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Foreword

As the use of 3T systems evolves into the standard of
care for body MR imaging, an in-depth understanding
of the differences between body imaging at 3T versus
1.5T becomes critical for all diagnostic imagers. Up
until now, a thorough knowledge of protocols, physics,
and potential pitfalls in 3T MR imaging of the body has
been limited to those radiologists with extensive
experience at this higher field strength. Fortunately,
with the publication of Body MR Imaging at 3 Tesla by
Drs. Thab Kamel and Elmar Merkle, this knowledge
and insight is now available to a wide audience of
diagnostic radiologists and other clinical imaging
physicians. Drs. Merkle and Kamel are truly author-
ities in high-field body MR imaging; in this book, they
have gathered additional experts from around the
world to lend their own proficiency in MR imaging

at 3T. The editors have done an outstanding job of
choosing clinicians and scientists involved in the
development and early adoption of 3T MR imaging
of the body, and have created a compendium that will
truly impact the field for years to come. It is a particu-
lar pleasure for me to write this introduction, as I have
had the honor of working closely with Dr. Merkle for
over 12 years and with Dr. Kamel for the past 7 years.
Watching them produce this textbook is a pleasure
only equaled by the satisfaction of reading its content.
To you, the reader, I wish many hours of enjoyment
and learning in your reading of this book, and I am
certain your future patients will benefit from much
that you learn in the process!

Jonathan S. Lewin, MD, FACR






Preface

The intent of Body MR Imaging at 3 Tesla is to provide
a closer look at various MR applications within the
chest, abdomen, and pelvis with specific emphasis on
the effects of a higher 3T magnetic field strength.

Since the inception of MR imaging in the 1970s,
radiologists have intensively searched for the optimal
magnetic field strength, and this quest continues. In
the early 1980s, a magnetic field strength of 0.3T was
considered optimal. During the 1990s, we saw a shift
toward 1T and 1.5T; and over the last ten years, we
have seen a substantial trend toward 3T MR imaging.
The search for higher field strength has been driven
by the desire for an increase in signal-to-noise ratio,
which can be kept to improve image quality, or traded
for increased spatial resolution, improved temporal
resolution, or both. Besides a gain in signal-to-noise
ratio, other factors such as safety issues, image arti-
facts, and efficiency of contrast agents, to name a few,
also have to be considered.

For this book, we are fortunate to have the contri-
butions of many colleagues, all of whom were chosen
as clinicians and scientists involved in the early adop-
tion of 3T scanners in their practice. In the first chapter
of this book, Dr. Kevin Chang and Dr. Thab Kamel
cover the basic concepts of MR physics and safety
aspects relevant to the switch from 1.5T to 3T.
Following this chapter, Dr. Diego Martin’s group dis-
cusses novel acquisition techniques that are facilitated
by 3T. Dr. Connie Lehman’s group contributed the

chapter on breast MR imaging, where early results
at 3T have been both promising as well as chal-
lenging. Two cardiovascular research groups based in
Madison/Wisconsin and Mannheim/Germany discuss
cardiac as well as thoracoabdominal vascular MR.
These chapters are followed by organ-specific contri-
butions that examine in greater detail MR imaging
of the liver, biliary system, pancreas, adrenals, kidneys,
small bowel, large bowel and rectum. Finally,
Dr. Katarzyna Macura and Dr. Susan Ascher’s groups
provide their insights of the advantages of 3T MR
imaging of the male and female pelvis, respectively.

Asyou read this book, it is our hope that you realize
how little is scientifically proven about the advantages
of 3T over 1.5T MR imaging. None of the contributors
had a wealth of scientific literature to rely on, and there
are topics such as renal MR imaging, where not a single
comparison study is currently available. This is sur-
prising since the US Food and Drug Administration
(FDA) approved 3T MR systems for clinical use in
2002. Thus, despite the mostly marketing-driven hype
about 3T, it currently remains unclear whether body
MR imaging at 3T is superior to standard 1.5T MR
imaging. Notwithstanding radiologists’ continued
faith in the advantages of 3T, perhaps this book will
provide the necessary guidance to make an informed
choice between 3T and 1.5T body MR imaging rather
than simply following the all-too-common “bigger
must be better” approach.

Xi






Introduction

Three Tesla magnetic resonance (MR) imaging scan-
ners have been seeing steadily increasing use recently
as hardware has matured and pulse sequences have
become more optimized for a higher field strength.
This increase in popularity has been more pro-
nounced for neurologic and musculoskeletal imaging
than for body imaging, however, due to the fact that
3T imaging with the larger field of view required for
the torso tends to be more susceptible to artifacts and
energy absorption limits than the imaging of smaller
body parts.

Imaging artifacts at 3T tend to be more numerous
and/or more pronounced than at lower field strengths
[1]. While most of these artifacts are the same ones
encountered at lower field strengths (e.g., flow arti-
facts, motion artifacts, Gibbs ringing), many are more
peculiar to high-field imaging. This chapter will dis-
cuss these field strength-related artifacts at 3T as they
apply to body imaging with specific comparisons made
to 1.5T. The differences in relaxation times, chemical
shift effects, and issues related to field inhomogeneity
will also be discussed. Various approaches to mitigat-
ing artifacts peculiar to an increase in field strength at
3T will also be addressed.

Signal-to-noise ratio

MR signal relates directly to the ratio of protons
aligned parallel rather than anti-parallel to the static
magnetic field (B0). This ratio varies by the square of
the magnetic field strength so a doubling of field
strength from 1.5T to 3T should result in a quadru-
pling of MR signal. However, the doubling of field
strength is also accompanied by a doubling of noise.
The net effect of these changes results in an overall

Body MR imaging at 3T: basic considerations
about artifacts and safety

Kevin J. Chang and Thab R. Kamel

theoretical doubling of the signal-to-noise ratio (SNR).
Thus, the theoretical SNR varies directly with the
increase in magnetic field strength. It is this promised
gain in SNR from an increase in field strength that
allows for a boost in spatial resolution, temporal reso-
lution, or some combination of the two. An increase
in SNR also promises to improve MR spectroscopy
and diffusion-weighted imaging. In practice, however,
moving from 1.5T to 3T usually results in a less than
twofold realized gain in SNR due to physiologic noise
and limitations in energy deposition as well as other
factors such as inadequate optimization of scanner
hardware and software, radiofrequency (RF) field
(B1) inhomogeneity, and increased magnetic suscepti-
bility effects.

T1 relaxation times

For most physiologic tissues an increase in magnetic
field strength leads to a prolongation of T1 relaxation
times [2]. When attempting to generate soft tissue
contrast at 3T, a longer repetition time (TR) may be
required to obtain a similar imaging appearance that
one may be accustomed to at 1.5T and lower field
strengths (Figures 1.1 and 1.2) [3]. The downside of a
longer TR is a concomitant increase in imaging time.
T1 relaxation times tend to be approximately 20-40%
longer at 3T when compared with 1.5T [2].

Approaches to addressing this problem with
unenhanced T1-weighted images include the addition
of an inversion recovery preparatory pulse to accentu-
ate T1 contrast (e.g., T1 fluid-attenuated inversion
recovery [FLAIR]). Other possibilities include the
use of magnetization preparation pulses, short echo
time (TE) gradient echo pulses, as well as parallel
imaging techniques to decrease overall imaging time
[4, 5].

Body MR Imaging at 3 Tesla, ed. IThab R. Kamel and Elmar M. Merkle. Published by Cambridge University Press.

© Cambridge University Press 2011.



Chapter 1: Considerations about artifacts and safety

Gadolinium contrast effects

While the T1 relaxation time of unenhanced soft
tissues is longer at 3T compared with lower field
strengths, the T1 relaxation time of gadolinium
chelate-based contrast agents is relatively unaffected.
As a result, post-contrast imaging at 3T yields a more
conspicuous degree of contrast enhancement. This

3T

1.5T

Signal intensity

1

1.5T 3T

Figure 1.1 Signal intensity-time curves show longer T1 relaxation
times at MR imaging in liver (black curves) and tumor tissue (gray
curves) at 3T than at 1.5T. To generate a level of T1 contrast between
the two tissue types at 3T commensurate with that at 1.5T, longer
repetition times (TR, represented by dotted vertical lines) are
required. Reproduced with permission from Chang KJ, Kamel IR,
Macura KJ, Bluemke DA. 3T MR imaging of the abdomen:
comparison with 1.5T. RadioGraphics 2008; 28: 1983-98.

© Radiological Society of North America.

(@)

wider dynamic range of effect leads to an increase in
the contrast-to-noise ratio (CNR), an effect illustrated
in Figures 1.3 and 1.4.

An increase in CNR at 3T leads to increased
target conspicuity on post-contrast imaging, improved
vessel delineation and visualization on MR angiog-
raphy (MRA), as well as the possibility of decreasing
contrast dose compared with 1.5T [6-8] This latter
option is becoming increasingly relevant due to the
heightened awareness of the risks of nephrogenic sys-
temic fibrosis (NSF). In fact, for imaging of brain
tumors, a half dose of gadolinium-based contrast at
3T approximates the CNR of a full dose of contrast at
1.5T [8].

T2 and T2* relaxation times
(magnetic susceptibility)

The effects of an increase in field strength on the T2
relaxation times of tissues are less predictable than the
changes in T1 relaxation times. While for lattice-fixed
protons, T2 relaxation times may be similarly pro-
longed with an increase in field strength, most tissues
experience an increase in efficiency of chemical
exchange mechanisms at 3T which tends to result in
a net shortening of T2 relaxation times (the efficiency
of proton exchange between molecules varies with the
square of the magnetic field strength). While for most
soft tissues, T2 relaxation times are slightly shorter,
T2 relaxation times for adipose tissues remain slightly

Figure 1.2 Effect of higher magnetic field strength on the visibility of a colon adenocarcinoma metastasis in the liver of a 32-year-old woman.
Unenhanced T1-weighted gradient echo images obtained at 1.5T with 180/4.4 (TR ms/echo time [TE] ms), 90° flip angle, and 8-mm
section thickness (a) and at 3T with 263/2.3, 75° flip angle, and 8-mm section thickness (b) show higher SNR but decreased lesion

conspicuity in (b).
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(b)

Figure 1.3 Increased conspicuity of lesions at 3T MR. Gadolinium-induced contrast enhancement of a moderately differentiated
cholangiocarcinoma in an 82-year-old woman is less pronounced on the 1.5T three-dimensional (3D) volumetric interpolated breath-hold
examination (VIBE; 4.9/2.5, 10° flip angle) image (a) than on the 3T 3D T1-weighted high-resolution isotropic volume examination (THRIVE;
3.3/16, 10° flip angle) image (b) because of lower CNR at 1.5T compared with 3T, even allowing for equipment differences.

(b)

Figure 1.4 Increased conspicuity of lesions at 3T MR. Comparison of 1.5T 3D VIBE (4.9/2.5, 10° flip angle) (a) and 3T 3D THRIVE (3.3/1.6,
10° flip angle) (b) MR images in a 68-year-old man with hepatitis C-related cirrhosis shows greater contrast of a wedge-shaped region of
hyperperfusion (transient hepatic signal intensity difference) (arrows) at 3T than at 1.5T. Magnetic susceptibility artifacts related to a surgical
clip (arrowheads) also are partially mitigated in (b) because of the use of a shorter TE.

longer and T2 relaxation times for fluids are largely
unchanged [2].

Nevertheless, there is a significant perceived
improvement in image quality on T2-weighted images
with a move to a higher field strength (Figure 1.5).
This is chiefly related to an increase in SNR and is
more pronounced on T2-weighted imaging than T1-
weighted imaging as the longer TR of T2-weighted
pulse sequences allows for more recovery of

longitudinal magnetization than on T1-weighted
sequences. Sequences such as single-shot fast spin
echo (SSFSE), half-Fourier acquisition single-shot
turbo spin echo (HASTE), as well as three-dimensional
(3D) turbo spin echo (such as in 3D MR cholangio-
pancreatography) stand to benefit the most from a
higher field strength.

T2* relaxation times are affected much more
predictably with a move to 3T and vary inversely
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Figure 1.5 T2-weighted fast spin echo images in a 68-year-old male with hepatocellular carcinoma in the setting of hepatitis C-associated
cirrhosis (same patient as Figure 14 but at a slightly different level) at 1.5T (a) and 3T (b). Multiple T2-intense metastases (white arrows) are more
apparent at 3T than 1.5T (3T examination 1 month prior to 1.5T examination). Also note the increased susceptibility related to a metallic clip
(white arrowhead) in the central right lobe at 3T which is barely perceptible at 1.5T. Parameters: (a) 1.5T 4000/103/90°. (b) 3T 2053/100/90°.

(b)

Figure 1.6 Field inhomogeneity and standing wave effects. T2-weighted images through the liver at 1.5T (2416/180) (a) and at 3T (2052/100)
(b) show diffuse hepatic iron deposition and ascites in a 49-year-old woman with hepatitis C-related cirrhosis. In (b), there is increased
susceptibility artifact and decreased signal intensity in the liver because of iron deposition, standing wave effects with signal drop-off
related to ascites (seen in the central abdomen), and significant respiratory motion artifact. Reproduced with permission from Chang KJ,
Kamel IR, Macura KJ, Bluemke DA. 3T MR imaging of the abdomen: comparison with 1.5T. RadioGraphics 2008; 28: 1983-98.

© Radiological Society of North America.

with the strength of the magnetic field [9, 10].
Thus, a doubling of field strength from 1.5T to 3T
results in a doubling of magnetic susceptibility
artifact and a larger area of “blooming” related to
paramagnetic effects. This has a particularly pro-
found effect on gradient echo images and echo
planar pulse sequences such as those commonly used
in diffusion-weighted imaging and functional MR

imaging. When used in conventional imaging, the
more pronounced magnetic susceptibility at air-soft
tissue interfaces and areas adjacent to paramagnetic
materials such as metals can lead to significant local-
ized variations in magnetic field homogeneity
(inhomogeneous BO field, Figure 1.6). This results
in larger artifactual signal voids than at 1.5T. This
effect does, however, allow for higher sensitivity to
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Figure 1.7 Chemical shift artifact at 1.5T (a) and 3T (b) in normal kidneys. Note increased water—fat misregistration at the renal cortex at 3T
(white arrow). Parameters: (a) 1.5T SSFSE 1759/88, slice thickness 8 mm. (b) 3T SSFSE 4500/90, slice thickness 8 mm. Reproduced with
permission from Chang KJ, Kamel IR, Macura KJ, Bluemke DA. 3T MR imaging of the abdomen: comparison with 1.5T. RadioGraphics 2008;
28: 1983-98. © Radiological Society of North America.

the detection of gas, items such as surgical clips, and
areas of iron deposition in solid organs. This effect,
in fact, makes 3T imaging more sensitive to super-
paramagnetic iron oxide contrast agents (SPIO) as
well as the blood oxygen level-dependent (BOLD)
phenomenon used extensively in functional MR
imaging [11-13].

Approaches to minimizing magnetic suscepti-
bility artifacts include shortening TE, using parallel
imaging to shorten imaging time and decrease echo
train length, and increasing receiver bandwidth to
decrease the echo spacing of the readout train. These
approaches have already shown significant success in
reducing artifacts on diffusion-weighted imaging in
the brain [14, 15].

Chemical shift effects

Just as with magnetic susceptibility effects, chemical
shift effects also directly vary with an increase in the
magnetic field strength. For chemical shift effects of
the first kind, the difference in precession frequency
of water protons and fat protons holds steady at
3.5ppm. With a doubling of field strength from
1.5T to 3T the Larmor frequency doubles from
64 MHz to 128 MHz, respectively. Accompanying this
doubling of Larmor frequency is a chemical shift
separation between water and fat which also doubles
from approximately 220 Hz to 440 Hz, respectively

(Larmor frequency x 3.5 ppm). This means at a con-
stant bandwidth, the misregistration artifacts between
fat voxels and water voxels in the frequency-encoding
direction doubles in conspicuity with a doubling in
field strength (Figure 1.7). While this misregistration
artifact is more pronounced at 3T, this wider spectral
separation between fat and water also allows for
improved spectral resolution in MR spectroscopy as
well as improved fat suppression limited only by the
degree of magnetic field inhomogeneity [16, 17].

There are various approaches to decreasing the
conspicuity of the misregistration artifact associated
with chemical shift effects of the first kind. An
increase in bandwidth will counteract an increase in
chemical shift at the cost of SNR. For example, a
doubling of bandwidth to fully offset a doubling of
field strength will result in a 29% decrease in relative
SNR. This ability to increase bandwidth is limited
by gradient coil strength. Another approach to
mitigating fat-water misregistration is utilizing fat
suppression.

Chemical shift artifacts of the second kind are also
significantly affected by an increase in magnetic field
strength. These phase cancellation or “India ink”
artifacts are seen in voxels sharing both fat and water
protons at specific TEs corresponding to times when
fat and water protons precess out of phase with each
other resulting in signal cancellation. This is most
commonly seen at the edges of solid organs where
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()

(b)

(d)

Figure 1.8 In-phase and out-of-phase imaging at 1.5T and 3T. (a) 1.5T in-phase TE 4.6 ms. (b) 1.5T out-of-phase TE 2.3 ms. (c) 3T in-phase
TE 2.3 ms. (d) 3T out-of-phase TE 1.15ms. Note increased chemical shift at 3T (white arrow).

they interface with surrounding fat. A doubling of
field strength will double the precession frequency
of these protons and, correspondingly, halve their
out-of-phase and in-phase TEs from approximately
2.3 and 4.6 ms respectively at 1.5T to approximately
1.15 and 2.3 ms at 3T (Figure 1.8) [18]. When gradi-
ent coils are incapable of imaging with a TE as short
as 1.15 ms, significant changes may need to be incorp-
orated when obtaining T1-weighted in- and out-of-
phase images routine in abdominal imaging. If the
next shortest out-of-phase TE of 3.45 ms is obtained,
if compared with an in-phase image at TE 2.3 ms,
magnetic susceptibility effects related to a longer TE
cannot be differentiated from signal dropout related
to chemical shift effects of the second kind. An

alternative approach is obtaining two separate image
acquisitions rather than using a dual-echo pulse
sequence; however, this introduces problems related
to imperfect image co-registration of the two acquisi-
tions and necessitates longer imaging time. Another
approach is the use of a dual-echo 3D fast spoiled
gradient echo pulse sequence [19].

