figure 10. Dixon fat-water swap in a 60-year-old woman who underwent MRI of the abdomen and pelvis. Axial water-only
Dixon MR image (A) shows unexpected fat-water swap anterior to a line demarcated by the arrowheads, where mathematical
swap of where they should have been assigned has resulted in subcutaneous fat anteriorly being hyperintense and liver signal in-
tensity similarly being misassigned. Axial fat-only Dixon MR image (B) shows corresponding fat-water swap, where subcutaneous
fat anteriorly is hypointense and liver signal intensity anterior is incorrect.

in-phase and opposed-phase images with thinner
sections (3—5 mm), which in our experience read-
ing MRI examinations from outside institutions is
infrequently used. These images can be leveraged
to generate fat-only and water-only reconstruc-
tions via the Dixon method (21). Benefits of the
3D Dixon technique include better spatial resolu-
tion, shorter acquisition time, and additional
diagnostically useful sequences, at the expense of
potentially lower signal-to-noise ratio with thin-
ner sections and fat-water swap artifacts. Both
trade-offs are more common with older scanners,
likely owing to less advanced parallel acceleration
techniques and Dixon reconstruction algorithms
(Fig 10). The utility of Dixon reconstructions will
be detailed later in this article.

Problem Solving

Magnetic Susceptibility

Materials that alter the local magnetic field
change the precessional frequency of adjacent
tissue, leading to T2*-related signal loss, more
pronounced with gradient-echo sequences with
longer TEs. These materials include molecular
oxygen in the air, iron from hemosiderin in blood
products, and metallic devices. Images from the
in-phase sequence (typically performed with
longer TE) can be compared with those from the
opposed-phase sequence (typically shorter TE)
to identify sources of magnetic susceptibility,
which are helpful to recognize in several clinical
scenarios (22). Hemorrhage in a renal or hepatic
cyst may manifest as a rim of magnetic suscepti-
bility (Fig 11). Iron deposition in organs rapidly
degrades MRI signal as TEs are increased. In
patients with splenic siderosis, susceptibility can

Figure 11. Magnetic susceptibility as a problem-solving tool
in an 80-year-old woman with an involuted hemorrhagic he-
patic cyst. Axial T2-weighted MR image shows an intermedi-
ate-T2-signal-intensity hepatic lesion with a thick hypointense
rim (arrow). Gradient-echo images with a TE of 2.38 msec
(bottom left inset) and 15.6 msec (bottom middle inset) show
accentuation of hypointense signal with longer TE (white and
black arrowheads) consistent with magnetic susceptibility from
a hemosiderin rim from prior hemorrhage. An R2* map (bot-
tom right inset) generated from multiecho gradient imaging
shows corresponding hyperintensity (blue arrowhead), provid-
ing similar information with a single sequence compared with
having to review sequential data from multiple echoes. Com-
parison with an axial CT image from 3 years prior (top right
inset) shows a larger cyst in this location (yellow arrowhead)
that hemorrhaged and involuted in the interim.

potentially help distinguish a splenule from a
primary pancreatic mass (Fig 12). Free air, which
is straightforward to diagnose at CT, can be more
challenging to identify at MRI. A potential tool is
an R2* map, which can be generated from multi-
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Figure 12. Magnetic susceptibility to identify a peripancre- |
atic splenule in a 43-year-old woman with end-stage renal =
disease. (A) Axial nonenhanced CT image shows a slightly lobulated mass (arrow) between the pancreas (white arrowhead) and
spleen (blue arrowhead). (B) Axial in-phase MR image shows hypointensity of the spleen (blue arrow) relative to the pancreas (white
arrow), indicative of splenic iron deposition. The peripancreatic mass (white arrowheads) follows the signal intensity of the spleen
(blue arrowheads) when comparing the shorter-TE opposed-phase (left inset) and longer-TE in-phase (right inset) images, consistent

with a peripancreatic splenule.

Figure 13. Pneumoperitoneum identified at MRI as magnetic
susceptibility artifact in a 39-year-old woman with a perforated
duodenal ulcer. A tiny locule of free air in the porta hepatis (black
arrowhead) was not identified on the axial CT image (left inset).
Subsequent axial in-phase MR image obtained a few days later
shows an air-fluid level (arrow) in the porta hepatis, with cor-
responding hyperintense signal (white arrowhead) on the R2*
map (right inset) generated from multiecho gradient imaging
consistent with pneumoperitoneum. Exploratory laparotomy
confirmed a perforated duodenal ulcer.

echo gradient imaging (eg, Siemens LiverLLab, GE
StarMap) on newer platforms. R2* is the recipro-
cal of T2*, and higher signal intensity on the R2*
map corresponds to greater magnetic susceptibil-
ity within a voxel. This approach can make foci
of susceptibility, such as free air, more noticeable
(Fig 13) (23).

Magnetic susceptibility may also lead to
misdiagnosis, as blooming artifact from surgical
clips can mimic disease. HBP hypointense foci

along the surface of the liver should be carefully
assessed at in-phase and opposed-phase imaging
to exclude susceptibility from surgical clips as the
cause of the finding. DWI may also be helpful
owing to sensitivity of the echo-planar imaging
technique to magnetic susceptibility also high-
lighting the blooming artifact (Fig 14).