Field inhomogeneity (B0, B1,
and dielectric shading)

One of the most apparent challenges faced with MR
imaging at 3T relates to significant variations in signal
intensity that are often encountered across the field of
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Figure 1.9 Diffusion-weighted imaging of normal kidneys in the axial plane at 1.5T (@) and 3T (b), B= 750 s/mm?. Higher SNR at 3T
increases sensitivity for areas of restricted diffusion. Image quality may be limited by increased sensitivity to magnetic susceptibility artifact.
Reproduced with permission from Chang KJ, Kamel IR, Macura KJ, Bluemke DA. 3T MR imaging of the abdomen: comparison with 1.5T.
RadioGraphics 2008; 28: 1983-98. © Radiological Society of North America.

view, especially with the larger field of view required
in imaging the human torso. Multiple factors can
account for these signal intensity variations across
an image. As has been discussed above, increased
sensitivity to T2* effects can lead to pronounced mag-
netic susceptibility effects, especially in areas adjacent
to air or the skin surface. This effect is commonly
seen in the upper abdomen adjacent to the lung bases
as well as around gas-filled loops of bowel. Gradient
echo and echo planar acquisitions such as those typ-
ically used in diffusion-weighted imaging can be quite
susceptible to these effects (Figure 1.9), although,
when combined with the use of parallel imaging,
diffusion-weighted imaging at 3T can be performed
more quickly and with higher SNR [15]. In addition,
underlying BO field inhomogeneities have been a
challenge addressed with some success on newer-
generation 3T scanners, with improvements in BO
field homogeneity through better shimming and
magnet design. Other approaches to limiting B0 field
inhomogeneity are similar to limiting susceptibility
artifact and include shortening TE (which may
require an increase in bandwidth and resultant
decrease in SNR), using parallel imaging to shorten
imaging time, and decreasing voxel size to limit intra-
voxel dephasing.

Another major factor accounting for signal inten-
sity variations on 3T images is inhomogeneity in the
B1 or RF field. Particularly with larger fields of view

such as in the abdomen and pelvis, standing wave or
dielectric effects become a significant source of RF
field inhomogeneity at 3T. The reason why these
effects are so much more pronounced at 3T than at
lower field strengths is related to the RF wavelength
corresponding to the resonant frequency (Larmor
frequency) of water protons. While at 1.5T a Larmor
frequency of 64 MHz corresponds to an RF wave-
length of 52 cm, at 3T a higher Larmor frequency of
128 MHz corresponds to a shorter wavelength of
26 cm, which is much closer in dimension to the
human abdomen or pelvis. These wavelengths lead
to areas of constructive and destructive interference
within the torso, termed standing wave or “dielectric
shading” effects, which can lead to large variations in
local signal intensity across an image [20]. This find-
ing is more apparent in those with a wider body
habitus or more ellipsoid body cross section [21].
Similar-appearing artifacts can be even more trouble-
some in patients with a large volume of conductive
intra-abdominal fluid such as ascites or amniotic
fluid. Rapid alterations in the magnetic field caused
by changing RF currents tend to induce circulating
currents within large volumes of conductive fluid that
counteract or “shield” the RF field and attenuate
signal intensity within the central torso (Figure 1.10)
[22]. This “black-hole” artifact tends to be more
noticeable with fast spin echo pulse sequences than
gradient echo sequences.
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Figure 1.10 Standing wave artifacts. T1-weighted images at 1.5T (a) and 3T (b). Standing wave effects in the upper abdomen cause
significant artifact at 3T. Note inhomogeneity around the spine in (b). T2-weighted images in a patient with ascites at 1.5T (c) and

3T (d). Note large region of signal dropout in the central abdomen at 3T accentuated by ascites in (d). Parameters: (a) 1.5T T1 gradient
echo in-phase 200/4.4/90°, (b) 3T T1 GRE in-phase 263/2.3/75°, (c) 1.5T T2 FSE 4000/103, (d) 3T T2 FSE 2053/100.

There are many ways to attempt to alleviate the
issues related to standing wave artifacts and B1 field
inhomogeneity. One of the simplest ways to decrease
dielectric shading is through the use of dielectric pads
or “RF cushions,” pads or bags of conductive fluid or
gel which are placed on the region of interest in an
attempt to change the shape of the torso or partially
mitigate standing waves within the torso [23]. Many
recent hardware advances have also resulted in sig-
nificant improvements in Bl field homogeneity
through more efficient and homogeneously designed
RF coils as well as the use of multi-transmitter coils
“tuned” to fit the body part to be imaged [24].

Combined transmit-receive coils are also in develop-
ment to improve RF transmission and signal detec-
tion efficiency at 3T. These alternative coil designs are
of particular importance as well, given the specific
absorption rate (SAR) intensity of pulse sequences
at 3T.

Specific absorption rate

The US Food and Drug Administration and the Inter-
national Electrotechnical Commission limit the SAR
to 4 W/kg over 15 minutes or 8 W/kg over 5 minutes,
a limit intended to prevent tissues from heating more
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than 1°C. This limit holds regardless of the field
strength of a magnet. When compared with 1.5T, a
doubling of field strength to 3T is accompanied by
a quadrupling of the SAR. At 3T, SAR limits become
a much more realistic limitation to the use of pulse
sequences such as fast spin echo, 3D gradient echo,
and steady-state free precession sequences. As SAR
also directly relates to the imaged volume, SAR limi-
tations become more of an issue with body MR
imaging than with the imaging of smaller body parts.

SAR o Bja’DV

The relationship of SAR to various imaging param-
eters can be illustrated with the above equation
where BO represents the magnetic field strength, o
represents the flip angle, D represents the duty cycle
(the number and spacing of RF pulses), and V rep-
resents the volume imaged. While doubling BO quad-
ruples SAR, altering the other parameters can
mitigate these effects to avoid exceeding SAR restric-
tions. Decreasing flip angles can lead to significant
decreases in SAR at the potential expense of pro-
longed acquisition time and decreased T1 contrast.
More sophisticated techniques for varying flip angles
include the use of RF refocusing pulse sequences
such as flip angle sweep and hyperechoes at a slight
cost of SNR [25, 26]. Techniques related to reducing
the duty cycle of a pulse sequence include increasing
TR (at the expense of prolonging scan time),
decreasing the number of phase-encode or slice-
select steps (at the cost of decreased spatial reso-
lution, slice thickness, or field of view), alternating
high and low SAR pulse sequences during the course
of an examination, and using parallel imaging (at a
slight cost of SNR - an effect which is less noticeable
at 3T than at 1.5T). Imaging volume is less easily
varied but can be affected by the use of more RF
efficient transmit-receive coils or with the use of a
shorter magnet bore.

Safety

Safety considerations remain a significant consider-
ation when moving to a higher magnetic field
strength. Implanted medical devices that are deemed
MR compatible at 1.5T or lower are not necessarily
approved for MR imaging at 3T. Metallic devices
require further testing in the 3T environment prior
to 3T approval as there is a proportional increase
in translational attraction and torque upon these

implanted devices with an increase in magnetic field
strength [27]. This is especially true in the latest
generation of wider- and shorter-bore magnets due
to their increased spatial gradients and higher associ-
ated deflection angles [28]. With an ever-expanding
clinical experience with 3T MR imaging, more devices
will eventually gain 3T approval.

In addition to device safety, MR imaging siting
issues are also important to consider with a higher
field strength. A higher field strength results in a
larger magnetic fringe field. This requires either a
wider 5 Gauss safety margin increasing the 3T MR
suite’s “footprint” or the use of active shielding to
counteract the larger fringe field (not without add-
itional installation and maintenance cost). Acoustic
noise concerns are also an issue with higher field
strength imaging although this has been mitigated
on newer scanners with improved acoustic shielding.

Conclusion

MR imaging at 3T is becoming more popular, more
widespread, and increasingly accepted as the current
“cutting edge” in clinical MR imaging. This is espe-
cially the case for neurologic and musculoskeletal
imaging. However, the adoption of 3T in body
imaging has been comparatively slower and much of
this is related to the imaging challenges that a higher
field strength presents in the abdomen and pelvis.
There are many differences in the behavior of
protons at 3T compared with lower field strengths
and this accounts for many of the artifacts encoun-
tered at 3T MR imaging. T1 relaxation times are
longer with a significant effect on soft tissue contrast,
particularly on pre-contrast imaging. T2* effects are
more pronounced with an increase in magnetic sus-
ceptibility artifacts as well as difficulties in maintain-
ing a homogeneous B0 field. Chemical shift artifacts
of both the first and second kind are also predictably
different at 3T and require adjustments in imaging
parameters and changes in pulse sequence timing.
And last, but definitely not least, standing wave arti-
facts (“dielectric shading”) are a source of significant
local variation in signal intensity across the larger
imaging field of view utilized in the abdomen and
pelvis. Many options exist in addressing these artifacts
at 3T including changes in TE, use of parallel
imaging, changes in bandwidth, as well as more hard-
ware-oriented solutions such as the use of dielectric
pads and various strategies employed to generate a
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more homogeneous B0 and B1 field. Only when pulse
sequences and image quality can be sufficiently opti-
mized for 3T imaging can the promise of an increased
SNR truly yield perceptible improvements in spatial
and temporal resolution.

Acknowledgements

Special thanks to David A. Bluemke, MD, PhD and
Katarzyna J. Macura, MD, PhD for their additional
help and guidance during the preparation of this
topic.

References

1.

10.

Vargas MI, Delavelle ], Kohler R, Becker CD, Lovblad
K. Brain and spine MRI artifacts at 3 Tesla.
J Neuroradiol 2009; 36(2): 74-81.

de Bazelaire CM, Duhamel GD, Rofsky NM, Alsop
DC. MR imaging relaxation times of abdominal and
pelvic tissues measured in vivo at 3T: preliminary
results. Radiology 2004; 230(3): 652-9.

Bushberg J. The Essential Physics of Medical Imaging,
2nd edn. Philadelphia, PA, Lippincott Williams &
Wilkins, 2002. pp. xvi, 933.

Lee JH, Garwood M, Menon R, et al. High contrast
and fast three-dimensional magnetic resonance
imaging at high fields. Magn Reson Med 1995; 34(3):
308-12.

Wolff SD, Eng J, Balaban RS. Magnetization

transfer contrast: method for improving contrast in
gradient-recalled-echo images. Radiology 1991; 179(1):
133-7.

Elster AD. How much contrast is enough? Dependence
of enhancement on field strength and MR pulse
sequence. Eur Radiol 1997; 7 Suppl 5: 276-80.

Fukatsu H. 3T MR for clinical use: update. Magn Reson
Med Sci 2003; 2(1): 37-45.

Krautmacher C, Willinek WA, Tschampa HJ, et al.
Brain tumors: full- and half-dose contrast-enhanced
MR imaging at 3T compared with 1.5T - initial
experience. Radiology 2005; 237(3): 1014-19.

Lewin JS, Duerk JL, Jain VR, et al. Needle localization
in MR-guided biopsy and aspiration: effects of field
strength, sequence design, and magnetic field
orientation. AJR Am ] Roentgenol 1996; 166(6):
1337-45.

Olsrud J, Latt J, Brockstedt S, Romner B, Bjorkman-
Burtscher IM. Magnetic resonance imaging artifacts
caused by aneurysm clips and shunt valves:
dependence on field strength (1.5 and 3T) and
imaging parameters. ] Magn Reson Imaging 2005;
22(3): 433-7.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Chang JM, Lee JM, Lee MW, et al. Superparamagnetic
iron oxide-enhanced liver magnetic resonance
imaging: comparison of 1.5T and 3T imaging for
detection of focal malignant liver lesions. Invest Radiol
2006; 41(2): 168-74.

Simon GH, Bauer J, Saborovski O, et al. T1 and T2
relaxivity of intracellular and extracellular USPIO at
1.5T and 3T clinical MR scanning. Eur Radiol 2006;
16(3): 738-45.

Li LP, Vu AT, Li BS, Dunkle E, Prasad PV. Evaluation
of intrarenal oxygenation by BOLD MRI at 3T. ] Magn
Reson Imaging 2004; 20(5): 901-4.

Kuhl CK, Textor J, Gieseke J, et al. Acute and subacute
ischemic stroke at high-field-strength (3.0-T)
diffusion-weighted MR imaging: intraindividual
comparative study. Radiology 2005; 234(2): 509-16.
Kuhl CK, Gieseke J, von Falkenhausen M, et al.
Sensitivity encoding for diffusion-weighted MR
imaging at 3T: intraindividual comparative study.
Radiology 2005; 234(2): 517-26.

Gruetter R, Weisdorf SA, Rajanayagan V, et al.
Resolution improvements in in vivo 1H NMR spectra
with increased magnetic field strength. ] Magn Reson
1998; 135(1): 260-4.

Katz-Brull R, Rofsky NM, Lenkinski RE. Breathhold
abdominal and thoracic proton MR spectroscopy at
3T. Magn Reson Med 2003; 50(3): 461-7.

Wehrli FW, Perkins TG, Shimakawa A, Roberts F.
Chemical shift-induced amplitude modulations in
images obtained with gradient refocusing. Magn Reson
Imaging 1987; 5(2): 157-8.

Cornfeld DM, Israel G, McCarthy SM, Weinreb JC.
Pelvic imaging using a TIW fat-suppressed three-
dimensional dual echo Dixon technique at 3T. ] Magn
Reson Imaging 2008; 28(1): 121-7.

Collins CM, Liu W, Schreiber W, Yang QX, Smith MB.
Central brightening due to constructive interference
with, without, and despite dielectric resonance. ] Magn
Reson Imaging 2005; 21(2): 192-6.

Hussain S. Body MR Imaging: Current Practice and
Future Horizons. Scientific Assembly and Annual

Meeting of Radiological Society of North America,
Chicago, IL, 2006.

Merkle EM, Dale BM, Paulson EK. Abdominal MR
imaging at 3T. Magn Reson Imaging Clin N Am 2006;
14(1): 17-26.

Franklin KM, Dale BM, Merkle EM. Improvement in
Bl-inhomogeneity artifacts in the abdomen at 3T MR
imaging using a radiofrequency cushion. ] Magn Reson
Imaging 2008; 27(6): 1443-7.

Tomanek B, Ryner L, Hoult DI, Kozlowski P, Saunders
JK. Dual surface coil with high-B1 homogeneity for



Chapter 1: Considerations about artifacts and safety

25.

26.

deep organ MR imaging. Magn Reson Imaging 1997;
15(10): 1199-204.

Hennig J, Scheffler K. Hyperechoes. Magn Reson Med
2001; 46(1): 6-12.

Hennig J, Weigel M, Scheftler K. Multiecho sequences
with variable refocusing flip angles: optimization of
signal behavior using smooth transitions between
pseudo steady states (TRAPS). Magn Reson Med 2003;
49(3): 527-35.

27.

28.

Shellock FG. Biomedical implants and devices:
assessment of magnetic field interactions with

a 3.0-Tesla MR system. ] Magn Reson Imaging 2002;
16(6): 721-32.

Shellock FG, Tkach JA, Ruggieri PM, Masaryk TJ.
Cardiac pacemakers, ICDs, and loop recorder:
evaluation of translational attraction using conventional
(“long-bore”) and “short-bore” 1.5- and 3.0-Tesla MR
systems. J Cardiovasc Magn Reson 2003; 5(2): 387-97.

n



12

y

Introduction

Compared with lower field strength systems, magnetic
resonance (MR) at 3T has many theoretical and real
advantages. Included in the advantages are higher
signal-to-noise ratios (SNRs) as well as larger spectral
separation of fat, water, and various metabolites which
can be used to improve fat saturation techniques as
well as MR spectroscopy methods. In addition to these
advantages that can be applied to already routine
clinical imaging, 3T systems also provide advantages
that can be exploited for novel techniques. This chap-
ter will outline the advantages of 3T systems in terms
of basic physics considerations, application, and
advantages in routine sequences as well as potential
application in novel imaging techniques such as MR
spectroscopy, diffusion-weighted imaging (DWI),
arterial spin labeling (ASL), susceptibility-weighted
imaging (SWI), as well as magnetic resonance elasto-
graphy (MRE).

Basic science considerations
Larmor frequency and chemical shift

The Larmor frequency is directly proportional to
magnetic field strength (B0) as defined by the gyro-
magnetic ratio of nuclei. This relation has implica-
tions both in MR imaging and MR spectroscopy when
exciting various tissues. In MR imaging, a larger dif-
ference in frequency theoretically allows better fat
suppression, water excitation, and other chemically
specific pulses. In addition, a higher frequency at
higher field strength means that fat and water will
be in-phase or in opposed-phase sooner, allowing for
shorter echo times (TEs) and faster imaging. Spec-
troscopy benefits significantly from chemical shift
with improved differentiation of various nuclei.

Novel acquisition techniques that
are facilitated by 3T

Hiroumi D. Kitajima, Puneet Sharma,
Daniel R. Karolyi, and Diego R. Martin

The resonance frequency of fat and water are
directly related to the external magnetic field strength
[1]. At 1.5T, these resonant frequencies are separated
by approximately 210 Hz as compared to a 420 Hz
separation at a 3T field strength [2]. This difference
can cause a misregistration artifact in the phase-
encoding direction. Keeping other parameters such
as bandwidth and voxel size constant, the misregistra-
tion artifact will be approximately twice as large at
the 3T field strength compared with the 1.5T field
strength. Although this artifact rarely causes an issue
with clinical interpretation, the alterations in signal
adjacent to fat-fluid interfaces could obscure subtle
findings. To minimize these effects, the receiver band-
width can be increased or the field of view (FOV) can
be decreased, but at the cost of SNR. One important
application of this phenomenon is with in- and
opposed-phase imaging. At the 3T field strength, the
TEs at which these images are acquired must be
adjusted. At 3T, the opposed-phase image should be
acquired at a TE of 1.2 ms while the in-phase image
should be acquired at a TE of 2.4 ms. The increase in
separation of the fat and water frequencies can also be
advantageous in the application of certain fat satur-
ation and spectroscopy techniques. More accurate
spectroscopic analysis can be performed due to less
overlap between spectroscopic fat and water peaks
and the increased SNR. The greater separation can
also be used to create more uniform and faster fat
saturation when spectroscopic techniques are utilized.

Magnetization, signal, and signal-to-noise
ratio (SNR)

Magnetization is directly proportional to field strength
as governed by the number of excited nuclei. Although
magnetization is linearly related to field strength,

Body MR Imaging at 3 Tesla, ed. IThab R. Kamel and Elmar M. Merkle. Published by Cambridge University Press.

© Cambridge University Press 2011.
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Figure 2.1 Higher SNR at 3T (a) than at 1.5T (b) in a two-dimensional (2D) single-shot fast spin echo (SSFSE) axial series. Note grainy
central band overlying liver (b, arrow) due to SNR being lower at 1.5T.

signal is related to the electromotive force (EMF)
induced in a receive coil and the square of field
strength [3]. While signal increases quadratically in
relation to field strength, noise at field strengths
higher than 0.5T increases in a linear relation; at
3T one can expect a fourfold increase in signal with
a twofold increase in noise, resulting in a twofold net
SNR gain (Figure 2.1). In practice, however, the 100%
increase in SNR is not attained when moving from
1.5T to 3T because of radiofrequency (RF) heating. As
a consequence, flip angle must often be decreased
because of International Electrotechnical Commis-
sion (IEC) specific absorption rate (SAR) limits of
8 W/kg in tissue over 5 minutes or 4 W/kg in a whole
body over 15 minutes [1]. The US Food and Drug
Administration (FDA) limits SAR to 2W/kg in
normal mode and 4 W/kg at a first-level controlled
mode [4]. Alternatively, increasing repetition time
(TR), decreasing echo train length, or increasing
delays between sequences can be implemented as
techniques that improve SNR, but at the expense of
longer scan times. The advantages of increasing SNR
using a higher field strength 3T system may be traded
for shorter acquisition time or increased spatial reso-
lution. Typical SNR gains at 3T are about 1.7-1.8 that
of 1.5T systems [5, 6].

B0 inhomogeneities

B0 inhomogeneities can present limitations at higher
field strengths. Dephasing due to BO inhomogeneity

impacts T2* weighted sequences and further necessi-
tates the use of refocusing pulses. However, dephasing
in DWI cannot be restored by a refocusing pulse, but
rather by a reversed gradient. A decrease in TE can
minimize dephasing as well, often by also increasing
bandwidth. Dephasing also can create flow voids in
moving fluids, particularly when flow compensation
is not used. Flow pulsatility can lead to ghosting
artifacts, even with flow compensation, because of
time-varying inflow effects. Dephasing can also create
errors in phase contrast magnetic resonance angio-
graphy (MRA). BO inhomogeneity can also cause
distortion in the read direction in Cartesian imaging,
or as a radial smear in radial imaging. Bandwidth can
be increased to limit distortion without a significant
penalty in SNR due to higher field strength. Image
distortion is more severe in gradient echo (GRE) than
in spin echo (SE) imaging, but is minimized with
improved shimming. Distortion due to local field
differences caused by susceptibility is usually not cor-
rected completely, however. Phase images can be used
to generate field maps to visualize BO inhomogene-
ities. As such, phase imaging such as in flow quantifi-
cation is particularly sensitive to artifacts from field
homogeneity. Phase imaging is also sensitive to
ghosting, more so than magnitude images, but
ghosting is usually caused by errors in the receiver,
transmitter, or gradient subsystems rather than from
B0 inhomogeneities. Undesired phase dispersion can
be minimized by flow velocity compensation and by a
short TE. The BO inhomogeneities encountered at

13
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(b)

higher field strengths particularly affect steady-state
free precession (SSFP) sequences. Because transverse
magnetization is allowed to evolve without spoiling,
T2* effects contribute to off-resonance banding arti-
facts. These artifacts are suppressed by shimming and
by minimizing TR.

B1inhomogeneities and radiofrequency (RF)

wavelength

At higher field strengths, B1 inhomogeneity becomes
a greater issue. Although usually a consideration with
transmit and receive coil RF fields, tissues have higher
permittivity and conductivity at high frequencies and
therefore change the RF wavelength and create eddy
currents. The reduced wavelength generates RF field
pattern changes and decreased penetration, where
signal is diminished and shading artifacts may
develop (Figure 2.2).

The coils utilized at 3T field strength operate at
128 MHz rather than the 64 MHz utilized at the 1.5T
field strength [4]. Although the wavelength of the
RF field outside of the body is approximately 234 cm,
this value is decreased to approximately 30 cm due to
the high dielectric constant of water which reduces
both the speed and wavelength of electromagnetic

Figure 2.2 More prominent standing
wave artifact shown at 3T (a) than at
1.5T (b) in a 2D SSFSE coronal series in a
patient with ascites.

radiation [4, 7]. The 30 cm wavelength is on the order
of the FOV which can result in standing wave arti-
facts. These artifacts are manifested by areas of
increased and decreased signal caused by constructive
and destructive interference. While T1-weighted GRE
imaging is usually not compromised by Bl inhomo-
geneity artifacts, this kind of artifact often occurs in
T2-weighted imaging, especially with fat suppression
[4, 6]. These artifacts also become more problematic
the larger the FOV is relative to the wavelength.
Shimming, dielectric pads filled with ultrasound gel,
and Bl-insensitive adiabatic pulses can minimize arti-
facts [5]. Improved RF transmitters may also help RF
penetration.

Radiofrequency (RF) heating and specific
absorption rate (SAR)

The SAR is a specific measure of energy deposition
which is regulated by the FDA in the United States to
avoid excessive tissue heating. The SAR is related to
the square of the electric field, pulse duration, as well
as TR. As the electric field is directly proportional to
the magnetic fields, the SAR is quadrupled at the
3T field strength compared with the 1.5T field
strength of the same pulse sequence. Increases in flip
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angle also cause quadratic increases in SAR. These
limitations are particularly important when utilizing
SE sequences that require at least two RF pulses
per TR and in sequences that require large flip
angles that also increase energy deposition. To com-
pensate for increased SAR at 3T, pulse sequences
must often decrease flip angle, decrease echo train
length, or increase bandwidth to stay within allowable
limits. Sequences with intense RF pulses such as
fast spin echo (FSE) and fluid-attenuated inver-
sion recovery (FLAIR) have high SAR, as well as
GRE sequences with short TR such as SSFP and
MRA sequences. Several novel approaches have been
developed to overcome this limitation. Included in
these approaches are variable-rate selective excitation
(VERSE) sequences as well as variable flip angle
refocusing techniques. These can lower RF deposition
by an order of 2.5-6.0 [6]. Parallel imaging has also
significantly contributed to the overall decrease in
energy deposition at high-field imaging by reducing
the number of repetitions. Transmit-receive coils can
also reduce SAR. Short-bore MR imaging scanners
have also decreased SAR because of the smaller trans-
mitting body coils.

T1 relaxation

The resonant frequency of spins at 3T is double
compared with 1.5T field strength. This higher reson-
ant frequency diminishes the efficiency of energy
transfer to the adjacent lattice which causes an
increase in T1 relaxation times. In addition, the relax-
ation for protons in different organs is not linearly
related. For example, the reported relaxation time in
the liver increases approximately 40% compared with
a 73% increase in renal tissue [5]. Therefore, both
absolute and relative contrast between tissues is dif-
ferent at the 3T field strength. Generally, lower con-
trast is seen at 3T with pulse sequence parameters
optimized for 1.5T. Traditional T1-weighted SE
sequences are particularly affected. To generate a
similar level of T1 contrast, a longer TR is required,
which also causes an overall longer scan time. In
addition, increases in T1 relaxation times also cause
a decrease in SNR. When T1 contrast is still insuffi-
cient, T1 FLAIR sequences can also be considered.
The longer T1 relaxation times can also be used to
improve certain imaging techniques including
contrast-enhanced and time-of-flight (TOF) MRA.
Longer T1 relaxation times improve suppression of

background tissues compared to the contrast-enhanced
arterial and venous structures. Although the relaxivity
of gadolinium-based contrast agents also decreases
5-10%, the contrast-to-noise ratio (CNR) between
contrast-enhanced vasculature and unenhanced tissue
is increased [6]. As a result, some centers elect to
administer smaller doses of gadolinium at 3T [1, 6].
Increased T1 relaxation times also improve ASL tech-
niques. Protons in blood are labeled magnetically and
imaged as they flow through vascular structures and
perfuse organs. This magnetic labeling of blood lasts
for longer periods of time in 3T field strengths,
resulting in greater SNR as well as more anatomical
coverage utilizing this technique.

T2 relaxation and susceptibility

T2 relaxation times slightly decrease as field strength
increases, accounting for a 10% decrease when com-
paring 3T with 1.5T [5]. Therefore, SNR decreases for
long TE sequences such as magnetic resonance cho-
langiopancreatography (MRCP) in addition to stand-
ard T2-weighted sequences and must be adapted
for 3T.

T2* decay times are shorter in 3T systems com-
pared with 1.5T largely due to main field inhomo-
geneities that increase linearly with field strength [8].
Shortened T2* decay times can have both detrimental
as well as advantageous effects. Areas of signal loss,
geometric distortion, and inhomogeneous fat satur-
ation are increased at higher field strength systems
(Figure 2.3). Although susceptibility does not affect
traditional SE sequences significantly, GRE and echo
planar imaging (EPI) sequences are particularly sen-
sitive to susceptibility. These artifacts can be minim-
ized by using larger bandwidths and shorter TEs as
well as smaller voxel sizes [1, 8]. The introduction of
routine parallel imaging has also decreased these arti-
facts because of decreased echo spacing, but at a cost
of SNR. More advanced methods have also been
described, such as slice resolution corrections, post-
processing with BO field maps, and spiral k-space
acquisitions. Areas of localized susceptibility can also
degrade images from sequences utilizing magnetiza-
tion preparation pulses. These areas of increased sus-
ceptibility can cause incomplete inversion of spin
magnetization since the local spins may lie outside
of the pulse bandwidth. This can result in areas of
inhomogeneous and incomplete fat saturation. How-
ever, the increased T2* shortening can also be used
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(b)

Figure 2.3 Increased gas-tissue susceptibility artifact at 3T (a) than at 1.5T (b) in a SSFP axial series. This is evident along the posterior margin
of the gas-containing stomach (a, arrow). Note also that there is greater shading effect at 3T (seen as a drop in signal) but greater noise at
1.5T (seen as graininess), both features appearing through the central parts of the images.

advantageously in certain applications such as blood
oxygen level-dependent (BOLD) functional magnetic
resonance imaging (fMRI) and SWI. The BOLD tech-
nique uses the differences in magnetic properties of
oxygenated and deoxygenated hemoglobin to create
images related to tissue pO;, levels. The different mag-
netic properties of these two states of hemoglobin
affect the T2* relaxation times of regional water mol-
ecules, which creates contrast in the T2*-weighted
images. Studies have reported a signal increase by a
factor of 1.7-3.2 when comparing BOLD fMRI at
1.5T and 4T, although inflow effects because of longer
T1 relaxation and increased susceptibility are add-
itional considerations [8]. These techniques have been
applied to study disease states in native as well as
allograft kidneys. Increased susceptibility also
improves visualization of hemorrhage, paramagnetic
contrast agents, and hemosiderosis. In the liver, iron
overload is of interest to monitor hepatic fibrosis, and
SWI is currently under investigation.

Parallel imaging

At higher field imaging, parallel magnetic resonance
imaging (pMRI) is critically important. The applica-
tion of pMRI can be used to improve temporal reso-
lution which can be used for faster imaging in
patients who cannot comply with breath-hold times,
faster time-resolved MRA, and improved perfusion
studies. The advantages of pMRI can also be used to

improve spatial resolution by increasing matrix sizes
or acquiring thinner slices. pMRI can also decrease
effective inter-echo spacing resulting in less image
blurring and image distortion in echo-train spin-echo
and EPI. The SAR can also be significantly reduced
utilizing pMRI techniques. Despite the 40% reduc-
tion in SNR with an acceleration factor of 2, the
SNR increase at 3T makes the shorter acquisition
worthwhile for many sequences. The first successful
in-vivo implementation of pMRI was demonstrated
by Sodickson and Manning based on the simultan-
eous acquisition of spatial harmonics (SMASH) and
coil sensitivities [9]. Currently, sensitivity encoding
(SENSE) is the most versatile method of pMRI. There
are several differences between these two methods.
Whereas SENSE is an image-domain method,
SMASH is considered a k-space-based method. Sensi-
tivity profiles needed for final image reconstruction
are measured more precisely in SENSE than in
SMASH.

Acoustic noise

Advances in gradient performance at 3T have also
created an increase in acoustic noise. In addition,
short-bore scanners have less acoustic shielding and
dampen noise less. The IEC and FDA limit ambient
noise to 99 dB [1]. To stay within this limit, additional
noise shielding/cancellation methods such as ear
plugs, headphones, and destructive interference tech-
niques may be necessary.
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Spatial resolution

Signal in MR imaging is proportional to voxel size.
Therefore, when the SNR at 1.5T for an application is
sufficient, at 3T voxel size can be reduced to increase
spatial resolution. An increase in spatial resolution is
beneficial for MR spectroscopy to prevent contamin-
ation from partial volume effects. This is important
when analyzing small or irregularly shaped structures
as occurs with applications for prostate, brain, or for
pediatric applications.

Temporal resolution and acquisition time

When SNR and spatial resolution suffice at 1.5T,
temporal resolution can be increased at 3T. Theoret-
ically, SNR is proportional to the square root of scan
time. Thus, a fourfold decrease is expected, but in
practice, longer T1 relaxation rates, limits on gradient
performance, slices per TR, and SAR diminish time
savings. However, when combined with parallel
imaging, perfusion scanning and dynamic MRA
become more feasible. Similarly, for sequences with
multiple numbers of acquisition and sufficient SNR at
1.5T, acquisition time can theoretically be reduced by
a factor of 4 at 3T because doubling the number of
acquisition scales leads to an SNR gain of v/2 [2].

Figure 2.4 3D T1-weighted GRE coronal
series at pre- (a) and post-contrast (b) at
3T.

However, other factors such as the benefits of higher
SNR, chemical shift and RF wavelength artifacts, SAR
limitations, relaxation times, and susceptibility effects
all limit how much acquisition time can truly be
minimized. Reduced acquisition time is seen the most
for MR spectroscopy, whole-body MR imaging, DWI,
and three-dimensional (3D) imaging. One compari-
son reports the total imaging time for whole-body
MR imaging at 52 minutes for 1.5T and at 43 minutes
for 3T with unchanged image resolution [10].

Application to body imaging sequences
3D T1-weighted gradient echo (GRE)

Perhaps the sequence that has the most to gain from
higher field imaging is the 3D TI1-weighted GRE
sequences (Figures 2.4 and 2.5). These images are
often acquired both pre-contrast administration as
well as during dynamic post-contrast imaging. This
sequence benefits from the higher field strength by
taking advantage of higher SNR. The higher SNR can
be used to increase spatial resolution as well as to
accelerate the imaging time (decrease the breath-hold
time) for patients that have difficulty breath-holding.
In addition, 3D acquisitions are generally performed
with fat suppression, particularly when acquired with
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Figure 2.5 Prostate carcinoma (c, arrow) in 3D T1-weighted GRE axial series pre-contrast (a), 20 seconds post-contrast (b), and 3 minutes
post-contrast (c) at 3T.

gadolinium-chelate contrast enhancement. Fat sup-
pression should be superior at 3T due to improved
spectral separation of the major water and fat peaks.
A limitation may be seen in the setting of
susceptibility factors around gas-water interfaces or
metallic structures such as surgical clips. This adverse
effect, however, may be counteracted by utilizing the
higher SNR achievable at 3T to allow for a larger
bandwidth and shorter TR. This achieves two effects:
(1) a reduction in the overall scan time that can be
converted to higher resolution, more slice coverage in
the out-of-plane direction, or shorter breath-hold
time; and (2) a reduction in susceptibility effects.

2D T1-weighted gradient echo (GRE)

As previously discussed, the Larmor frequency is
128 MHz at 3T, which is double that found at 1.5T.
The difference between lipid and water is 3.25 ppm,
which accounts for a 420 Hz difference at 3T. Because
of this difference, the in- and opposed-phase TEs are
different at 3T and at 1.5T. At 1.5T, in-phase TEs are
at 4.8ms, 9.6 ms, 14.4ms, etc. and opposed-phase

TEs are at 2.4ms, 7.2ms, 12ms, etc., whereas at
3T in-phase TEs are sooner at 2.4 ms, 4.8 ms., 7.2 ms,
etc. and opposed-phase TEs are at 1.2 ms, 3.6 ms, 6 ms,
etc. Minor variations are due to slight differences in
field strengths between scanners. Because TEs are
sooner at 3T, bandwidth must often be increased at
the expense of SNR. Some centers have found it best to
acquire the first in-phase echo and the second
opposed-phase echo at 3T to maintain SNR [11], but
this is not advisable as differentiation between lipid
and susceptibility effects, namely tissue iron, will not
be possible. Alternatively the two echoes may be
acquired as separate single echo acquistion using opti-
mal image quality factors and optimal first in/
opposed-phase TEs, but this will add to the overall
scan time. During in-phase TEs, lipid and water are
additive and positively contribute to signal. However,
at opposed-phase TEs, lipid and water have a canceling
effect and produce a black boundary (or India ink)
artifact. Although signal drops at lipid-water inter-
faces when the relative fraction is 50%, this arti-
fact can be exploited to compute a lipid fraction
within voxels of a tissue of interest (Figure 2.6).
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Figure 2.6 Opposed- (a) and in-phase (b) dual-echo 2D T1-weighted GRE axial series at 3T. Note that these images were acquired in
one breath-hold with the shortest echo corresponding to the first opposed-phase TE (1.2ms) and the longer echo corresponding to the
first in-phase TE (2.4 ms).

However, T2* decay must also be taken into account.
At 1.5T, in-phase TEs at 4.8 ms and 9.6 ms do not
produce the same image primarily because of T2*
decay. At 3T, since T2* is shorter, the effect is further
pronounced. Particular clinical significance concerns
patients with steatohepatitis and hemosiderosis.
Methods involving spectroscopy have been developed
to quantify lipid fraction independent of this T2*
decay [12]. Approaches with low flip angles have also
been described.