Subtraction Imaging

Dynamic imaging without additional ioniz-

ing radiation is a core advantage of body MRI
compared with CT. Furthermore, MRI affords
the opportunity to subtract the signal intensity
of precontrast images from postcontrast images
on a voxel-by-voxel basis, making enhancement
more conspicuous (24). This is particularly
helpful when a finding is intrinsically T'1 hyper-
intense, making enhancement difficult to assess
(eg, hemorrhagic lesions, nodules in the cirrhotic
liver, posttreatment imaging after ablation or
locoregional therapy). Some picture archiving
and communication system (PACS) vendors of-
fer the ability to generate subtraction images as
needed, and technologists can usually generate
these after examination completion, if requested
by the radiologist. However, to streamline our
workflow, we routinely generate subtraction im-
ages as part of the standard protocol at all body
MRI examinations.

Misregistration and vascular inflow artifacts are
two important pitfalls with subtraction imaging.
Misregistration, where the finding of interest has
“moved” between precontrast and postcontrast
sequences owing to differing breath holds, can lead
to misdiagnosis of enhancement or nonenhance-
ment (Fig 15). Findings should always be con-
firmed on the source images. Vascular inflow arti-
facts at the edge of the imaging volume may result
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Figure 14. Susceptibility artifacts from surgical clips mimick-
ing subcapsular hepatic metastases in a 62-year-old-man with
metastatic colon cancer after left hemihepatectomy. Axial T1-
weighted HBP MR image shows a segment VII hypointense
hepatic metastasis (white arrow) and several hypointense foci
along the surface of the right hemiliver (white arrowheads),
which might be mistaken for metastases along the resection
margin. However, there is no corresponding diffusion restric-
tion (right inset, yellow arrowheads), unlike the hyperintense
metastasis (yellow arrow). Blooming artifact (blue arrowheads)
is depicted with accentuation of hypointensity on the longer-TE
in-phase image (middle inset) compared with on the shorter-TE
opposed-phase image (left inset), confirming susceptibility arti-
fact from clips as the source of these imaging findings.

in luminal hyperintensity on precontrast images,
producing a signal void and mimicking thrombosis
at postcontrast subtraction imaging (Fig 16).

Transient Hepatic Intensity Difference
Transient hepatic intensity difference (THID),

in which a portion of the liver hyperenhances
during the arterial phase but equilibrates with
background liver in later phases, is a vascular
phenomenon due to alterations in relative blood
supply from the hepatic artery versus the portal
vein. Identification of THID should prompt the
reader to search for processes such as portal vein
thrombosis, biliary obstruction, or narrowing of
the portal vein or hepatic artery (Fig 17) (25).
Infectious and inflammatory conditions such

as hepatic abscesses and cholangitis may also
lead to THID (Fig 18). As alterations in hepatic
enhancement may obscure masses, review of
T1-weighted precontrast images can be helpful to
improve conspicuity. When no underlying cause is
identified, THID can be deemed idiopathic.

Parallel Imaging
Parallel imaging increases acquisition speed by
using a multicoil array, partial k-space sampling,
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Figure 15. Subtraction misregistration artifact in a 79-year-
old man with metastatic angiosarcoma. Axial precontrast
T1-weighted MR image shows a fluid-fluid level within a hy-
pointense liver lesion (arrow). Subtracted T1-weighted arte-
rial phase MR image (left inset) shows no lesion enhancement
(white arrowhead). Subtracted T1-weighted delayed phase MR
image (middle inset) shows apparent enhancement (blue ar-
rowhead), but when correlated with the source delayed phase
image (right inset), this “enhancement” is due to through-
plane misregistration from the patient taking a slightly differ-
ent breath hold, resulting in normal parenchyma (blue circle)
being subtracted by the lesion. In-plane misregistration is also
evident with a hyperintense rim (yellow arrowhead) around
the liver (middle inset) that is not present on the source image
(bottom right inset).

and computational data “unwrapping” based on
coil sensitivities. Undersampling of k-space in the
phase-encoding direction results in aliasing, which
may not be fully eliminated in the unwrapping
process (26). Persistent aliasing can mimic aortic
dissection by “duplication” of the abdominal wall
contour (Fig 19) or obscure findings in the liver.
More advanced parallel imaging techniques (eg,
axial controlled aliasing in parallel imaging results
in higher acceleration [CAIPIRINHA]; Siemens)
ameliorate this problem.

Fat

Steatosis

Diffuse hepatic steatosis is commonly diagnosed
by observing diffuse signal loss on opposed-phase
images compared with in-phase images. Less
commonly, steatosis may be nodular, focal, and
infiltrative, requiring careful attention to chemical
shift imaging (27). Focal fat occurs in character-
istic locations, such as adjacent to the falciform
ligament, gallbladder fossa, and porta hepatis.
This may be intermittently apparent at serial

CT examinations owing to differences in con-
trast timing. T 1-weighted postcontrast and HBP
imaging (both performed with opposed-phase
TEs) will show hypointensity to background liver,
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Figure 16. Subtraction inflow artifact in a 50-year-old woman
with breast cancer who underwent liver MRI. Axial subtracted

T1-weighted delayed phase MR image shows an apparent fill-
ing defect in the right common iliac vein (arrow). However,
comparison with the precontrast T1-weighted MR image (top
inset) shows hyperintense signal (white arrowhead) owing to
vascular inflow of unsaturated protons, resulting in artifactual
hypointensity (blue arrowhead) when subtracted from the
source T1-weighted delayed phase MR image (bottom inset).
Vascular inflow artifact is common at the top and bottom of an
axial 3D volume.

potentially mimicking metastasis. Focal lesions in
the characteristic locations mentioned previously
should prompt additional scrutiny with chemi-
cal shift sequences and fat-only Dixon imaging to
diagnose focal fat (Fig 20). Steatosis may also be
nodular, mimicking diffuse malignancy (Fig E5),
or infiltrative and/or masslike in appearance (Fig
21). Fat-only Dixon imaging is particularly helpful
when there are distracting findings with opposed-
phase imaging, as every voxel without fat will be
hypointense, improving fat conspicuity (Fig 21).
When considering an unusual pattern of steatosis,
reviewing diffusion-weighted images is helpful as
steatosis does not typically result in hyperintensity
at high b-value DWI.