Single-shot partial Fourier T2

Single-shot T2 represent one of the major pillars for
reproducible high-quality abdominal-pelvic MR
imaging, regardless of field strength (Figure 2.7).
These images should be acquired both without and
with fat suppression: without fat suppression to facili-
tate structural anatomical visualization with lower
signal tissues outlined by higher signal intensity mes-
enteric and retroperitoneal fat; and fat-suppressed
images improving conspicuity of fluid-containing
processes such as tissue edema and collections. At
3T specific considerations include SAR limitations
resulting from the high number of RF echoes applied
in the long echo trains and longer tissue T1 resulting
in greater cross-talk effects and decreased SNR. The
acquisition may be kept within SAR limits by redu-
cing the echo-train flip angle from 180°, used at
1.5T to maximize SNR, to a lower value around
150° at 3T. While reducing the flip angle diminishes
the SNR we rely on the intrinsic higher SNR achiev-
able on 3T to compensate for the signal loss. Addi-
tional gains in SNR are achieved by use of parallel
processing that leads to a significant shortening of the

echo train length. Compensation for the longer T1 at
3T may be achieved by using respiratory triggering
that will lengthen the effective TR to approximately
4000 ms (assuming 16 breaths per minute). Respira-
tory triggering may be achieved using either a mech-
anical device, applied at the time of coil placement
during initial patient setup, which detects patient
movement, or using an automated tool that detects
diaphragmatic excursion by real-time imaging.

Fat suppression is critically important and repre-
sents another advantage at 3T. The main consider-
ation is the improved spectral separation of the water
and fat signal. Optimal fat suppression for single-shot
partial Fourier T2 imaging is achieved using a spectral
attenuated inversion recovery (SPAIR) technique due
to the ability of this sequence to achieve motion and
susceptibility-insensitive fat suppression while pre-
serving water signal [13].

Steady-state free precession (SSFP)

SSEP sequences are valuable additions to body MR
imaging given their relative motion insensitivity as
well as providing excellent contrast in vascular struc-
tures. However, these sequences are also affected by
off-resonance effects that result in banding artifacts.
The higher field strength of 3T results in even greater
Bl inhomogeneities as well as susceptibility effects
that contribute to the banding artifacts (Figure 2.8).
These artifacts can be shifted to the more peripheral
aspects of the image by reducing the TR or minimized
by optimized shimming. However, this approach is
not as practical at higher field strengths due to the
associated increased T1 values. Because of SAR limits,
flip angle must often be decreased, which reduces the
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(b)

(©

(d)

Figure 2.7 Coronal (a), sagittal (b), axial (c), and axial spectral attenuated inversion recovery (SPAIR) (d) fat-suppressed 2D T2-weighted
SSFSE images show high-quality single-shot imaging feasible at 3T with excellent fat suppression showing uniform elimination of the fat
signal while the water signal is preserved. Severe disturbance of the field due to susceptibility from a device lying beside the patient
caused breakdown in fat suppression on the left flank (d, arrow).

contrast of blood, which may become more problem-
atic when using SSFP for vessel delineation, especially
in cardiac applications.

Magnetic resonance
cholangiopancreatography (MRCP)

Breath-hold heavily T2-weighted single-shot FSE
(SSFSE) remains the technique of choice for acquiring
MRCP images at 3T. The breath-hold technique is

preferred due to less respiratory motion artifact as
well as overall decreased scan time. A respiratory-
triggered multislice 3D turbo spin echo technique
can also be employed when greater detail regarding
the pancreatic or biliary systems is desired. Both of
these techniques benefit from the greater SNR pro-
vided at the higher 3T field strength. However, both
imaging techniques can be significantly affected by
the increased susceptibility effects at 3T due to the
significantly prolonged TEs. Artifacts from surgical
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Figure 2.8 Several banding artifacts shown in an SSFP axial series
at 3T (arrow).

clips, surgical debris, and blood products as well as
intrinsic iron deposition from hemochromatosis
can all significantly degrade MRCP images due to
increased susceptibility effects.

Magnetic resonance

angiography (MRA)

Because of longer T1 relaxation times, improved
background suppression is possible at 3T. Because of
the additional gain in SNR, TOF and contrast-
enhanced MRA imaging improve significantly. In
addition, MRA can be acquired faster at 3T, allowing
for dynamic time-resolved MRA in applications such
as renal perfusion [14].

Lung imaging for pulmonary emboli may be
improved at 3T due to intrinsic advantages for 3D
GRE imaging (Figure 2.9). Breath-holds can be achieved
in a shorter time and with higher spatial resolution,
characteristics favorable to imaging a tachypnic patient
who has pulmonary emboli.

Pediatricimaging

Shorter acquisition, shorter breath-holds, and higher
resolution with young patients who cannot hold
breath as long and are small represent advantages of
3T over 1.5T. The shorter timing creates a potential to
image neonates without sedation. Otherwise, the
same limitations are considerations including dielec-
tric effects and signal gradients causing nonunifor-
mity of image signal.

Specific novel applications

Advantages of MR spectroscopy at 3T relate to the
improved SNR and improved separation of spectral
peaks. The increased SNR can be applied to the

Figure 2.9 Arterial phase 3D GRE showing a right pulmonary artery
saddle embolus (arrow) with good contrast and resolution. Note
that the susceptibility effect from lung is well-controlled using short
TR/TE of under 4 ms/2 ms.

acquisition of smaller voxels to more accurately isol-
ate a region of interest. The additional SNR also
makes MR spectroscopy of phosphorus and carbon
more feasible. Prostate MR imaging also benefits
from higher SNR achievable at 3T. It has been pro-
posed that the endorectal coil has a number of disad-
vantages for routine prostate scanning and that the
need for an endorectal coil is diminished [15-17]
(Figure 2.10). This has been based on the demonstra-
tion that similar MR spectroscopy accuracy for pro-
state carcinoma may be obtained on a 3T scanner
with a surface coil as compared with scanning the
same patient on a 1.5T system with an endorectal
coil [15] (Figure 2.11). Advantages of 3T imaging
without an endorectal coil also include avoiding ana-
tomical distortion, which precludes use of the images
for radiation planning. Other advantages include
improved patient acceptance, faster scan setup time,
diminished motion effects from coil movement,
improved field uniformity, and larger FOV. Add-
itional benefits of 3T imaging of the prostate and
pelvis include the ability to achieve higher SNR T2-
weighted high-resolution 3D imaging of the pelvis
that facilitates both local staging with delineation of
transcapsular extension of disease, and for facilitating
radiation planning (Figure 2.12). Spectroscopy
obtained in the prostate gland also benefits with 3T.

Diffusion-weighted imaging (DWI)

DWI remains a developmental tool with yet-to-be-
proven benefits for routine clinical application at
most centers. At institutions studying these methods
there have been reported potential applications for
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Figure 2.10 Prostate MRS with an
endorectal coil (a) and a surface coil (b).
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Figure 2.11 3T prostate MR imaging (a) and MRS (b) using a phased-array surface coil. A T2-weighted image was obtained with 0.4 mm
in-plane resolution in 5 minutes and a corresponding single voxel size 12 mm? acquired in 8 minutes. Note that spectral details of the
citrate peaks (for example) are achievable at 3T even when using a surface coil.

tumor detection and for characterization of post-
therapy tumor response. Tissues and tumors of inter-
est have included lymphoma and solid tumors of the
liver, pancreas, and prostate [15]. Considerations at
3T include higher b-values (> 1000s/mm?), thinner

slices, and imaging in multiple directions because
of higher SNR [1, 5]. The higher SNR can also in
turn be used for easier breath-holding [18]. Because
EPI is more sensitive to susceptibility, improved
volume shimming, parallel imaging, and bandwidth
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(b)

(d)

Figure 2.12 Wide (3, b) and tight (c, d) zoom of the prostate acquired at comparable acquisition times at 3T (512 x 512 x 4 mm ™)

@3, ©) versus 15T (256 x 256 x 4mm ™) (b, d).

optimization should be used for DWTI at 3T. Imaging
in the liver can also be difficult because of suscepti-
bility effects with air because of lung and bowel gas.
Some studies have also shown improved sensitivity
and specificity for prostate cancer using diffusion
tensor imaging (DTI) [17].

Arterial spin labeling (ASL)

Although applications have not developed to the
extent of neuroimaging, ASL imaging has recently
been investigated in body MR imaging. Due to
increased T1 relaxation times, blood labeling persists

longer and can potentially improve image quality
[19]. However, the SSFP sequence used for acquisi-
tion has Bl inhomogeneity considerations that must
be taken into account when optimizing ASL for 3T.

Susceptibility-weighted imaging (SWI)

SWI has become a mainstay of neuroimaging and is
used routinely for common conditions such as exam-
ination for blood products resulting from traumatic
brain injury. However, SWI has yet to show similar
diagnostic useful application for common indications
for MR imaging of abdominal-pelvic diseases. SWI
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has been suggested as a possible tool for the
evaluation of diffuse liver diseases. Chronic liver dis-
ease and fibrosis has been one suggested application,
but this remains questionable. A more validated
role is for the measurement of elevated liver iron in
the setting of iron deposition disease including
hemochromatosis.

Magnetic resonance elastography (MRE)

MRE is an evolving technique that is used to examine
the physical properties of tissues. In this method, a
known stress is applied to an organ or soft tissue
element and the degree of resulting deformation is
measured using MR methods. These data are then
used to calculate the elastic modulus of the medium.
Recent implementations of this technique have used
harmonic low-frequency sound waves to mechanic-
ally stress the tissues. The mechanical stress results in
shear waves that may be measured by employing
sensitizing gradients to detect the small cyclic motion
of the protons based on phase shifts. Potential appli-
cations for this method are currently being investi-
gated and include quantification of liver fibrosis as
well as tumor detection and characterization. Several
improvements to this technique have been investi-
gated taking advantage of the higher SNR at
3T. These improvements include using second har-
monic imaging which permits image acquisitions
with shorter TEs and greater signal retention, apply-
ing shorter RF pulses, using stronger gradient magni-
tudes to compensate for the second harmonic
imaging, and increasing the echo train length to
reduce overall scan time. This may also result in
higher resolution.

Conclusion

The advantages and improvements of 3T imaging
have made MR imaging increasingly attractive in
comparison to diagnostic imaging with ionizing radi-
ation and iodinated contrast agents for certain appli-
cations. Vascular imaging at 3T has improved the
quality of MRA, diminished the needed contrast load,
and has further diminished the need for digital sub-
traction angiography (DSA) or computed tomog-
raphy (CT) angiography. While lesion detection in
the abdomen and pelvis may shift toward MR
imaging at 3T from CT, the improvements in MR
imaging have been mostly a result of advances in RF
coil design, gradient performance, and electronics to

improve readout and k-space reconstruction. The
additional advantages of 3T have been incremental
in this regard. Further potential improvements in
3T applications will continue with increases in the
number of coil elements and parallel imaging acceler-
ation factors, improved electronics and computa-
tional systems, and further refinements in special
applications as discussed in this review. These devel-
opments must be implemented while managing SAR
limits and maintaining safety in the clinical environ-
ment with the numerous medical devices currently in
use. The advantages of 3T will always have to be
measured by assessing the relative diagnostic benefits
over less expensive and more commonly available
1.5T systems.
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Introduction

The move to higher magnetic field strength holds
promise for advancing magnetic resonance (MR)
imaging of the breast. Potential benefits include
higher signal-to-noise ratio (SNR), contrast, and spec-
tral resolution, which could translate into higher
spatial and temporal resolution than previously pos-
sible. However, technical, physical, and safety consid-
erations present challenges for fully realizing these
benefits for breast MR imaging.

Background on clinical utility of breast

MR imaging

MR imaging has proven to be a valuable imaging tool in
detecting, characterizing, and assessing the extent of
breast cancer. However, due to the relatively higher
costs of MR imaging when compared to mammography
and ultrasound, judicious use for specific clinically
proven applications is essential. Current evidence-based
clinical applications of breast MR imaging include
screening high-risk patients (including patients with a
known genetic mutation such as BRCA or with a greater
than 20% lifetime risk based on family history), evalu-
ating patients with a new diagnosis of breast cancer,
monitoring response to neoadjuvant chemotherapy,
evaluation of patients with metastatic axillary adenocar-
cinoma of unknown primary, and evaluation of silicone
implants suspected of rupture.

The power of breast MR imaging is in its ability to
provide not only useful morphologic information but
also functional information. Breast MR examinations
typically involve a dynamic contrast-enhanced scan to
identify malignant tumors based on abnormal vascu-
larity. Enhancement kinetics provided by dynamic
contrast-enhanced breast MR imaging provide

Breast MR imaging

Savannah C. Partridge, Habib Rahbar, and Constance D. Lehman

information regarding a lesion’s perfusion. Diffu-
sion-weighted imaging (DWI) and MR spectroscopy
are two advanced functional breast MR imaging tech-
niques that can provide complementary information
to conventional contrast-enhanced MR imaging and
are currently under investigation for use as part of the
clinical breast MR imaging protocol. High-field
imaging may improve the clinical utility of each of
these functional breast imaging techniques.

Potential advantages of 3T over 1.5T for
breast imaging

Imaging at 3T can provide a potential doubling of
SNR over 1.5T, which can be used to obtain higher
spatial resolution images at comparable imaging
times to 1.5T or to shorten imaging times. Con-
trast-enhanced breast MR examinations can benefit
from increased spatial resolution (Figure 3.1), faster
imaging times, and improved fat suppression owing
to the greater spectral separation of fat and water
at 3T. The increased spatial resolution enables the
acquisition of small isotropic voxels, which may be
preferable as it allows reformations of equal resolution
in any plane. Imaging at higher field strength and
higher spatial resolution holds particular promise for
improved visualization of small-volume processes,
with implications for earlier detection of disease in
MR imaging screening and improved detection of
ductal carcinoma in situ.

Review of 3T breast MR
imaging literature

Lesion detection, morphology, and kinetics

It is well established that breast MR imaging is a
highly sensitive imaging modality for breast cancer

Body MR Imaging at 3 Tesla, ed. IThab R. Kamel and Elmar M. Merkle. Published by Cambridge University Press.

© Cambridge University Press 2011.
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Figure 3.1 Comparison of breast MR images acquired at 1.5 (a) and 3T (b) in the same patient. Imaging parameters were optimized at
each field strength for maximal spatial resolution with comparable image quality in a scan time of 3 minutes or less. Both acquisitions
incorporated a three-dimensional (3D) T1-weighted gradient echo sequence with parallel imaging and active fat suppression. An 8-channel
phased-array breast coil was used for 1.5T imaging and a 7-channel coil for 3T imaging. At 1.5T, the acquired imaging resolution was 0.9 mm
in-plane with 1.6-mm slice thickness. Higher spatial resolution was achieved at 3T, with 0.5 mm in-plane and 1-mm slice thickness. The
improved clarity of the 3T images for assessing fine detail is demonstrated in the magnified sections of the 1.5 (c) and 3T (d) images.

detection, but continues to experience moderate spe-
cificity, ranging from 37% to 88%. As a result, recent
research exploring the advantages of 3T MR imaging
over 1.5T have primarily focused on improved differ-
entiation of benign lesions from malignant lesions. As
the current clinical breast MR imaging approach is to
assess lesion morphology and lesion kinetics for diag-
nostic classification, initial research has centered on
potential improvements that higher field strength may
provide for these two parameters.

Lesion identification is primarily dependent on
the contrast-to-noise ratio (CNR), which is dependent
upon relaxation times of breast tissue and gadolinium-
based contrast agents used for breast MRI. At 3T, the T1
relaxation time is increased for both fat and glandular

tissue in the breast by approximately 21% and 17%
respectively [1] but T1 relaxation of gadolinium is
increased to a lesser extent [2]. As a result, gadolinium-
enhanced tissues demonstrate an increase in conspicuity
at 3T, which can be traded for a reduction of the gado-
linjum dose [3]. However, an initial 3T study demon-
strated a lower enhancement of breast lesions than
at 1.5T, which was attributed to a reduction of the flip
angle necessitated by power deposition limitations and
increased Bl field inhomogeneity at 3T [4]. Another
study further showed the B1 field inhomogeneity issue
persisted across varying breast coils and was correlated
to increasing body size [5]. These findings showed that
further refinement of imaging parameters is necessary to
realize the potential CNR benefit at 3T.
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Improvements in assessment of lesion morph-
ology have perhaps demonstrated the most initial
promise in 3T breast MR imaging. The increased
SNR achieved at 3T when compared with 1.5T can
be used to acquire images of higher spatial resolution
for a fixed time period, which could theoretically
improve anatomical detail and morphologic descrip-
tion of lesions. At higher field strength, smaller voxel
sizes are obtainable without the cost of extending
scan time to perform extra signal averaging that is
necessary at lower field strengths to boost SNR and
achieve adequate image quality. In practice, higher
spatial resolution is achieved by employing multi-
channel coils and higher parallel imaging factors to
acquire the greater matrix size in a clinically feasible
time frame.

A recent study by Kuhl ef al. compared the appear-
ance of 53 lesions prospectively at both 1.5 and 3T field
strengths, utilizing the increased SNR at 3T to improve
spatial resolution and assess improvement of subtle
morphologic detail [6]. They demonstrated that a stat-
istically significant higher diagnostic confidence was
achieved at a higher field strength, with a total of
11 unique lesions being classified differently. The
improved confidence was due to the ability to better
resolve morphology, particularly evident in four
biopsy-proven fibroadenomas that were prospectively
classified as BI-RADS 3 lesions on the 1.5T scan but
were definitively classified as BI-RADS 2 lesions on the
3T scan due to the ability to resolve dark internal
septations characteristic of fibroadenomas not seen at
the lower field strength.

There is also potential for improvement in
dynamic kinetic information with 3T imaging of the
breast. Imaging at 3T affords increased temporal
resolution, which could be utilized to obtain
more detailed enhancement information to better
characterize breast lesions. While increasing temporal
resolution could limit spatial resolution benefits,
a recent report has described a protocol in which both
factors are optimized, creating improvements in both
spatial and temporal resolution, and producing sensi-
tivity and specificity greater than most published 1.5T
protocols [7].

Addressing specific challenges at 3T for

breast imaging

While 3T holds strong potential advantages for breast
imaging, particular challenges to imaging at higher

field strengths must be addressed to facilitate routine
clinical implementation of 3T breast MR imaging.

Need for new higher channel breast coils

Perhaps first and foremost, breast radiofrequency
(RF) coils with higher numbers of coil elements and
increased parallel imaging capability must be utilized
in order to translate the higher SNR to higher spatial
resolution or shorter scan times. Higher numbers of
coil elements will increase the acceleration factor R
and reduce MR imaging times and resulting RF power
deposition. The scan length can then be shortened or
kept to a reasonable limit while increasing the
number of slices and pixels acquired for high spatial
resolution. In addition to the number of coil elem-
ents, the layout of the coil elements affects the max-
imum R for each orthogonal direction, important for
three-dimensional (3D) breast MR imaging acquisi-
tions where parallel imaging can be employed in
multiple directions simultaneously. Although R is
typically limited to 4 or less at 1.5T due to SNR
limitations, considerably higher R is possible at higher
field strengths [8]. Newer MR imaging systems avail-
able typically support up to 32 simultaneous RF chan-
nels [9]. At present, 16-channel phased-array breast
coils provide the highest potential acceleration factor
for 3T imaging with commercially available hardware,
but new higher channel coils are under development.
Figure 3.2 shows a comparison of maximal spatial
resolution achieved at 3T using a 7-channel versus
16-channel breast coil within the same scan time.

Specific absorption rate limitations

The specific absorption rate (SAR) is the rate at which
RF energy is absorbed by tissue and quantifies power
deposition in the person during an MR imaging scan.
SAR-induced temperature changes of a human body
are a significant safety issue of high-field MR imaging.
SAR increases with field strength, and the energy
deposited in a patient’s tissues is fourfold higher at
3T than at 1.5T. As a result, SAR constraints necessi-
tate some tradeoffs in image acquisition rates, reso-
lution, and slice coverage to reduce power deposition.
In particular, T2-weighted fast spin echo (FSE) based
sequences typical of standard breast MR imaging
protocols can produce high SAR. To limit SAR for
breast imaging, effective approaches are to use smaller
flip angles along with parallel imaging techniques to
reduce RF exposure and scan time.
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Figure 3.2 Comparison of breast MR
images acquired at 3T using 7-channel (a)
and 16-channel (b) RF breast coils. Both
acquisitions incorporated a 3D
T1-weighted gradient echo sequence
with parallel imaging and active fat
suppression, with the same scan time of
2:50 minutes. Higher spatial resolution
was achieved within the same scan time
using the 16-channel coil; acquired voxel
sizes were 0.5 x 0.5 x 0.1.3mm? with the
16-channel coil and 0.7 x 0.7 x 1.5 mm?
with the 7-channel coil. Furthermore, the
16-channel coil afforded increased SNR
particularly near the chest wall (arrows)
compared to the 7-channel coil.

Figure 3.3 Comparison of breast MR images acquired at 3T using a standard rectangular volume shim technique (a) and a “patient-adaptive”
image-based shim technique (SmartExam Breast, Philips Healthcare, Best, The Netherlands) (b). Images were acquired using a 3D T1-weighted
gradient echo sequence with parallel imaging and active fat suppression, 16-channel coil, and scan time of 2:50 minutes. In this example,

improved image quality was obtained at air-tissue interfaces (circled region) using the image-based shim due to improved BO homogeneity
(b). See plate section for color version.

B0 inhomogeneity/susceptibility artifacts

Accurate undistorted imaging with good-quality fat
suppression requires the magnetic field (B0) to be
homogeneous throughout the entire region of inter-
est. For breast MR imaging, magnetic susceptibility
effects often occur at the interfaces between soft tissue
(breast) and air as a result of BO variations. Suscepti-
bility artifacts scale linearly with increasing field
strength and are therefore twice as prominent at 3T
compared with 1.5T [10]. Achieving adequate BO
homogeneity for breast imaging at 3T requires
improved shimming techniques over 1.5T. New

image-based higher order shimming methods can
dramatically improve BO homogeneity for bilateral
breast imaging (Figure 3.3). Parallel imaging also
reduces image artifacts and distortions caused by
susceptibility effects, such as those associated with
echo planar imaging, by shortening echo train
lengths.

B1inhomogeneity

Another technical issue associated with high-field
imaging is spatial inhomogeneity of the applied RF
magnetic field (B1). This results from an interaction
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Figure 3.4 Improvement in B1 homogeneity using an adaptive parallel RF transmission technique. BT maps acquired with conventional
single source RF transmission (a) and with parallel transmission (Multi-Transmit, Philips Healthcare, Best, The Netherlands) (b) are
compared. Shown below the B1 maps are corresponding flip angle profiles measured across the field of view as indicated by the red
line. Signal intensity relates to the delivered excitation, expressed as percent of intended flip angle or B1. BT maps were calculated using
an interleaved dual-TR T1-weighted gradient echo sequence. Improved bilateral B1 homogeneity can be appreciated on both the parallel
RF transmission B1 map and corresponding plot (b), particularly in the left breast (arrows). Flip angle variation across the image ranged
from 70% to 115% of the intended flip angle with conventional imaging, compared with only 90% to 110% using parallel transmission.

See plate section for color version.

between the coil inducing and receiving the signal and
the electromagnetic properties of the tissue being
imaged, known as the dielectric effect. B1 inhomo-
geneities cause the flip angle and signal measured in
the breast to be nonuniform across the field of view
(Figure 3.4a), which can result in a loss of tissue
contrast and diagnostic power depending on location.
New parallel transmission techniques have largely
overcome this issue for breast imaging (Figure 3.4b).
Parallel RF transmission is a new adaptive excitation
technique that uses multiple transmit coils and is
able to independently control the RF waveforms
and compensate for patient-induced B1 inhomogene-
ities. Parallel RF transmission can provide improved
consistency in image quality (contrast, signal

homogeneity, and fat suppression), improved RF
uniformity, and reduced RF energy deposition.

T1 relaxation differences

Extended T1 relaxation times at higher field strength
may affect tissue contrast and visibility of breast
lesions on breast MR imaging. However, the increase
in T1 of contrast agents in tissue is much lower than
the increase in tissue T1. Therefore, in theory, enhan-
cing breast tumors should be more easily distin-
guished from normal nonenhancing breast tissue at
3T than at lower field strengths based on T1-weighted
signal intensity. However, other factors as described
earlier can also affect the visibility of lesions at 3T.
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Advanced functional breast MR imaging
techniques at 3T

Diffusion-weighted imaging
Diffusion-weighted imaging (DWTI) is a non-contrast-
enhanced technique that has shown promise in onco-
logic imaging. As tumors tend to be of higher cell
density than surrounding tissue, they often demon-
strate restricted diffusion with a corresponding lower
apparent diffusion coefficient (ADC) value. Thus,
DWI provides functional information regarding the
cellularity of a lesion, which several studies have shown
to be useful for differentiating carcinomas from
normal breast tissue and benign lesions [11, 12]. Fur-
ther, a recent study has demonstrated that the positive
predictive value of lesion characterization improves
significantly when DWI is used as an adjunct to the
standard dynamic contrast-enhanced breast MR
imaging protocol [13].

Because DWI is inherently associated with limited
SNR, it may be advantageous to perform DWI at
higher field strength to obtain a valuable increase in
both SNR and CNR, which could aid in the detection
of smaller lesions. Theoretically, ADC values should
remain constant with increasing field strength. Pre-
liminary study results are promising and have sup-
ported these proposed advantages. An initial study
directly comparing the visibility of lesions on DWI
and their ADC values at 1.5 and 3T demonstrated that
ADC values are not affected by increasing field
strength, but smaller lesions (< 1cm) were signifi-
cantly more visible at 3T [14]. A study by Lo et al.
in which a total of 31 lesions were assessed with
dynamic contrast-enhanced MR imaging (DCE-MR
imaging), qualitative DWI, and quantitative DWI
with ADC thresholds independently both at 1.5 and
3T, found similar sensitivities for the three methods
(95%, 95%, and 90%, respectively) and that quantita-
tive DWI with ADC thresholds was equivalent in
specificity (91%) to DCE-MR imaging [15].

MR spectroscopy

MR spectroscopy is another non-contrast-enhanced
technique that detects proton-containing metabolites.
MR spectroscopy has been shown to improve the
specificity of lesion characterization both alone and
when used in conjunction with dynamic contrast
breast MR imaging [16]. Breast cancers have been
shown to have increased choline levels owing to

increased cellularity and cell turnover; however, duc-
tal carcinoma in situ (DCIS) and infiltrating breast
cancers with a large DCIS component have shown to
often be negative for elevated choline levels, some-
what limiting the sensitivity of this technique [17].
Recent research has also demonstrated promise for
MR spectroscopy in the realm of monitoring treat-
ment of patients on neoadjuvant chemotherapy.

Although MR spectroscopy measurement of
breast tumor choline levels can be successfully per-
formed on 1.5T MR scanners, increases in both SNR
and spectral resolution at higher field strength can
improve choline detectability, decrease measurement
errors, and enable the assessment of smaller lesions
[18]. In general, for breast MR spectroscopy at 1.5T,
qualitative detection of the presence of a choline peak
at 3.2ppm is indicative of malignancy, whereas at
higher field strengths, more quantitative methods
must be used because choline also becomes detectable
in normal breast tissue. It has also recently been
reported that changes measured in breast tumor
choline levels detectable at higher field strengths
may be an early predictive marker of treatment
response. In a preliminary study of patients undergo-
ing neoadjuvant therapy, reduction of choline levels
as early as 24 hours after the first dose of chemother-
apy correlated with response as measured by final
change in tumor size [19].

Clinical perspective

In practice, the improved SNR afforded by 3T should
translate to improvement in spatial resolution that
facilitates evaluation of morphology of small lesions
and improved assessment of margins of all lesions. In
our experience, scanning at 3T can provide high-
quality dynamic contrast-enhanced breast MR images
with higher spatial resolution than that achievable at
1.5T (Figure 3.5). The imaging protocols employed at
our institution for DCE-MR imaging at 1.5T and 3T
are compared in Table 3.1, with smaller voxel sizes
achieved at 3T within the same time frame using a
higher parallel imaging factor, larger acquisition
matrix, and smaller field of view.

However, imaging at higher field strength also
creates some practical clinical challenges. The
increased spatial resolution leads to an increased
number of image slices per series, which ultimately
increases the number of images the radiologist must
review. In addition, the larger data sets require
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Figure 3.5 Maximum intensity projection (MIP) of dynamic
contrast-enhanced breast MR images acquired at 3T. The MIP was
created from subtraction images (post-contrast minus pre-contrast)
to demonstrate enhancing structures. Delayed phase contrast
kinetics are represented in color, with red, green, and blue
representing washout, plateau, and persistent enhancement,
respectively. In this example case, a lesion with suspicious
enhancement characteristics is visible in the left breast (arrow).
See plate section for color version.

increased storage capacity, and can place increased
demands on scanner and offline computer-aided
detection (CAD) post-processing programs commonly
used with breast MR imaging. Furthermore, as tech-
nology continues to improve, it will be important to
re-evaluate predictors of malignancy as assessment of
lesion morphology and in particular lesion margins
will improve with increased spatial resolution.

There is a paucity of data assessing potential
differences in kinetic curves when moving from 1.5
to 3T. While there have been some anecdotal reports
that there is an increase in benign background
enhancement and significant effects on the kinetic
curves at 3T, these issues have not been a significant
factor to date in our experience. Further study of the
effects on kinetics and benign background enhance-
ment is needed.

MR imaging-guided breast biopsy techniques have
been refined greatly over the past decade; however,
some mild adjustments may be needed in biopsy
technique at higher field strength. Breast biopsies
are generally performed with larger-gauge biopsy
needles, typically at least 14 gauge, in order to ensure
adequate tissue sampling of a lesion. However, as
susceptibility artifact increases both with higher field
strength and larger biopsy needle sizes, there can be
an increase in the signal void of biopsy devices at 3T.
A study by Peters et al. reported a signal void that was
over twice the size of that at 1.5T for a 14-gauge

Table 3.1 Comparison of T1-weighted imaging parameters for
1.5T and 3T breast protocols

Field strength 1.5T 3T

Breast coil type 8-Channel 16-Channel
Plane Axial Axial

Mode 3D 3D

Sequence type Fast gradient Fast gradient

echo echo
Parallel imaging 1.5 2.7 R/L, 2.0 S/I
factor
TR 56ms 59ms
TE 3ms 3ms
Flip angle 10° 10°
FOV 36 x 36 cm’ 22 x 33cm’
Slice thickness 1.6 mm 1.3mm
Matrix 420 x 420 440 x 660
In-plane voxel size  0.85 mm 0.5mm
Scan time (min) 2:53 2:51

R/L =right/left, S/I = superior/inferior, TR = repetition time,
TE =echo time, FOV =field of view. Bold indicates differences in
spatial resolution.

needle; however, they noted that despite this differ-
ence, diagnostic accuracy of the biopsies was not
affected [20]. If necessary, alterations to the imaging
protocol such as increasing bandwidth or reducing
echo time may help to compensate for this difference
in susceptibility and reduce the signal void of a biopsy
device at 3T.

Conclusion

Breast MR imaging with 3T scanners provides both
potential benefits of increased SNR, as well as added
challenges of increased SAR and magnetic field inho-
mogeneities. Perhaps most importantly, scanning
at 3T can provide breast MR images with higher
spatial resolution than that achievable at 1.5T. How-
ever, these improvements can be realized only
through optimization of a variety of technical factors
including use of a multichannel breast coil, parallel
RF transmission, and high order shimming. More
research is necessary to determine the added clinical
value of 3T for breast imaging.
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Introduction

Cardiac magnetic resonance (CMR) imaging is rou-
tinely used for the diagnosis and management of
patients with ischemic and nonischemic heart disease
because it can provide a comprehensive, noninvasive
evaluation of cardiac morphology, function, perfusion,
and viability [1]. In fact, CMR is widely considered
the clinical gold standard for assessing right and left
ventricular function using balanced steady-state free
precession (bSSFP) [2] and determining myocardial
viability in patients with ischemic heart disease using
inversion recovery (IR) prepared spoiled gradient echo
[3]. Technical advances that have improved the spatial
and/or temporal resolution of magnetic resonance
(MR) imaging have led to improvements in the ability
of this modality to visualize pathologic changes in the
heart. This has led to an increase in the use of 3T MR
imaging scanners for CMR studies.

Specifically, increases in signal-to-noise ratio
(SNR) performance and changes in nuclear magnetic
resonance (NMR) relaxation parameters (T1, T2) pre-
sent the opportunity to improve our ability to charac-
terize the changes that occur with a variety of cardiac
diseases. However, CMR at 3T also presents particular
challenges compared with 1.5T, including increased
radiofrequency (RF)-induced energy deposition,
higher demands on shimming requirements to com-
pensate for amplified susceptibility artifacts, and
increased Bl field inhomogeneities. This chapter will
review technical considerations for performing CMR
at 3T, including the impact of 3T on SNR, relaxation
times, chemical shift and susceptibility, specific absorp-
tion rate (SAR), dielectric effects (magnetic field
inhomogeneity), bSSFP imaging, and parallel imaging.
This is followed by a discussion of specific CMR
sequences and their performance at 3T.

Cardiac MR imaging

Christopher J. Francois, Oliver Wieben, and Scott B. Reeder

Technical considerations for CMR at 3T
Signal-to-noise ratio (SNR)

The increase in SNR is one of the most appealing
reasons for imaging at a higher field strength. The
noise in most MR imaging applications is dominated
by the intrinsic noise caused by the random motion
of electrons within tissue. With current MR imaging
scanners, electrical noise from the receiving circuit
and other external noise contributions are minimal.
When the magnetic field strength is greater than 1T,
the noise has a linear dependence on the static mag-
netic field (BO) while the MR imaging signal exhibits
quadratic growth with respect to B0. Consequently,
one would expect a doubling of SNR when scanning
at 3T compared with 1.5T, with all other factors being
equal. However, the MR imaging signal, contrast, and
image quality are heavily influenced by other param-
eters also affected by changes in magnetic field
strength - including the longitudinal and transversal
relaxation times (T1 and T2), RF coil design, artifacts
from off-resonances and Bl field inhomogeneities,
and pulse sequence adjustments that may be required
due to safety constraints regarding the allowable
energy deposition from the RF pulses.

Relaxation times

The transverse relaxation time (T2) in most tissues
experiences only a small decrease when increasing the
field strength from 1.5T to 3T. The longitudinal relax-
ation time (T1), however, increases approximately by
the third root of the magnetic field strength [4]. For
oxygenated blood, the T1 increases from 1200-
1600ms at 1.5T to 1500-1900 ms at 3T and the T2
decreases from 200-325ms at 1.5T to 140-275ms
at 3T. For normal myocardium, the T1 increases from
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870-1070 ms at 1.5T to 1115-1470 ms at 3T and the
T2 decreases from 40-60ms at 1.5T to 40-50 ms at
3T. While the T1 and T2 values of oxygenated blood
and normal myocardium vary from study to study,
the trends are similar across the studies: slight
decreases in T2 and larger increases in T1. The vari-
ability in the reported changes in relaxation times is
likely related to differences in measurement tech-
niques, tissue sources, and other factors.

The relaxation rates R1 and R2 of gadolinium-
based contrast agents are reported to decrease when
scanning at higher magnetic field strengths [5]. While
lower relaxivity rates reduce the T1 shortening caused
by the contrast agent, our experience has been that
this effect is rather small and has not been an issue.

Chemical shift and susceptibility

The precession frequency, or Larmor frequency, varies
linearly with the magnetic field strength. For protons,
the precession frequency increases from 64 MHz at
1.5T to 128 MHz at 3.0T. This also leads to a greater
separation in the precession frequencies of different
metabolites. For example, protons in fat precess
210 Hz slower than free protons at 1.5T. This differ-
ence increases to 420 Hz at 3T. While increased chem-
ical shift is beneficial for all MR spectroscopy
applications, including cardiac MR spectroscopy [6],
the increased chemical shift leads to greater chemical
shift artifacts and amplifies off-resonance artifacts
from susceptibility at tissue interfaces. The decreased
B0 inhomogeneity leads to increased banding artifacts
with bSSFP sequences. These effects can be minimized
by identifying the optimal synthesizer frequency
or by improving the shimming with a smaller field-
of-view shim or with higher order shimming correc-
tions [7].

Specific absorption rate (SAR)

The RF pulse used to excite the magnetic spins leads
to energy deposition within the object imaged. Regu-
latory agencies mandate specific patient safety guide-
lines for SAR thresholds for human imaging. This is
to minimize any potential rise in global and local
body temperature. At 1.5T, these SAR guidelines typ-
ically do not limit CMR applications. This is not the
case when performing CMR at 3T.