A pitfall to avoid in severely steatotic livers is
misinterpreting a focal “T'1 hyperintensity” on an
opposed-phase image. To reduce acquisition time,
fat-suppressed T'1-weighted 3D sequences are
routinely performed with the minimum TE (in the
opposed phase), causing diffuse background sig-
nal loss in a steatotic liver. The in-phase sequence
is thus more accurate for determining if a lesion
is truly T'1 hyperintense and potentially hemor-
rhagic (Fig E6) (28), rather than a visual interpre-
tive error because of how the adjacent liver signal
intensity changes owing to chemical shift.

Steatosis may also occur in the pancreas in the
form of diffuse or geographic fatty deposition or
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Figure 17. THID from a hepatic metastasis in a 39-year-old
man with metastatic colorectal cancer. Axial T1-weighted arte-
rial phase MR image shows THID (white arrowheads) in the
right posterior section and peripheral biliary ductal dilatation
(blue arrowheads). T1-weighted portal venous phase MR im-
age (top inset) shows a central hypoenhancing liver metastasis
(white arrow) as the cause of biliary obstruction and resultant
THID. Diffusion-weighted image (bottom inset) helps identify
the metastasis (blue arrow), which may otherwise be obscured
by adjacent THID.

Figure 18. THID from biliary abscesses and obstruction in a
57-year-old woman after Roux-en-Y hepaticojejunostomy af-
ter bile duct injury. Axial T1-weighed arterial phase MR image
shows THID in hepatic segment VII (white arrowheads) with
dilated peripheral bile ducts (yellow arrow). Axial (top inset)
and coronal (bottom inset) T2-weighted MR images show bili-
ary ductal dilatation (white arrows) owing to a hepaticojejunal
anastomotic stricture (blue arrow) causing biliary microab-
scesses (blue arrowheads) as the source of THID.

focal fat lobules (29,30). Tiny fat lobules mimic

a branch duct intraductal papillary mucinous
neoplasm (IPMN) at CT, T2-weighted MRI, and
postcontrast T1-weighted MRI, potentially lead-
ing to unnecessary follow-up. If no corresponding
abnormality is seen on fat-suppressed heavily
T2-weighted images, chemical shift sequences
should be scrutinized for India ink artifact or
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Figure 19. Parallel imaging wrap artifact mimicking aortic
dissection in a 63-year-old woman who underwent liver MRI.
Axial T1-weighted arterial phase MR image shows an appar-
ent “dissection flap” in the descending thoracic aorta (arrow).
However, the line extends outside of the aorta, overlying the
spine and left lung (white arrowheads), and recapitulates the
anterior abdominal wall (blue arrowheads), consistent with an
“unwrapping” artifact from parallel imaging reconstruction on
an older MRI scanner.

Figure 20. Focal hepatic steatosis mimicking hepatic metas-
tasis in a 63-year-old woman with metastatic leiomyosarcoma.
Axial TT-weighted HBP MR image shows a hypointense lesion
(arrow) corresponding to the finding at CT that prompted
MRI. In-phase (left inset) and opposed-phase (middle inset)
chemical shift MR images show focal hypointensity (white ar-
rowhead) at opposed-phase imaging compared with that at
in-phase imaging (circle), consistent with focal fat. Fat-only
Dixon image (right inset) shows corresponding hyperinten-
sity (blue arrowhead). Dixon imaging is a useful additional
technique for depicting steatosis.

hyperintensity on fat-only Dixon images to con-
firm intrapancreatic fat (Fig E7).

Failure of Fat Suppression
Frequency-selective fat saturation, in which a
radiofrequency pulse selectively excites fat protons
for signal spoiling, is one of the most commonly
used fat-suppression methods in body MRI (31).
However, this method presupposes a dominant fat
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Figure 21. Masslike steatosis mimicking infiltrative malignancy
in a 65-year-old woman with necrotizing pancreatitis. Axial T1-
weighted portal venous phase MR image shows hypoattenuat-
ing “masses” (black arrowheads) with corresponding interme-
diate hyperintensity at T2-weighted imaging (top right inset,
blue arrowheads), which might raise suspicion for malignancy.
Opposed-phase chemical shift MR image (middle inset) shows
marked hypointensity of these foci (yellow arrowheads) com-
pared with on the in-phase image (left inset), consistent with ste-
atosis. The fat-only Dixon image (right bottom inset) shows focal
steatosis with maximal contrast (white arrowheads), as the re-
mainder of the liver, including an adjacent cyst (), has no signal.

signal intensity peak that the scanner can readily
identify. In our experience, this automated process
may fail at 3T in patients with obesity (Fig 22).
The technologist can potentially overcome this by
repeating the sequence after selecting the portion
of the field of view to interrogate for manual selec-
tion of the dominant fat peak. Alternate fat-sup-
pression methods can also be used, such as STIR
(for T2-weighted precontrast imaging), spectral
adiabatic inversion recovery (SPAIR), or the Dixon
method. The Dixon method is more robust to B,
(main static magnetic field) and B, (rotating mag-
netic field) inhomogeneity and can be used after
contrast agent administration. However, it results
in longer minimum repetition time (TR) owing to
the dual-echo acquisition, increasing imaging time
unless fewer or thicker sections are obtained (32).
Fat-water swap may also occur and necessitate re-
construction of fat-only sequences. In our practice,
we currently use frequency-selective fat suppres-
sion for dynamic imaging and use the Dixon
method only on protocols (eg, 3-T prostate MRI)
for which fat suppression may be challenging.