The flip angle (o) for a given RF pulse is propor-
tional to the integral of the amplitude of the alternating
Bl field for the time during which it is applied (Eq. 4.1):

a /Bl dt ~ BIAT. (4.1)
In CMR, where rapid sequences are used to image
cardiac motion, high B1 fields are employed to min-
imize pulse duration (AT), repetition time (TR), and
the echo time (TE). However, the SAR is proportional
to the integral of the square of the amplitude of the
alternating B1 field over the time during which it is
applied (Eq. 4.2):

SAR o /Blzdt ~ B1’AT. (4.2)

Therefore, the B1 amplitude required to achieve a
given flip angle doubles at 3T, which leads to a fourfold
increase in SAR for the same RF pulse design when
scanning at 3T compared with 1.5T. To maintain SAR
within patient safety guidelines requires that sequences
with rapidly repeating high flip angles be appropriately
adjusted to maintain a safe SAR. For CMR, this
affects black-blood fast spin echo sequences, three-
dimensional (3D) gradient echo sequences with short
TRs that are used for magnetic resonance angiography,
and, most importantly, bright-blood bSSFP sequences
that require very short TRs with relatively high flip
angles (i.e., 50-70° at 1.5T). Although reducing the flip
angle is a simple and effective way to reduce the SAR,
this can lead to undesired tissue contrast alterations.
Because tissue contrast is less strongly dependent on
flip angle for bSSFP sequences, the overall effect for
bSSFP sequences is relatively minor.

SAR can also be reduced by using parallel
imaging to reduce the number of RF pulses neces-
sary to complete image acquisition, lengthening the
duration of the RF pulse, and using RF pulses with
more constant Bl amplitudes (VERSE, variable-rate
selective excitation).

Dielectric effects: B1 inhomogeneity

To change the state of the magnetic spins in MR
imaging, the frequency of the RF pulses must match
the resonance frequency. The wavelength of the RF
pulse is inversely proportional to that frequency. The
actual wavelength also depends on the electrical per-
mittivity of the medium through which the RF wave
is propagating. At 1.5T, the wavelength is larger than
the human body being imaged. At 3T, however, the
wavelength is less than 1 m and is typically less than
the size of the human body through which it is
propagating, causing “dielectric effects” [8]. This leads
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Figure 4.1 Magnitude of the transverse magnetization for blood
(solid line), myocardium (thin line), and their difference (dotted
line) as a function of the flip angle for imaging with a bSSFP
sequence at 3T. This simulation assumes steady-state conditions
with the following parameters: TR = 3.8 ms; TE = 1.9 ms;

T1 = 1512ms and T2 = 141 ms for blood; and T1 = 1115 ms
and T2 = 41 ms for the myocardium, similar to the parameters
used by others [9, 10]. Optimal blood-myocardial contrast is
achieved with 40-45° flip angle (arrow).

Figure 4.2 Short-axis views obtained at 3T with a bSSFP sequence and varying flip angles. Within the range from 0° to 45° flip angles,
the blood-to-myocardium contrast increases with increasing flip angles. The SAR increases with the square of the flip angles, limiting the
maximum allowable flip angle. As demonstrated in Figure 4.1, this contrast ratio also reaches a plateau.

to standing wave patterns that cause an inhomogen-
eous Bl field and subsequently result in nonuniform
flip angles across the imaging volume. For bSSFP
sequences, these Bl inhomogeneities are less of a
concern because of the relative insensitivity of bSSFP
signal and contrast to flip angle variations. Inversion
recovery spoiled gradient echo sequences, used for
delayed myocardial enhancement imaging, however,
do require highly uniform inversion pulses to ensure
robust inversion of magnetization across the heart.
This can result in areas of inadequately nulled myo-
cardium because of nonuniform flip angle of the
inversion pulse. Adiabatic pulses can partially allevi-
ate this problem by providing a more homogeneous
flip angle for delayed myocardial enhancement and
coronary imaging.

bSSFP imaging at 3T

Cardiac morphology and function are primarily
assessed with MR imaging using bSSFP. Understand-
ing of the challenges of performing bSSFP at 3T
is critical to performing high-quality cardiac MR
imaging at 3T. This includes increased banding

artifacts from off-resonances and suboptimal options
for flip angle due to SAR restrictions. In Figure 4.1,
we show results from a simulation showing the blood
and myocardium signal as a function of the flip angle.
As the flip angle increases, there is an increase in
the blood-to-myocardium contrast (Figure 4.2). The
in-vivo signal behavior of the blood is likely some-
what different because of additional inflow effects that
are not accounted for here, but this simulation dem-
onstrates the large blood-myocardial signal contrast
achievable with bSSFP imaging. Despite the chal-
lenges faced when using bSSFP, the very large CNR
and improvement in SNR is highly motivating to
address these challenges rather than reverting to using
spoiled gradient recalled acquisition in the steady
state (SPGR) sequences at 3T. For example, it can be
shown that the bSSFP signal for normal myocardium
is more than twice the signal from the spoiled gradi-
ent echo sequence for optimized flip angle choices.
Importantly, Figure 4.1 also demonstrates how the
bSSFP contrast is relatively constant for flip angles
exceeding 35°, with an optimal flip angle at 40-45° in
order to maximize the contrast between blood
and myocardium. Therefore, the bSSFP sequence is
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Figure 4.3 Effect of TR on bSSFP signal behavior. (a) Cine bSSFP images were acquired at 1.5T with variable TR. With longer TR, the
images have greater banding artifacts, most notably along the inferolateral left ventricular wall (open arrows). Similar effects are observed at 3T.
(b) This is due to narrower passbands with longer TR, which causes a drop in signal at lower off resonances as shown in the magnitude plot of
the steady-state magnetization based on typical acquisition parameters at 1.5T = T1 =1200ms and T2 = 200 ms (blood), TE =TR/2, flip

angle =45°, and TR=3.8ms (solid line) and 8.8 ms (dotted line).

relatively robust in respect to B1 inhomogeneities that
cause inconsistent flip angles.

One limitation of using bSSFP sequences is their
sensitivity to severe imaging artifacts for off-resonances
due to a complex signal behavior. The magnitude and
the phase of the bSSFP signal depends not only on
the T1 and T2 of the imaged species and the TR and
TE of the acquistion but also on the phase (B) that
accumulates during a TR as a result of magnetic field
inhomogeneities or chemical shift. The presence of
magnetic field inhomogeneities (AB0) leads to a
phase shift between each RF pulse (Eq. 4.3),
B =~ x ABO x TR, (4.3)
where 7 is the gyromagnetic ratio.

An off-resonance phase of f=180° (7 radians)
corresponds to an isochromate that is off-resonance
by 1/(2 x TR) so that Figure 4.3 can also be inter-
preted as a spectral response. At this phase offset, the
signal in the magnitude response drops precipitously,
corresponding to severe signal loss at locations in the
image where the field inhomogeneity causes a 180°
(m) phase shift between RF pulses. Since the off-
resonances from susceptibilities are directly propor-
tional to the field strength, bSSFP imaging at 3T is

equivalent to imaging at 1.5T at twice the TR with
respect to these “banding” artifacts.

To reduce banding artifacts, two strategies are
used. The first is to reduce the TR. Figure 4.3 demon-
strates the significance of short TRs at 1.5T (similar
findings are observed at 3T) where a banding artifact
is apparent in the inferolateral wall of the left ventricle
when longer TRs are used. As the TR is shortened, the
band is pushed out of the myocardium and it com-
pletely disappears at a TR of 3.8 ms. The magnitude
response in Figure 4.3 shows that an image is free of
banding artifacts for all voxels with off-resonances
less than +40Hz when acquired with a TR of
8.8 ms. If the TR is reduced to 3.8 ms, the passband
widens and voxels with up to =100 Hz are properly
represented without significant signal drops.

To reduce the TR of the bSSFP acquisition we
frequently use partial readout acquisitions. By acquir-
ing an asymmetric readout, it is possible to reduce
the TR by 20-30%, which is a significant decrease
in TR, reducing banding artifacts substantially. This
approach has the added benefits of improving the
speed performance of the acquisition and reducing
velocity artifacts by reducing the first moment of
the readout gradient. This approach requires the
use of homodyne reconstruction to reconstruct full
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resolution images, although this is a standard feature
on most scanners. Partial readouts also affect the

relative phase behavior of water and fat signals as
discussed below.

The second approach to reduce banding artifacts
is to reduce the field inhomogeneity across the heart
by using local shimming and second order shimming
of the static field to minimize these artifacts by redu-
cing the variations of the off-resonance phase across
the selected region to less than 180°. Schar et al. [7]
suggested higher order local shimming procedures to
avoid banding artifacts. An interesting alternative is
the use of scout scans acquired with varying center
frequencies to identify the center frequency that min-
imizes the presence of the dark band in the cardiac
structures of interest. Short TRs and an improved B0
homogeneity are also essential to reduce flow-induced
artifacts in bSSFP imaging.

As mentioned previously, SAR limitations reduce
the maximum achievable flip angle at 3T. Figure 4.4
shows a comparison of images acquired at 1.5T and
at 3T with a flip angle of 45°, often the highest
achievable flip angle on clinical scanners. At this
flip angle, the difference in blood-to-myocardial con-
trast is readily apparent and greater at 3T than at
1.5T. Methods described previously can be used to
partially overcome these issues.

Cardiac bSSFP images acquired at 1.5T often have
a black line, or “India ink” artifact that occurs at the
interfaces of tissues that are predominantly water and
predominantly fat (Figure 4.5). In cardiac MR
imaging, this is present at the interface between the
pericardium and epicardial fat. This appearance is a
result of the phase behavior of bSSFP and not a result
of chemical shift artifact, which is very small with

Figure 4.4 Short-axis bSSFP images
acquired at (a) 1.5T and (b) 3T in a
58-year-old male with cardiac amyloidosis.
The image at 1.5T was acquired with an
8-channel cardiac coil, TR=2.89ms,
TE=09ms, flip angle =45°, slice
thickness = 8 mm, matrix = 256 x 256,
and field of view 350 mm. The image at
3T was acquired with a 16-channel
cardiac coil, TR=341ms, TE= 1.3 ms, flip
angle =45, slice thickness =7 mm,
matrix = 256 x 256, and field of view

350 mm. The SNR and CNR are visibly
greater at 3T (b) than at 1.5T (a), even with
a slightly thinner slice thickness. Also note
that with the relatively low TR used at

3T (TR =3.41ms), banding artifacts are not
present over the heart.

bSSEP because of the high readout bandwidth that is
typically used. As shown in Figure 4.5, the phase
behavior of the bSSFP signal alternates from 0° to
180° () (i.e., positive to negative) between alternating
passbands. This phase behavior always occurs with
bSSFP, no matter what the local magnetic field
inhomogeneity, so long as TE =TR/2. The chemical
shift between water and fat at 1.5T and 37°C is
—210 Hz, which corresponds exactly to the width of
one passband (2m) when TR=4.6ms. This means
that water and fat signals are always separated by
exactly one passband, and will always have a 180°
() phase shift relative to each other. This leads to
destructive interference in pixels that contain both
water and fat, including those pixels at water—fat
interfaces, through partial volume effects. This creates
the India ink artifact, as is seen with “out-of-phase”
images acquired as part of in/out-phase imaging used
in abdominal imaging.

At 3T, the situation changes, however, because the
chemical shift between water and fat doubles to
—420 Hz, while the gradient performance is roughly
the same, and the passband profiles are identical for a
given TR. In this situation, however, the water and fat
resonances may be separated by two passbands. If the
frequency of the passbands is separated by two pass-
bands, the phase of water and fat are identical and
signal from water and fat add constructively, and the
India ink artifact disappears. Moreover, the presence
of field inhomogeneities will cause the resonant peaks
of water and fat to shift. Depending on the TR, this
may push the resonant peak of fat, for example, into a
new passband, before the water moves into a different
passband. This complex behavior of the phase can
result in changes in the appearance of the water—fat
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interface, even within the same image (Figure 4.5¢).
Although this effect can also occur at 1.5T (unless
the passbands are exactly spaced by 2n, when TR=
4.6 ms), it rarely occurs, because the passbands are
relatively wide and the field inhomogeneities are
smaller. At 3T, however, the passbands are narrow
relative to the chemical shift and field inhomogene-
ities, and transitions of the water and fat peaks
between different passbands frequently occur, as
shown in Figure 4.5a. The importance of under-
standing this artifact is to understand differences in
appearance between 1.5T and 3T, and to avoid pit-
falls that can result from relying on the presence of
this artifact (e.g., using the India ink artifact to
identify fatty masses such as lipomas).

Finally, it is important to note that the phase
behavior shown in Figure 4.5 occurs only when TE =
TR/2, the most commonly used TE for symmetric
echo acquisitions in SSFP. However, as we have sug-
gested above, the use of partial readout (k,) acquisi-
tions is a useful way to shorten the TR at 3T to reduce
banding and flow artifacts. For TEs not equal to TR/2,
the phase behavior is more complex and will lead to
more complex interference of water and fat at tissue
interfaces. While the appearance is not disruptive to
image interpretation, it is important to note this

of field inhomogeneities, the phase of
water and fat are identical and signal

from water and fat add constructively
and the “India ink” artifact disappears

() at 3T when using the same TR.

]
300 400

phase behavior to avoid diagnostic pitfalls regarding
fatty tissue at tissue interface, i.e., the interpreting
physician should not rely on the presence of the India
ink artifact, particularly at 3T.

Parallel imaging

Combining the spatial sensitivities of multiple receiver
coils in a phased array decreases the number of phase-
encoding steps required, typically reducing the scan
time by a factor, R, of 2-6 with multichannel cardiac
coils [9, 10]. This acceleration in scan time can be taken
advantage of to improve the spatial coverage for
breath-hold CMR applications. However, the acceler-
ation achievable is limited by the decrease in SNR,
which is given by the following equation (Eq. 4.4):

SNR,
gVR’

where SNR, is the SNR of an unaccelerated image,
R is the acceleration factor, and g, the “geometry
factor” and which is equal to or greater than one,
reflects the ill-conditioning of image unwrapping
and is a measure of coil and imaging algorithm per-
formance. The g-factor increases at higher reduction
factors, limiting achievable accelerations. Fortunately,

SNRg = (4.4)
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the performance of parallel imaging techniques
improves at 3.0 T compared with 1.5T. This is a result
of the smaller wavelengths of the RF signals at 3T. The
smaller wavelengths lead to improved effective coil
separation and help keep g close to one, even at higher
R values.

For CMR at 3T, parallel imaging offers an oppor-
tunity to take advantage of the increased SNR to
reduce the scan time or increase coverage within the
same breath-hold [11]. For example, a fourfold
increase in scan coverage is possible at 3T, using
parallel imaging with an R =4, in the same scan time,
with the same SNR performance and image quality as
1.5T, assuming g=1. In reality, this tremendous
improvement may be tempered by other factors dis-
cussed previously in this chapter (i.e,, T1, SAR, and
B1 inhomogeneities).

Specific CMR sequences

Cardiac function

Cardiac MR imaging is the gold standard for the
assessment of ventricular wall motion and function.
Rapid gradient echo or bSSFP sequences, which pro-
vide images with high spatial and temporal reso-
lution, as well as high contrast between blood pool
and myocardium, are used to obtain CINE images of
the beating heart. Typically multiple two-dimensional
(2D) slices are obtained through the heart during
multiple breath-holds. These images are then used to
calculate multiple parameters of cardiac function,
including cardiac output, ejection fraction, ventricu-
lar mass, etc. In addition, these image series allow for
the assessment of regional wall thickness and motion
abnormalities throughout the cardiac cycle.

Initially, CINE cardiac imaging was performed
with spoiled gradient echo sequences, also known as
fast low-angle shot (FLASH), SPGR, or fast field echo
(FFE), an acquisition technique that uses RF spoiling
and gradient spoiling to achieve a steady-state condi-
tion for the longitudinal magnetization. With bSSFP
imaging, no spoiling is used and both the transverse
and the longitudinal magnetizations reach a steady
state and contribute to the MR signal [12]. This
approach, also known as true fast imaging with
steady-state free precession (trueFISP), fast imaging
employing steady-state acquisition (FIESTA), and
balanced fast field echo (bFFE), has become practical
for clinical cardiac imaging [2] due to improvements
in gradient performance and field shimming to avoid

artifacts described below. EKG-gated CINE bSSFP
has become the sequence of choice for functional car-
diac imaging, as a result of its high SNR performance
and excellent blood-myocardial contrast. While the
image contrast in the rapid SPGR sequence depends
mostly on T1-dependent and inflow effects for a high
blood signal, bSSFP provides an inherently high
steady-state signal, particularly for blood, which has a
large T2-to-T1 ratio.

Reports in the literature that compare CINE
imaging between field strengths with SPGR and
bSSFP sequences vary significantly in the reported
gains of SNR and CNR [13, 14]. This might be partly
explained by the variability in experimental setup
(e.g., coils and sequence parameters such as TR and
maximum flip angle). However, in general there is a
gain in SNR and CNR with bSSFP compared to SPGR
and with imaging at 3T compared with 1.5T. Several
studies document the use of parallel MR imaging in
cardiac CINE imaging with good correlation of
volume measurements when using reduction factors
of 2 for a 4-channel phased-array receiver coil and
reduction factors of 4-6 for 32-element coils. It has
been shown that parallel imaging at 3T introduces less
SNR degradations than at 1.5T, that the increase in
baseline SNR for 3T imaging overcompensated for
the SNR reduction from parallel imaging, and that
there is good agreement for the measurement of ejec-
tion fraction. These gains in acquisition speed can not
only be used to improve spatial or temporal reso-
lution or coverage or reduce a breath-hold duration,
they can also decrease the SAR because of a reduced
imaging time.

Myocardial tagging

MR tagging allows for the evaluation of complex
intramyocardial contractile patterns and quantitative
motion analysis of the cardiac walls [15]. With this
method, intrinsic markers in the myocardial wall are
created by the application of inversion bands across
the imaging plane. This pattern is accomplished by
the use of RF pulses in combination with gradient
pulses that invert spins in thin parallel planes perpen-
dicular to the imaging plane just prior to the applica-
tion of the RF pulse used for the excitation of the
imaging plane. Radial, line, and grid-shaped patterns
have been applied to track the evolution of these
bands throughout the cardiac cycle for the assess-
ment of the deformation of the myocardium and
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e.g. identify regions of impaired contractility. Spoiled
gradient echo CINE sequences as described above for
functional imaging are usually used for MR tagging
with the simple addition of the saturation pulses.
One challenge encountered with tagging at 1.5T is
the fading of tags at end-diastole, greatly limiting
the evaluation of myocardial function during
diastole. Although MR tagging at 3T benefits from
the increased SNR and CNR, the most important
benefit is the prolonged T1 of myocardium. This
leads to a slower recovery of the longitudinal magnet-
ization and, therefore, improved tag persistence, par-
ticularly in mid- and end-diastole, where tags have
typically faded when imaging at 1.5T (Figures 4.6 and
4.7). A recent study [16] showed SNR improvements
of 35% and CNR improvements of 80% for myocar-
dial tags at 3T as compared with 1.5T. Gutberlet et al.
[9] measured gains in SNR and CNR during systole as
54% and 174% respectively.

First-pass perfusion

Most MR myocardial perfusion acquisitions measure
myocardial signal changes during the first pass
following the intravenous administration of a
gadolinium-based contrast agent. As the extracellular
contrast agent passes from the vascular space into the
extravascular space of the myocardium, it shortens
the T1 of myocardium. With rapid, dynamic T1-
weighted imaging sequences it is possible to detect
relative differences in the degree of enhancement, or
T1 shortening. Areas with relatively less enhance-
ment, which appear hypointense to normally perfused
regions, correspond to areas of hypoperfusion, or
less coronary artery blood flow. Typically first-pass

Figure 4.6 MR tagging images in a
healthy volunteer acquired at 1.5T (upper
row) and 3T (bottom row). The myocardial
tags persist longer into diastole at

3T (bottom right image) due to the
prolonged T1 relaxation time of

the myocardium at 3T relative to

1.5T. The persistence of the tags
throughout the cardiac cycles facilitates
the identification of wall motion
abnormalities during systole and

diastole.

End diastole

Mid systole

. X0
Figure 4.7 MR tagging images obtained at 3T in a 45-year-old
male with hypertrophic cardiomyopathy (HCM). The myocardial
tags can be clearly seen throughout the cardiac cycle because
of the prolonged T1 relaxation. In this patient, there is decreased
deformation of the tags in the septum (circle) related to the
abnormal myocytes and fibrosis in this area and related to HCM.

perfusion images are reviewed qualtitatively to iden-
tify areas of hypoperfusion. Because of the complex
relationship between gadolinium concentration and
measured signal, quantitative measurement of myo-
cardial perfusion using first-pass perfusion MR
imaging is still not yet routinely performed and is still
under investigation. A reason for the strong interest
in developing MR imaging-based myocardial perfu-
sion imaging is that the in-plane resolution of MR
perfusion imaging (2-3 mm) surpasses that of other
imaging techniques, positron emission tomography
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(PET) and single-photon emission computed tomog-
raphy (SPECT). As a result of the improved spatial
resolution, MR imaging allows for greater delineation
of small subendocardial perfusion defects. Despite
marked improvements in scanner hardware and
sequence design since its initial conception, there is
still much room for improvement in the reproduci-
bility and reliability of current myocardial perfusion
MR imaging techniques. The development of accurate
quantitative myocardial perfusion techniques should
help increase the acceptance of MR imaging for the
detection of myocardial ischemia. Ideally, the first-
pass MR imaging acquisition should provide (1) high
spatial (< 3 mm) and (2) high temporal (every heart-
beat) resolution, (3) whole-heart coverage, (4) a quan-
tifiable relationship between signal intensity and
contrast agent concentration to allow for quantifica-
tion, and (5) good image quality with sufficiently high
contrast-to-noise ratio (CNR).

While various approaches for perfusion imaging
exist, the most commonly used sequence is based on a
2D multislice, spoiled gradient echo sequence with
saturation recovery (SR) preparation. The saturation
pulse is applied prior to the readout for each acquired
slice. The duration between the application of the
saturation pulse and the acquisition of the contrast-
defining central k-space lines, known as “TI” is
similar to the inversion time in inversion recovery
sequences. The signal difference between normal
and hypoperfused myocardium is based on T1 and
TI differences in the T1 (Figure 4.8). Myocardial
perfusion at 3T is improved, relative to 1.5T by
increases in SNR and CNR. In addition, there are
greater differences in T1 times between normal and
hypoperfused regions in the myocardium at 3T than

Tl (ms)

line) have a longer T1 relaxation time at
3T relative to 1.5T. As a result, the T1
relaxation takes longer at 3T and leads to
greater contrast between normally
perfused and underperfused areas.

200 300

at 1.5T. In this way, an additional improvement in
contrast between normal and hypoperfused myocar-
dium can be achieved, beyond the factor of 2 increase
from SNR improvements alone. The signal recovery
of the normally perfused region is similar between
1.5T and 3T (Figure 4.8) because of the presence of
the gadolinium-based contrast agent while the rate of
signal recovery of underperfused areas is reduced at
3T, resulting in an increased contrast between nor-
mally perfused and hypoperfused myocardium. These
theoretical predictions are supported by clinical
results with significant image improvements and
diagnostic performance at 3T (Figure 4.9). Gutberlet
et al. measured an increase in SNR of 109% and in
CNR between myocardium and the left ventricular
cavity of 87% [9] while Araoz et al. measured an
increase in contrast enhancement ratio of 70% and
in myocardial enhancement ratio of 291% [17]. The
increased CNR allows for an improved detection of
small perfusion defects.

MR perfusion imaging at 3T can also benefit sig-
nificantly from the use of parallel imaging with higher
acceleration factors in order to improve temporal and
spatial resolution of the acquisition, as well as increas-
ing coverage over the entire heart. Optimal injection
protocols should be determined for given sequences
and modes of analysis to balance the optimization of
contrast and minimization of contrast-induced sus-
ceptiblity artifacts.

Myocardial delayed enhancement

Evaluation of myocardial infarction using delayed
imaging after intravenous injection of gadolinium-
based contrast agents has become the gold standard
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Figure 4.9 Cardiac MRI performed at 3T in a 29-year-old woman with Churg-Strauss syndrome (allergic angiitis and granulomatosis) and
endomyocardial-biopsy-proven eosinophilic myocarditis. Short-axis, saturation-recovery, first-pass perfusion images first show (a) contrast
arriving in the right ventricle (RV) and subsequently (b) in the left ventricle (LV). Areas of transmural hypoperfusion in the interventricular
septum (black arrows), subendocardial hypoperfusion in the lateral wall (white arrows) and hypoperfusion of the papillary muscles (circles)
persist on later perfusion images (c). Myocardial delayed contrast-enhanced images (d) show transmural enhancement in the interventricular
septum (arrow) with an area of hypoenhancement (open arrow) indicating microvascular obstruction, or “no-reflow.”

for the evaluation of myocardial viability [3]. Myocar-
dial delayed enhancement (MDE) techniques allow
for the differentiation between normal and abnormal
myocardium because of differences in the extravascular
concentration of gadolinium in normal and
abnormal myocardium. At the time that MDE images
are acquired, approximately 10-20 minutes after
the intravenous injection of gadolinium-based contrast
material, the concentration of gadolinium in normal
myocardium has decreased due to normal wash-out
kinetics while in infarcted myocardium the washout
of gadolinium contrast is delayed. Similar washout
kinetics are presumed to be responsible for the appear-
ance of abnormal delayed contrast enhancement in a
variety of nonischemic cardiomyopathies, such as
inflammatory or infectious diseases of the myocar-
dium, cardiomyopathy, cardiac neoplasms, and con-
genital or genetic cardiac pathologic conditions.
Although a variety of cardiac-gated T1-weighted
MDE techniques can be used to visualize myocardial
scar or infiltration, the inversion recovery SPGR (IR-
SPGR) method first described by Simonetti et al [18] is
the most widely used technique. In this approach, T1
weighting is achieved by applying a nonselective inver-
sion pulse and waiting an inversion time (TI) until the
normal myocardium has “nulled,” i.e., zero longitu-
dinal magnetization. Following the TI delay, a rapid,
segmented SPGR acquisition acquires several lines of k-
space. This is repeated over several heartbeats until the
acquisition is complete. By choosing a TI that nulls the
normal myocardium, areas of enhancing tissue appear
very conspicuous and are easily visualized (Figure 4.10).
The correct TI, which depends on the T1 of the
normal myocardium, is influenced by (1) the amount

of gadolinium in the blood, which is determined by
the initial dose given and (2) the time from that dose
and the clearance of gadolinium from the blood.
Clearance of contrast from blood depends on the
patient’s cardiac output and renal function. The T1
of the myocardium is also dependent on the field
strength of the magnet. The maximum signal differ-
ence between normal and enhanced myocardium
actually occurs later than the zero crossing of the
signal intensity of the normal myocardium, but the
conspicuity of lesions is the highest at this point. As
discussed above, the T1 of myocardium increases
considerably at 3T, meaning that the TI needed to
null the myocardium will be longer than the values
typically used at 1.5T. In our experience, the TI
increases from 180-200ms at 1.5T to approximately
220-250ms at 3T. The patient-specific optimal TI is
determined by trial and error or advanced scout scans
that rapidly generate images with multiple TIs at a
lower quality to identify the optimal timing. Alterna-
tively, phase-sensitive inversion recovery (PSIR) pro-
vides MDE images with more stable contrast even if a
suboptimal TI was chosen. This sequence has also
been successfully applied on 3T systems.

MDE imaging benefits from a higher magnetic
field in several ways [19]. In addition to the increase
in SNR and CNR from the higher magnetization, the
increase in T1 of the normal myocardium also leads
to increased difference in the signal between normal
and enhancing myocardium. This occurs because the
normal myocardium recovers more slowly, requiring
a long TI, which leads to an increase in the absolute
signal difference between normal and enhancing
myocardium. Recent studies have demonstrated
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Figure 4.10 Signal intensity-inversion time (Tl) curves for
myocardial delayed enhancement MR imaging (MDE MRI)
measurements at 1.5T (top row) and 3T (bottom row). The
appropriate Tl time for imaging is chosen such that the signal from
normal myocardium (solid line) is “nulled.” Because abnormal areas
retain gadolinium contrast agent longer than normal myocardium,
such as infarcted myocardium in patients with ischemic heart
disease or fibrosis in patients with nonischemic heart disease, the T1
recovery will be shorter, resulting in areas of enhancement (dashed
line). While the signal for enhancing myocardium (dashed line) is
similar at 1.5T and 3T, the T1 lengthening of normal myocardium at
3T leads to greater contrast between normal and abnormal
myocardium relative to 1.5T.

significant improvements in image quality, SNR, and
CNR for MDE MR imaging at 3T over 1.5T. The
improvement in CNR results in improved delineation
of infarct extent. The improvements in SNR and CNR
can also be used to acquire images with higher spatial
resolution, including a smaller slice thickness (Figures
4.11-4.13).

Proper signal nulling with the inversion recovery
sequence requires a homogeneous 180° flip angle
across the imaging slice. The decreased B1 homogen-
eity at 3T causes larger deviations from the ideal flip
angle and, therefore, signal nulling of the myocar-
dium might not be achieved uniformly across the
heart. The use of adiabatic pulses can provide a
more homogeneous flip angle to avoid this undesired
effect. These pulses are designed to sweep the reson-
ant frequency and amplitude of the RF pulse to drive
magnetization in a manner that is insensitive to the
actual BI.

Conclusion

In conclusion, the most important benefits of cardiac
imaging at 3T arise from the increased SNR and CNR
and the longer longitudinal relaxation time T1. The
latter leads to an improved background suppression
and improved contrast and superior detection of
small defects in first-pass perfusion imaging and an
improved delineation of infarct extent in viability
imaging. The increased SNR and benefits of 3T for
parallel imaging can be used for accelerated imaging
to provide more coverage or higher spatial or tem-
poral resolution. The biggest challenges for cardiac
imaging at a higher field strength are SAR limitations
and the decreased B1 homogeneity and increased
susceptibility effects. These issues can be partly

Figure 4.11 A 62-year-old male with
prior subendocardial myocardial
infarction. Myocardial delayed
enhancement (MDE) images were
acquired at 1.5T (a) with TR=6.2ms,
TE=1.5ms, slice thickness =8 mm, and
matrix = 256. MDE images were also
acquired in the same patient at 3T (b)
with TR=4.8ms, TE=1.3ms, slice
thickness =8 mm, and matrix = 256. The
infarct (inset images) is more conspicuous
at 3T than at 1.5T.
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overcome by advanced sequence design, adiabatic
pulses, and improved shimming techniques.

While the gains of a higher field strength are
somewhat offset by the presence of more severe arti-
facts for CINE imaging with bSSFP, almost all other
cardiac sequences including MR tagging, myocardial
perfusion and delayed enhancement imaging clearly
benefit from the higher field strength. With proper
shimming, and attention to methods to maintain a
short TR, it is relatively straightforward to acquire
highly diagnostic bSSFP images in all patients.

Other important CMR applications not discussed
in this chapter, including coronary artery imaging
and phase contrast imaging, have also been success-
fully adopted to clinical 3T imaging. Particularly the

Figure 4.12 A 45-year-old male with
prior hypertrophic cardiomyopathy (HCM;
same as in Figure 4.6). Long-axis bSSFP
(top row) and myocardial delayed
enhancement (MDE) (bottom row)
images were obtained at 3T. Asymmetric
septal hypertrophy (arrows) and patchy,
mid-myocardial areas of abnormal
enhancement (open arrows) in the areas
of hypertrophy on the MDE images are
typical of HCM.

4 chamber

Figure 4.13 Short-axis myocardial
delayed enhancement (MDE) images
obtained through the mid (a) and apical
(b) left ventricle in a 52-year-old female
with cardiac sarcoidosis reveal mid-
myocardial (circles) and subendocardial
(open arrow) enhancement. The regions
of subendocardial enhancement are due
to myocardial infarcts, presumably as a
result of granulomatous involvement of
the coronary arteries while the areas of
mid-myocardial enhancement
correspond to cardiac granulomas, typical
of cardiac sarcoidosis.

combination of parallel MR imaging with multi-
element coils and high acceleration factors offers
unique opportunities for improved cardiovascular
MR imaging.

In summary, cardiac imaging at 3T offers tremen-
dous advantages beyond the increase in SNR per-
formance, including improved contrast-enhanced
perfusion and viability imaging, improved opportun-
ities for aggressive parallel imaging techniques, and
improved visualization of wall motion through myo-
cardial tagging. Advancements in localized shimming
methods and new RF pulses to reduce SAR to avoid
pitfalls from Bl inhomogeneities will complete the
transformation of 3T cardiac imaging from vision to
a clinical reality in daily practice.
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Henrik J. Michaely

Introduction

Contrast-enhanced magnetic resonance angiography
(CE-MRA) of the abdominal and pelvic vessels has
evolved into the diagnostic modality of choice for
various clinical indications ranging from suspected
aortic dissection over portal-venous diseases to reno-
vascular diseases and renal transplant surveillance
[1-3]. Imaging of the renal arteries in hypertensive
patients to rule out renal artery stenosis is by far
the most common indication for abdominal MRA
followed by diseases of the aorta such as aneurysms
and aortitis as well as diseases of the mesenteric
vessels. MRA of the abdominal vessels is also per-
formed as part of peripheral run-off studies and part
of whole-body MRA in patients with diabetes mellitus
and/or generalized atherosclerosis [4].

The main attractiveness of MRA lies in the com-
bination of three-dimensional (3D) noninvasive
imaging with administration of only small amounts
of well-tolerated contrast agents. Newer approaches
even allow imaging of the renal arteries without con-
trast agent with good initial clinical results [5]. With
current 1.5T MR scanners the achievable spatial reso-
lution is about 1x1x1mm® (depending on the
equipment) with an acquisition time of about 25 to
30 seconds [4]. Even though this already represents a
good spatial resolution it is still substantially inferior
to the in-plane spatial resolution of 0.3 mm? of digital
subtraction angiography (DSA) [6]. In addition, the
longer acquisition time of MRA makes it prone to
motion artifacts from breathing and nonvoluntary
motion [7]. From previous theoretical calculations
published by Hoogeveen et al., the required spatial
resolution of MRA was requested to constitute at least
three pixels within the cross-sectional lumen of the
vessel in order to accurately measure the vessel and/or

Abdominal and pelvic MR angiography

stenotic segments [8]. For the renal arteries this
implies an acquired spatial resolution of at least
1.5mm for the proximal part, and an even better
spatial resolution for the distal renal branches. While
for the aorta itself a slightly lower spatial resolution
may be sufficient, the aortic branches (which also
need to be assessed) are the resolution-limiting struc-
tures. Equally important for the depiction of smaller
vessels such as the distal renal arteries or the mesen-
teric vessels is to acquire the MRA data sufficiently
fast to avoid motion artifacts and image blurring.
Vasbinder and colleagues addressed the issue of
distal renal artery motion during breath-hold MRA.
They found that the distal parts of the renal vessels
are always subject to random diaphragmatic motion
even during breath-hold [7]. While this study only
addressed the renal arteries one can assume that this
holds equally true for the mesenteric arteries. The
results from Vasbinder and colleagues are supported
by several studies using two different factors of paral-
lel imaging (PI) for renal MRA. The data group
with the higher PI acceleration factor and hence
with the faster MRA acquisition showed significantly
better image quality of the distal renal arteries than
the group with the longer-lasting MRA acquisition
[9-11]. In addition, the use of isotropic voxels is a
third requirement for high-quality MRA. Isotropic
voxels allow for lossless reformations, which is an
important prerequisite for successful post-processing
particularly in assessing complex vascular anatomy
such as aberrant vessels or postoperative changes.
Isotropic voxels are also a prerequisite to assess the
narrowed area in the cross-sectional view instead of
assessing the degree of stenosis in the diameter view
(Figure 5.1). This approach was found to be more
accurate [12] and the results obtained with isotropic
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Figure 5.1 Coronal thin maximum-
intensity-projection (MIP) view of a patient
with 50% right-sided renal artery stenosis
(arrow). In this view the stenosis is seen in
the diameter view. In the two reformatted
views perpendicular to the renal artery at
the site of the stenosis (red frame) and in a
normal segment (green frame) the normal
vessel area as well as the stenotic vessel
area (arrowheads) can be accurately
measured to calculate the area of stenosis.
See plate section for color version.