Bone Evaluation

Spin-echo T'1-weighted imaging is less fre-
quently used in body MRI, with limited utility
for assessing the abdominopelvic viscera. Chem-
ical shift imaging provides a valuable alternative
to identify marrow-replacing lesions at body
MRI, particularly if the Dixon method is used
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Figure 22. Failure of frequency-selective fat saturation in a 59-year-old-man with HCC. (A) Axial precontrast T1-weighted MR
image shows global failure of fat suppression (). The image is similar in appearance to that seen with an opposed-phase se-
quence owing to this sequence typically being performed with the shortest possible TE. (B) Axial T1-weighted delayed phase wa-
ter-only Dixon MR image shows successful fat suppression (+), which can be used before and after contrast agent administration..

(33). Fat-only Dixon imaging can be used as a
screening tool to identify potentially suspicious
bone findings that can then be assessed in more
detail with other sequences (Fig 23). Notably,

a focal hypointense lesion does not equate to
malignancy, as benign entities such as atypical
hemangiomas, Schmorl nodes, and bone islands
may also have this appearance (34,35).

Fat-containing Renal Masses
Fat in a renal mass limits the differential diagno-
sis and should be carefully sought (Fig 24) (36).
Macroscopic fat is identifiable as signal loss
after application of fat-suppression techniques,
as India ink artifact on opposed-phase images
at the fat-water interface or as signal intensity
matching that of adjacent retroperitoneal fat on
fat-only Dixon images. In contrast, microscopic
fat exhibits signal loss on opposed-phase im-
ages or can be identified as signal intensity on
fat-only Dixon images less than that of retro-
peritoneal fat. Macroscopic fat usually indicates
a fat-rich angiomyolipoma (AML). Rare cases
of clear-cell renal cell carcinoma with osseous
metaplasia (37) and entrapment of renal sinus
fat by oncocytomas have been described (38).
The identification of microscopic fat should
prompt inspection of T2-weighted images. Most
T2-hyperintense (on non-fat-suppressed images)
microscopic fat-containing masses will represent
clear-cell renal cell carcinoma, particularly if
there is avid corticomedullary phase hyperen-
hancement (Fig 25) (39). T2 hypointensity in a
microscopic fat-containing mass suggests fat-
poor AML (in conjunction with additional fea-
tures such as an arterial-to-delayed enhancement
ratio >1.5) and should prompt consideration of
biopsy if surgical resection is being considered to

~

5

Figure 23. Fat-only Dixon imaging for evaluation of bone
metastases at body MRI in a 49-year-old woman with breast
cancer. Axial T1-weighted delayed phase MR image shows an
enhancing thoracic spine lesion (arrow), without correlate (cir-
cles) on T2-weighted (bottom right inset) and precontrast in-
phase (top left inset) MR images. Precontrast opposed-phase
MR image (top middle inset) shows a lack of chemical shift
signal loss in the lesion (white arrowhead), with corresponding
hypointensity (blue arrowhead) on the fat-only Dixon image
(top right inset), suggestive of the absence of microscopic fat.
Metastasis was suggested and subsequently confirmed by the
results of a bone biopsy.

avoid unnecessary interventions (Fig 26) (40). As
some clear-cell renal cell carcinomas will atypi-
cally be T2 hypointense, fat-poor AMLs should
not be definitively diagnosed at imaging alone.

Fat-containing Adrenal Masses
Like renal masses, fat in an adrenal mass similarly
limits the differential diagnosis (Fig 27) (36).
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Figure 24. Fat-containing renal mass diagnostic algorithm. Microscopic fat should be distinguished from macroscopic fat by using
chemical shift, Dixon, and fat-suppression techniques. If macroscopic fat is present, a fat-rich angiomyolipoma (AML) is almost always
the diagnosis. If microscopic fat is present, T2 signal intensity should next be assessed. T2-hyperintense microscopic fat-containing
masses are typically clear-cell renal cell carcinoma (RCC), with avid corticomedullary phase hyperenhancement. T2 hypointensity within
a microscopic fat-containing renal mass should raise the possibility of a fat-poor AML, although imaging is not completely diagnostic.

Figure 26. AML with microscopic fat in an 84-year-old man. Ax-
ial T1-weighted arterial phase MR image shows a hypoenhancing
right upper renal mass (arrow). Microscopic fat is identified with
chemical shift signal loss (blue arrowhead) between the in-phase
(top left inset) and opposed-phase (top middle inset) sequences
and hyperintensity (yellow arrowhead) on the fat-only Dixon im-
age (top right inset). T2-weighted MR image (bottom inset) shows
hypointensity (white arrowhead) within the lesion, suggesting a
fat-poor renal AML.

Figure 25. Clear-cell renal cell carcinoma with microscopic fat
in a 65-year-old man. Axial T1-weighted arterial phase MR image
shows an avidly enhancing right renal mass (arrow). Microscopic
fat is identified with chemical shift signal loss (blue arrowhead)
between the in-phase (bottom left inset) and opposed-phase
(bottom middle inset) sequences and hyperintensity (yellow
arrowhead) on the fat-only Dixon image (bottom right inset).
Fat-suppressed T2-weighted MR image (top inset) shows hyper-
intensity (white arrowhead) within the lesion. A clear-cell renal
cell carcinoma was confirmed at partial nephrectomy.

Macroscopic fat is essentially diagnostic of adre-
nal myelolipoma, with rare exceptions including
liposarcoma or AML. If macroscopic fat is not
easily identifiable, India ink artifact on opposed-
phase images should be sought (Fig 28).
Microscopic fat-containing adrenal masses are
most commonly fat-rich adenomas, but T2 hyperin-
tensity, size, and clinical history should also be con-
sidered. Most adenomas are isointense to slightly
hyperintense to liver with T2-weighted sequences
(if the liver is not steatotic or siderotic) (41).T2
hyperintensity relative to liver warrants further
investigation, with marked T2 hyperintensity raising
suspicion for a pheochromocytoma. Large size,
necrosis, and hemorrhage often indicate adrenocor-
tical carcinoma, which rarely contains microscopic
fat (42). Microscopic fat-containing metastases to
the adrenal gland should be considered in the set-
ting of prior steatotic primary malignancies, such
as clear-cell renal cell carcinoma or HCC (Fig 29).
Metastatic disease may also form collision tumors
with preexisting fat-rich adenomas (43).

Motion
Motion artifact attributable to respiratory motion
is the most common cause of a nondiagnostic
or suboptimal body MRI examination. These
artifacts can be mitigated by increasing acquisi-
tion speed to shorten breath holds, using motion-
insensitive acquisition techniques, or utilizing
respiratory triggering (44).
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Figure 27. Fat-containing adrenal mass diagnostic algorithm. Microscopic fat should be distinguished from macroscopic fat by us-
ing chemical shift, Dixon, and fat-suppression techniques. If macroscopic fat is present, an adrenal myelolipoma is almost always the
diagnosis. If microscopic fat is present, T2 signal intensity should next be assessed. T2-isointense microscopic fat-containing masses
are almost always fat-rich adenomas. If T2 hyperintensity greater than that of the normal liver is present, other masses should be
considered based on patient history, symptoms, lesion size, and other imaging features such as the degree of T2 hyperintensity and
presence of necrosis or vascular invasion. RCC = renal cell carcinoma.

Fat Present

Macroscopic

Figure 28. Adrenal myelolipoma incidentally identified at
lung-screening chest CT in a 69-year-old woman. Axial non-
enhanced CT image shows foci of macroscopic fat (white ar-
rows) within a large left adrenal mass (arrowheads), consis-
tent with adrenal myelolipoma. Subsequent axial MR images
show internal India ink artifact (blue arrows) when comparing
the opposed-phase MR image (right inset) to the in-phase
image (left inset), a helpful clue when only small amounts of
microscopic fat are present.

Parallel imaging, as described previously, is
routinely used with T'1-weighted sequences to
increase acquisition speed, typically with an ac-
celeration factor (R) of 2 or more. Higher Rs can
be achieved via two-dimensional phase-shifted
data sampling to achieve more rapid imaging
with fewer artifacts. This approach uses coil sen-
sitivities across an entire volume of imaged tissue,
allowing fourfold (R = 2 X 2 = 4) or higher Rs
(Fig E8).This can also be further leveraged in
coronal acquisitions, given the greater number of
coil elements in the craniocaudal direction for a
typical multichannel phased-array coil, to achieve
breath-hold acquisitions in as few as 5 seconds.

Figure 29. Microscopic fat-containing adrenal mass in a
64-year-old man after nephrectomy. Coronal T2-weighted MR
image shows a left adrenal mass (white arrow), which is T2
hyperintense relative to normal liver (). In-phase (left inset)
and opposed-phase (right inset) MR images show chemical
shift signal loss (blue arrow) on the opposed-phase image con-
sistent with microscopic fat. An adrenal mass that is T2 hyper-
intense relative to liver should prompt further consideration
beyond adenoma. The patient had undergone nephrectomy,
and blooming artifact from surgical clips (arrowhead) is evident
on the longer-TE in-phase image (left inset). In this case, renal
cell carcinoma was confirmed by the results of a biopsy. In a
patient with clear-cell renal cell carcinoma, metastasis must be
considered when a lesion contains microscopic fat.

Compressed sensing is another acceleration
technique based on semi-random undersampling
of k-space. Dynamic T'1-weighted imaging utiliz-
ing compressed sensing (as discussed previously)
is ideal for patients with difficulty breath holding
and is typically performed during free breathing
(45). Compared with breath-hold images in the
same patient, compressed sensing reduces mo-
tion artifact, improving diagnostic yield (Fig E9).
Compressed sensing can also be applied to 3D
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Figure 30. Subtle left lateral section hepatic lesions in a 71-year-old man with HCC after radioembolization. (A) Axial T1-
weighted MR image shows that evaluation of the margin of the left lateral section of the liver is often challenging at axial T1-
weighted MRI owing to volume averaging with the stomach and cardiac pulsation artifacts. Two small lesions are present (arrows)
but were not initially identified. (B) Coronal T1-weighted delayed phase MR image shows the lesions to better advantage (ar-
rows), prompting reassessment at axial imaging.

MR cholangiopancreatography, reducing acquisi-
tion times two-to-threefold for a free-breathing
technique or to a single breath hold by using even
greater Rs (Fig E10) (46).

Radial k-space sampling is a motion-insensitive
technique applicable to either T'1- or T2-weighted
sequences. It is generally performed during free-
breathing, with longer acquisition times than
conventional sequences. In contrast to Cartesian
k-space filling, two-dimensional radial trajectories
(eg, BLADE [Siemens], Propeller [periodically
rotated overlapping parallel lines with enhanced
reconstruction; GE)) fill k-space by using a rotat-
ing acquisition in which the center of k-space is
sampled during each readout, allowing motion
correction, rejection of data degraded by motion,
and dispersion of in-plane motion artifacts (47).
The periphery of k-space is relatively undersam-
pled and the center is oversampled; consequently,
edge blurring and radial streak artifacts are
common. Radial k-space acquisitions can also be
applied to 3D T'1-weighted sequences by using a
stack-of-stars trajectory (eg, StarVIBE [Siemens];
MultiVane XD [Philips]) in which rotating spokes
are acquired in plane with a Cartesian trajectory
through the plane, facilitating a free-breathing
sequence with reduced motion (48). The longer
acquisition time (~3 minutes) makes this tech-
nique suitable for nondynamic imaging (eg, HBP
or delayed phase) (Fig E11).

Finally, respiratory triggering links image
acquisition to the respiratory cycle by using
either a navigator pulse to track diaphragmatic
position or a physical respiratory bellows device
to trigger acquisitions from body wall excur-
sions (49). Free-breathing acquisitions, such as
3D MR cholangiopancreatography, are typi-
cally obtained with respiratory navigation, and
T2-weighted sequences such as single-shot and

fat-suppressed turbo spin echo (T'SE) may also
be performed with respiratory navigation. DWI
is performed more rapidly with a free-breathing
nonnavigated technique, but motion artifacts
can be reduced with respiratory navigation at
the expense of longer acquisitions (50).

Challenging Anatomic Sites
The mesentery and omentum can be difficult to
assess at abdominal MRI owing to bowel motion
artifact, failure of fat suppression at the periph-
ery, and limited field of view inferiorly. Coronal
T2-weighted and postcontrast T'1-weighted
sequences often provide the largest field of view
for assessment of these structures, with no addi-
tional acquisition time penalty in the frequency-
encoding direction (Fig E12). DWI helps detect
abnormalities, prompting further assessment
with other sequences (51).

Similarly, thoracic findings, such as breast or
mediastinal masses, are also easy to miss at ab-
dominal MRI. DWI is quite sensitive for body wall
abnormalities, although artifacts on older scanners
may limit evaluation because of B inhomogeneity
(Fig E13). Coronal T2-weighted imaging is invalu-
able in identifying unsuspected abnormalities, and
we routinely perform pre- and postcontrast coro-
nal T'1-weighted sequences (including subtrac-
tions) to improve detection and characterization of
incidental thoracic findings (Fig E14).

Specific regions of the hepatobiliary system
are inherently difficult to evaluate at body MRI.
The left lateral section of the liver is often ob-
scured by cardiac pulsation artifact and volume
averaging with the stomach. Coronal imaging
is particularly valuable in assessing this loca-
tion (Fig 30). Subcapsular liver lesions can also
be troublesome on HBP images, as hypointense
lesions can be masked by adjacent fat or lung.
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Figure 33. Greater conspicuity of a renal mass with DWI in
an 82-year-old woman who underwent liver MRI for cirrhosis.
Axial T2-weighted MR image does not show any renal corti-
cal abnormality (circle). Diffusion-weighted image (right inset)
shows a rounded hyperintensity (arrow) corresponding to a
hypoenhancing mass (arrowhead) on the T1-weighted arterial
phase MR image (left inset), which may be easily overlooked
with other sequences but is highly conspicuous with DWI.

Shetty et al 2069

Figure 31. Subtle subcapsular hepatic metastasis in a 55-year-old
woman with metastatic ovarian cancer. Coronal T1-weighted HBP
MR image after Eovist administration does not conspicuously show
a metastasis along the dome of the liver (white arrowheads) owing
to poor contrast between HBP hypointensity and adjacent lung.
The lesion is also poorly noticeable on the axial T1-weighted HBP
MR image (right inset, blue arrowhead) but can be seen to greater
advantage on the coronal T1-weighted delayed phase MR image
(left inset, white arrow) and diffusion-weighted image (middle in-
set, blue arrow). While HBP imaging often provides the greatest
contrast for detecting hepatic metastases, the edges of the liver
should be carefully inspected with other sequences to avoid over-
looking such lesions.

Figure 32. Overlooked ampullary mass in a 69-year-old
woman with jaundice. Coronal T2-weighted MR image
shows biliary ductal dilatation (arrow). The ampullary
mass (white arrowheads) was not identified prospectively,
with similar signal intensity to the normal duodenal wall
on the coronal and axial (top right inset) T2-weighted MR
images. Diffusion-weighted image (bottom left inset) and
ADC map (bottom right inset) show diffusion restriction
(blue arrowhead) and ADC hypointensity (yellow arrow-
head), valuable clues for diagnosis that were identified at
imaging review before endoscopic biopsy, the results of
which confirmed ampullary adenocarcinoma.

The HBP is often best assessed in both axial and
coronal planes, in conjunction with portal venous
phase T'1-weighted sequences and DWI to avoid
overlooking potential disease sites (Fig 31). The
periampullary region can present difficulty in
detecting masses with T2-weighted sequences
owing to their similar signal intensity to that of
the pancreas or duodenal wall. DWI and multi-
planar thin-section T2-weighted sequences are
particularly useful in this regard (Fig 32).

Tips for Interpretation

Diffusion-weighted Imaging

DWI often provides the greatest lesion conspi-
cuity of any noncontrast sequence in a body
MRI protocol. However, diffusion restriction
should not be equated with malignancy, as both
benign and malignant entities can restrict diffu-
sion (52). Causes of diffusion restriction include
normal and abnormal lymphoid tissue, tumors,
blood products, inflammation, and purulent ma-
terial (51,53). The superb contrast of DWI helps
identify lesions that may blend with normal
parenchyma with T1- or T2-weighted sequences,
such as subtle renal masses (Fig 33). Assessment
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Figure 34. Interpretation of T2 shine-through at DWI in a
27-year-old woman with Li-Fraumeni syndrome who underwent
MRI to evaluate a liver lesion depicted at whole-body screen-
ing MRI. Axial T1-weighted arterial phase subtraction MR image
shows an enhancing liver mass (arrowheads) at the junction of
segments VIl and IVa. The lesion is hyperintense to background
liver on both the diffusion-weighted image (top inset, white ar-
row) and ADC map (bottom inset, blue arrow), which might
be interpreted as T2 shine-through and fast diffusion. However,
the liver is not always a useful comparator, as the background
liver, in this case, is relatively hypointense () on the ADC map.
Quantitatively, the ADC of the lesion is 1.3 mm?/sec, compared
with 2.5 mm?/sec of the cerebrospinal fluid, indicating some de-
gree of diffusion restriction. The results of a subsequent biopsy
confirmed hepatic adenoma.

at DWI is both qualitative (relative preservation
of hyperintense signal with progressively higher
b values) and quantitative (measuring the ap-
parent diffusion coefficient [ADC] with a region
of interest). The degree of diffusion restric-
tion can be helpful in suggesting abscess in the
appropriate clinical setting when there is both
marked ADC hypointensity and DWI hyperin-
tensity. The phenomenon of T2 shine-through,
in which the high b-value image and ADC map
have similar signal intensity, applies to both
T2-hyperintense structures (cysts, simple fluid)
and T2-hypointense structures (uterine fibroids,
fibrous tissue). Thus, DWI should be inter-
preted in the context of the ADC map (54,55).
For example, to avoid dismissing true diffusion
restriction as T2 shine-through, lesional signal
intensity should be compared qualitatively or
quantitatively to simple fluids (eg, cerebrospinal
fluid) in which fast diffusion is present (Fig 34).
DWI can also be helpful for vascular problem
solving. Setting the DWI low & value to 50 sec/
mm? rather than 0 sec/mm? removes the vascular
signal in slow-flow vascular beds, normally result-
ing in uniform absence of vascular signal (Fig
35) (56). Vascular signal at DWI suggests throm-
bosis but does not distinguish bland from tumor
thrombus (57). Bland thrombus restricts diffusion
because of immobile water protons within the
clot, whereas tumor thrombus restricts diffusion
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Figure 35. Effects of different low b values at DWI of the liver
in a 58-year-old man who underwent liver MRI. Axial diffusion-
weighted image with a b value of 0 sec/mm? shows heteroge-
neous signal intensity in the various blood vessels of the liver
(white arrowheads) and the periphery of the aorta (arrow)
owing to slow flow. Applying a b value of 50 sec/mm? (inset)
removes vascular signal intensity, resulting in a cleaner image
where the bile duct adjacent to the portal vein (blue arrow-
head) is visible and background liver signal intensity is homo-
geneous, allowing better detection of subtle abnormalities.

owing to tumor cells. Internal enhancement, often
best appreciated at subtraction imaging owing to
intrinsic T'1 hyperintensity, is the key to diag-
nosing tumor thrombus (Fig 36) (58). Unusual
enhancing structures, when lacking in DWI signal
intensity, may indicate a vascular abnormality
such as a pseudoaneurysm (Fig 37).

HBP Imaging

Two potential pitfalls should be recognized when
interpreting HBP images. First, the signal inten-
sity of the hepatic blood pool should be assessed.
In cases of suboptimal blood pool contrast agent
clearance (eg, hepatic dysfunction), the hepatic
vessels can be isointense or hyperintense to the
background parenchyma. As such, hemangiomas
and other hypervascular lesions, which are typi-
cally HBP hypointense, may appear isointense or
hyperintense owing to persistent contrast agent
within their vascular spaces (ie, not because of
functional hepatocytes) (Fig 38) (59).

Second, HBP liver hypointensity occurs either
when hepatocytes are absent (eg, cysts or metas-
tases) or when uptake of gadoxetate is impaired
(eg, after ablation or radiation). When imaging
the posttreatment liver, lesional HBP hypointen-
sity may be misattributed to adjacent treatment
effects, and correlation with other sequences is
mandatory. Precontrast T1-weighted imaging
serves a dual role: identifying intrinsic T1 hyper-
intensity within an ablation zone from coagula-
tive necrosis, which should prompt scrutiny
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Figure 36. Thrombus evaluation with DWI in a 49-year-old
man with necrotizing pancreatitis and reported portal vein tu-
mor thrombus. Coronal contrast-enhanced CT image shows
expansile soft-tissue-attenuating material (arrowheads)
within the portal vein, which was interpreted as suspicious
for tumor thrombus. Axial diffusion-weighted image with a b
value of 800 sec/mm? (left inset) shows hyperintensity within
the main portal vein (blue arrow), caused by either immobile
protons within bland thrombus or dense cellularity within tu-
mor thrombus. Axial T1-weighted portal venous phase sub-
traction MR image (right inset) shows nonenhancement of
the portal vein (white arrow), the key finding used to distin-
guish bland thrombus in this case from tumor thrombus.

on subtraction and diffusion-weighted images,

and identifying T'1 hypointensity adjacent to an
ablation zone, which should raise suspicion for
disease recurrence (Fig 39) (60).

Washout

Nonperipheral washout is a major feature of
HCC in LI-RADS version 2018. However,
washout is not unique to HCC, nor does
washout always indicate malignancy. LI-RADS
characterization should only be applied in the
setting of cirrhosis or other specific HCC risk
factors. The imaging features of hepatic adenoma
frequently overlap with those of HCC, such as
nonrim APHE, nonperipheral washout, and
microscopic fat (61). Consideration of patient
demographics and other risk factors, such as
oral contraceptive use, is crucial. Hypervas-
cular metastases from extrahepatic primary
malignancies, such as uveal melanoma and
neuroendocrine tumors, also frequently exhibit
washout (62) (Fig 40). The washout pattern is
important, as peripheral washout is typical of
adenocarcinoma, either metastatic (eg, colorec-
tal) or primary (eg, cholangiocarcinoma) (63).
Finally, washout may be difficult to perceive

in a severely steatotic or siderotic liver, as both

Shetty et al 2071

Figure 37. DWI as a vascular problem-solving tool in a
68-year-old man with pancreatic adenocarcinoma. Axial
T1-weighted arterial phase MR image shows an enhancing
“lesion” (white arrow) within a necrotic pancreatic mass.
Diffusion-weighted image with a b value of 50 sec/mm? (top
inset) shows no signal intensity (blue arrow), raising suspi-
cion for a vascular abnormality rather than an enhancing
solid mass. A splenic artery pseudoaneurysm (arrowheads)
was queried and subsequently confirmed and treated at
catheter angiography (bottom inset).

N

Figure 38. HBP interpretation in the context of blood pool
signal intensity in a 50-year-old woman with indeterminate
liver lesions. Axial T1-weighted arterial phase MR image shows
peripheral nodular discontinuous APHE (arrowheads) in a seg-
ment VIII/IVa liver lesion, characteristic of a cavernous hemangi-
oma. T1-weighted HBP image at 60 minutes with gadobenate
(inset) shows diffuse hyperintensity of the mass (white arrow)
compared with background liver, atypical of a hemangioma in
the HBP. However, the blood pool (blue arrow) is similarly hy-
perintense owing to severe hepatic steatosis. The hemangioma
should be recognized as following blood pool signal intensity
rather than retaining contrast material with HBP imaging.

iron and fat will reduce background liver signal
intensity on postcontrast T'1-weighted spoiled
gradient-echo images obtained with a minimal
TE similar to the opposed phase.

Conclusion
As body MRI has become routine with widespread
application across multiple clinical domains,
general radiology practices must be equipped to
perform and read these studies effectively and
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Figure 39. Postablation HBP imaging in a 56-year-old
woman with metastatic rectal cancer after microwave abla-

tion of a hepatic metastasis. Axial T1-weighted HBP image with
gadoxetate shows hypointensity (white arrow) of an ablated
segment VIl liver dome metastasis. Nonviable ablated tissue is
difficult to distinguish from viable tumor. Local recurrence can
be more easily identified on the axial (left inset) and coronal
(right inset) T1-weighted precontrast MR images, which show
hypointensity of recurrent tumor (white arrowheads) adjacent
to the intrinsically T1-hyperintense ablation zone (blue arrows).

\4
By

Figure 40. Washout of a liver mass in a 38-year-old woman
with metastatic neuroendocrine carcinoma. Axial T1-weighted
arterial phase MR image shows nonrim hyperenhancement
of a large mass (white arrow) in the left lateral section of the
liver, which subsequently washes out (blue arrow) on the por-
tal venous phase image (top inset). Washout is not specific for
HCC in patients without cirrhosis or other risk factors. In this
patient, the mass represents a metastasis from metastatic neu-
roendocrine carcinoma, with a mesenteric mass (arrowhead)
identified on the gallium 68 (®Ga)-[tetraxetan-D-Phel, Tyr3]-
octreotate (DOTATATE) PET/CT image (bottom inset).

accurately. This article highlights key concepts in
protocol design, including contrast agent selec-
tion, arterial phase timing, unique issues with
gadoxetate, and the value of Dixon chemical shift
imaging. We describe clinically relevant artifacts
as problems and solutions and explore fat imag-
ing. Motion artifacts and potential solutions are
discussed. Finally, we present interpretive tips
gleaned from our clinical experience. By bringing

radiographics.rsna.org

together these concepts into a single article, we
aim to provide a reference that abdominal imagers
can consult as they update body MRI protocols
and refine their interpretations.
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