MRA showed a strong correlation with intravascular
ultrasound. Lastly, the imaging volume of the MRA
needs to be adequate to include the entire abdominal
aorta and its major branches. If the pelvic arteries are
to be imaged as well adaptation of the imaging volume
is of utmost importance as the iliac arteries often
demonstrate extensive elongation and kinking in eld-
erly patients.

The image quality and contrast of an MRA with
high spatial resolution, fast acquisition and sufficient
volume coverage is ultimately dependent on the
available signal-to-noise ratio (SNR). The achievable
SNR of each sequence scales with the magnetic field
strength. Thus, the SNR at 3T is theoretically twice as
high as at 1.5T [13, 14]. Due to the lower SNR at 1.5T,
abdominal and pelvic MRA is inherently confined to
a lower spatial resolution. While the higher SNR at
3T is obviously the main reason for a shift towards 3T
imaging, other factors also deserve being mentioned.
What is often neglected but also beneficial for MRA is
that the prolonged T1 relaxation times of all tissues

lead to a better background suppression [13, 15] and
to an increased contrast agent effectiveness [16]
(Table 5.1). Therefore 3T imaging is proclaimed the
“field strength of choice” for MRA as it offers the best
solution for most clinical requirements.

Imaging protocol for abdominal

contrast-enhanced-MRA

Abdominal and pelvic MRA is typically embedded in
a comprehensive imaging protocol consisting of a
localizer, morphologic pulse sequences and dedicated
MRA sequences. For the MRA fast gradient-recalled
sequences (fast low-angle shot - FLASH, fast field
echo - FFE, spoiled gradient recalled acquisition -
SPGR) are commonly used. The MRA sequence
should be acquired at least three times: once before
the administration of the contrast agent bolus to
serve as a mask for later image subtraction and to
test the sequence parameters with regard to aliasing
and noise. After contrast administration the MRA
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Table 5.1 Typical sequence parameters for abdominal MRA at
1.5T and 3T (Siemens Avanto and TimTrio respectively)

1.5T MRA 3T MRA
TR/TE (ms) 3.77/1.39 3.14/1.1
Flip angle (°) 25 23
Bandwidth (Hz/Px) 350 510
Matrix 512x80% 512 x80%
FOV (mm?) 400 x 87% 400 x 81%
Phase 0 8
oversampling [%]
Voxel size (mm?) 08 065
Spatial resolution (mm? 1x08x1 09x08x09
Scan time (s) 19 18
Partitions 80 96
Parallel imaging GRAPPA GRAPPA

factor 3 factor 3

Michaely et al. [42].

sequence is typically acquired during the arterial peak
contrast concentration in the area of interest for the
actual MRA and a second time to allow for venous
phase angiographic images. Some clinical sites
acquire a third post-contrast phase routinely which
can be of additional benefit in cases of venous path-
ology. Functional measurements such as phase-
contrast flow sequences of the renal arteries [17] or
dynamic contrast-enhanced renal perfusion measure-
ments [18] increase the diagnostic accuracy and the
level of confidence. These techniques are of particular
value in patients with stents in whom an in-stent re-
stenosis can not be excluded on morphologic images
due to susceptibility artifacts and Eddy currents. This
holds especially true for 3T as susceptibility artifacts
increase with field strength [19]. For renal MRA the
slab should cover the entire abdominal aorta from the
diaphragm down to the external iliac arteries. This is
clinically relevant as aberrant renal vessels may
branch off from the entire abdominal aorta and from
the iliac arteries. The slab thickness should include
the vessels of interest ranging from 8cm to 15cm
depending on the selected partition thickness and
the number of partitions. A coronal slice orientation
is usually preferred as the celiac axis and its branches,
the superior and inferior mesenteric arteries, the renal
arteries, the entire aorta and the iliac vessels can be

imaged. If the mesenteric arteries represent the focus
of the examination care should be taken to choose the
slab large enough in anterior—posterior direction. The
coronal field of view (FOV) should be minimized in
left-right phase-encoding direction to minimize the
acquisition time and to increase the spatial resolution
[20]. If the patient’s arms are positioned above the
head a smaller FOV can be chosen - at the potential
cost of motion artifacts when the elevated arms begin
to hurt. A sagittal slab can be chosen if the examin-
ation is focused on the aorta only, e.g., dissecting
aneurysms. Choosing a sagittal slab orientation allows
for a smaller FOV with subsequent higher spatial
resolution. However, the phase-encoding direction is
usually swapped to anterior-posterior, which may
lead to reconstruction artifacts when applying higher
PI factors. With a coronal slab a phase (left — right
phase-encoding) FOV between 380 mm and 500 mm
should be chosen to avoid aliasing. Compared with
1.5T the specific parameters repetition time (TR),
echo time (TE), flip angle, and receiver bandwidth
(BW) need to be adopted specifically to optimize the
image acquisition and quality at 3T. As the T1 relax-
ation times of blood are minimized during the first
pass of the contrast agent the TR should be chosen as
small as possible for a heavily T1-weighted image
with minimal background signal. At 3T the readout
BW can be increased by 40-100% (depending on the
individual starting point) to minimize the TR without
deteriorating image quality substantially [21]. Typic-
ally a TR of 3.0ms to 3.5ms can be achieved.
However, short TRs may lead to a potential over-
stimulation of peripheral nerves. The built-in stimu-
lation monitor may automatically increase the TR
to a noncritical level. A typical imaging protocol is
given in Table 5.1. As susceptibility increases with the
square of the field strength it is prudent to minimize
the TE as well. At 3T fat and water protons are in-
phase at 2.2 ms and 4.4 ms and out-of-phase at 1.1 ms
and 3.3 ms. Therefore, with the typically utilized TE of
1 ms to 1.4 ms more chemical shift artifacts along the
vessel border can be seen at 3T than at 1.5T. The
increased chemical shift artifacts may additionally
increase the background suppression. Fast gradient
echo sequences as used for MRA will lead to a better
background suppression at 3T as the longitudinal
relaxation is slower due to the increased T1 times at
higher field strengths [15]. The kidney and liver for
example reveal 9-38% higher T1 relaxation times,
while the T1 relaxation time of subcutaneous fat is
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Figure 5.2 Coronal MRA source data demonstrating the influence of different parallel imaging reconstruction algorithms on aliasing.
GRAPPA (left image) demonstrates aliasing more peripherally (arrowheads) than SENSE (right image) where the artifacts are propagated

towards the image center (arrowheads).

increased by 11% [15]. Probably the most important
parameter in MRA at 3T is the PI acceleration factor.
PI techniques such as generalized autocalibrating
partially parallel acquisitions (GRAPPA) [22] and sen-
sitivity encoding (SENSE) [23] acquire fewer phase-
encoding steps than conventional readout schemes.
By using the inherent local information of multi-
element coils the lacking data in k-space or in the
image domain can be reconstructed and a full image
can be reconstructed. PI can be used to either increase
the spatial resolution or to shorten the scan time. Most
institutions chose a combination of both. Currently at
1.5T, PI factors of 2 or rarely 3 are being used [4, 12].
Further increasing the PI factors — and hence increas-
ing the spatial resolution - is ultimately limited by SNR
as the SNR in PI is inversely proportional to the square
root of the PI acceleration factor. At 3T, PI acceleration
factors of 3 or higher are feasible [21] depending on the
coil used. Parallel acquisition techniques (PAT) factors
greater than 3 are particularly applicable when parallel
acceleration is chosen in the phase-encoding and the
partition-encoding direction [24]. In the case of two-
dimensional (2D) PI, the acceleration factors in the
phase-encoding and partition-encoding direction are
multiplied to yield the overall acceleration factor.

Two-dimensional PI with higher PI factors is superior
to PI in one direction as the coil sensitivity profiles can
better be differentiated over an entire 3D volume
leading at least theoretically to less reconstruction arti-
facts. Studies on the image quality of abdominal vessels
report a better image quality with PI and with higher
factors of PI [9, 25]. Artifacts that occur with PI are
mainly noise bands in the center of the body that result
from imperfect reconstruction due to a too small dif-
ference of the coil sensitivity profiles (Figure 5.2).
Image noise is not a problem when the PI factors do
not exceed 3 at 3T. Clinical MRA examinations with
acceleration factors greater than 3 were first imple-
mented by Fenchel et al. when acquiring renal MRA
examinations with PI in phase-encoding and partition-
encoding direction, the so called PAT?-algorithm in
which GRAPPA and SENSE algorithms are combined
(one being used in the phase-encoding, and the other
in partition-encoding direction) [24]. This approach
yielded high image quality but required an experimen-
tal 32-channel receiver coil. Depending on the recon-
struction algorithm used aliasing might become visible
in the image center with small FOV acquisitions.
Image domain-based algorithms such as SENSE tend
to propagate artifacts into the image center more than
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auto-calibrating algorithms such as 2D-Arc [26] and
GRAPPA [22] (Figure 5.2). Overall, abdominal MRA
at 3T benefits greatly from PI with acceleration factors
up to 3 while maintaining SNR and contrast-to-noise
ratio (CNR).

PI is also a suitable technique for minimizing the
energy deposition in the patient, which is strictly
limited by governing bodies such as the US Food
and Drug Administration (FDA). While the SNR is
approximately doubled at 3T the specific absorption
rate (SAR) is increased by a factor of 4 with the
transition from 1.5T to 3T [13]. Therefore, there is a
strong desire to reduce the number of applied radio-
frequency (RF) pulses and to minimize the flip angle
to stay within SAR limits. Theoretically, a PAT factor
of 4 compensates for the increase in SAR at 3T.
However, limiting factors such as imperfect coil
design disprove the above equation. In addition,
potentially faster TR times that could be achieved
often exceed the critical threshold of the stimulation
monitor, resulting in a net speed gain that sometimes
may be smaller than expected.

Perfect bolus timing is crucial for high image qual-
ity. There are different approaches ranging from a
conventional test-bolus technique over semiautomatic

Figure 5.3 Time-resolved MRA at 3T
using 1 mL of contrast (temporal
resolution slightly above 1 second). This
approach can be used for bolus timing
and yields hemodynamic information of
the target area at no extra cost.

fluoroscopic approaches to fully automated techniques,
e.g., SmartPrep® (GE Healthcare, Little Chalfont, UK).
As they are basically independent of field strength in
how they are applied they will not be further discussed
apart from one recent development. Conventional test-
bolus techniques acquire repeated single 10- to 20-mm
images at the level of interest (e.g., the renal arteries)
with a temporal resolution of 1second per image.
From the vessel of interest a signal-time curve can be
derived. With the widespread use of view-sharing tech-
niques time-resolved thick-slab MRAs can be acquired
after the injection of 0.5 to 1.0 mL of contrast. Though
the idea itself is not new [27], the combination of 3T
and view-sharing now allows performance of timing-
run MRAs with high-quality and minimal amount of
contrast (Figure 5.3). By this means valuable additional
information on altered hemodynamics or collaterals
can be obtained at no additional cost.

Contrast agents for abdominal MRA

Despite its widespread use all over the world, CE-
MRA might be considered an off-label use depending
on the country of residence, the type of contrast agent
used, and the target vessels studied.
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Historically, MRA examinations were typically
performed at 1.5T after the bolus injection of
0.2 mmol/kg body weight or even 0.3 mmol/kg body
weight of standard extracellular contrast agents (Gd-
DTPA, Magnevist®, Bayer Schering Pharma, Berlin,
Germany; gadodiamide, Omniscan®, GE Healthcare,
Little Chalfont, UK; Gd-DOTA, Dotarem®, Guerbet,
Paris, France; gadoteridol, ProHance®, Bracco, Milan,
Italy). Due to the longer acquisition times of MRA
sequences at 1.5T, an injection rate of 1.5-2.0 ml/s is
typically chosen. With a decreasing voxel size, higher
factors of PI and hence a decreasing SNR the use of
dedicated contrast agents for state-of-the-art MRA
seems useful. At the time of this writing, three
“high-end” contrast agents are commercially avail-
able, some in Europe only, some also in the USA.
These contrast agents are either characterized by a 1-
molar formulation (gadobutrol, Gadovist®, Bayer
Schering Pharma, Berlin, Germany), a slight protein
interaction with a 20-30% higher relaxivity than
standard extracellular contrast agents (Gd-BOPTA,
MultiHance®, Bracco, Milan, Italy), or a strong tran-
sient protein binding (gadofosveset [formerly MS-
325], Vasovist®, Ablavar®, Lantheus Medical Imaging,
N. Billerica, MA) which reveals an up to fourfold
higher relaxivity than standard extracellular contrast
agents [16] and has a markedly longer plasma half life.
Despite their different pharmacokinetic properties,
they are all suitable agents for MRA as they provide
better enhancement than standard extracellular con-
trast agents [28-33].

In a recent clinical study comparing Gd-DTPA
and gadobutrol for renal MRA at 1.5T, better image
quality and particularly better depiction of small
vessels was seen with gadobutrol [34]. Older studies
demonstrated higher CNR with gadobutrol or Gd-
BOPTA and an increased number of visualized small
vessels [31, 35]. The increased CNR that can be seen
with these substances is thought to be caused by the
better bolus geometry in the case of the 1-molar agent
and due to the higher relaxivity during the first pass
in the case of the protein-binding agents. In addition,
gadofosveset allows for an extended imaging window
of up to one hour post-injection [36]. It can be used
for first-pass MRA like a conventional extracellular
contrast agent and allows for repetitive MRA exa-
minations in the steady state [37-39]. One possible
application is to acquire the first-pass MRA as a time-
resolved study to display the blood flow hemody-
namics and to measure the renal perfusion. In the

Table 5.2 The higher blood/fat ratio at 3T allows for a better
background suppression and a higher vessel contrast

1.5T 3T
T1 arterial blood (ms) 1250 1650
T1 fat (ms) 343 382
R1 Gd-DTPA (L/mmol/s) 4.1 37
T1 blood + Gd (5 mmol/L) (ms) 47 52
Ratio blood/fat 5.15 530

steady-state phase the renal arteries can be examined
again with high spatial resolution. The injection speed
of the first-pass MRA with gadofosveset can be
chosen between 1 mL/s and 4 mL/s which allows for
homogeneous good image quality [39]. Other poten-
tial applications comprise venous imaging with high
SNR or extended anatomical coverage with MRA of
other vascular territories during the steady state.

As the relaxivity of most contrast agents - i.e.,
those with no or slight protein interaction - is
decreased by less than 20% with the transition from
1.5T to 3T (e.g., gadobutrol from R1=5.2 L/mmol/s
at 1.5T to R1=5.0L/mmol/s at 3T, Gd-DTPA from
R1=4.1L/mmol/s at 1.5T to R1=3.7L/mmol/s at
3T) the relative contrast agent efficacy is increased
at 3T (Table 5.2). For gadofosveset (Europe - Vaso-
vist®, USA - Ablavar®), a strongly protein-binding
contrast agent for vascular imaging, the decrease in
relaxivity with the transition from 1.5T to 3T of 50%
is seen. Yet, gadofosveset still reveals the highest R1
relaxivity at both field strength of 9.9 L/mmol/s at 3T
compared with 19.0 L/mmol/s at 1.5T [16]. Recent
studies therefore report an unchanged or even
improved image quality of 3T MRA with reduced
administered amounts of contrast agent [40-42]
(Figure 5.4). Depending on the study design, the
amount of contrast agent was reduced by 25% to
50% to an overall dose of 0.1 mmol/kg body weight.
Reduction of the administered amount of contrast is
economically desirable but of particular importance
in patients with impaired renal function. Patients with
severely decreased renal function (glomerular filtra-
tion rate [GFR] < 30 mL/min/1.72m?) are at particu-
lar risk for developing nephrogenic systemic fibrosis
(NSF), a rare but potentially deadly disease which
seems to be linked to the prior administration of
certain gadolinium chelates (Gd-chelates) [43]. Par-
ticularly, higher doses (0.2 mmol/kg body weight and
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Figure 5.4 In comparison to an MRA acquired after injection of
20mL gadobutrol at 1.5T (left), the 3T image of the same volunteer
(right) acquired after injection of 15mL Gd-BOPTA demonstrates
higher SNR with a more homogeneous signal despite voxel volume
and acquisition time being decreased at the same time.

higher) of gadodiamide in patients with chronic renal
failure and with previous pro-inflammatory events
seem to increase the relative risk for developing NSF
significantly [44, 45]. Thus, MRA at 3T using a single
dose (0.1 mmol/kg body weight) of one of the more
suitable agents is currently considered the best clinical
practice in these patients. Probably even lower doses of
contrast agent up to 0.05 mmol/kg could be used. Many
groups are currently investigating this scientifically. If a
CE-MRA is clinically warranted in high-risk patients it
seems appropriate to perform the examination with
a minimal dose of a macrocyclic contrast agent (Gd-
DOTA, gadoteridol, or gadobutrol) according to the
latest guideline from the European Medicines Agency
(EMA). Imaging at 3T with a 0.07 mmol/kg dose of
contrast is one potential solution where a good spatial
resolution and SNR can be achieved with a minimal
amount of contrast only [42] (Figure 5.5). The relative
risk of developing NSF after the injection of Gd-chelates
is still markedly lower than the risk of contrast-induced
nephropathy in cases of exposure to iodinated contrast
agents, e.g., computed tomography (CT)-angiography
or DSA.

Non-contrast-enhanced (NCE)-MRA

NCE-MRA has been available throughout the past 15
years. Unfortunately, the techniques available at the
time, time-of-flight (TOF) and phase contrast (PC)
MRA, were characterized by several disadvantages

Figure 5.5 Focused thin-volume sagittal (left image) and coronal
(right image) multiplanar reformation of a patient suffering from
severe atherosclerosis. These images were acquired in a peripheral
run-off study with continuous table movement after the injection of
0.07 mmol/kg gadobutrol. A high-grade stenosis of the celiac axis
(arrow) as well as proximal occlusion of the superior mesenteric
artery (arrowhead) is appreciated in the sagittal image. In the
coronal image a large collateral vessel originating from the inferior
mesenteric artery (Riolan’s anastomosis) (arrowheads) is seen.

precluding widespread clinical application. Mainly
driven by Japanese development - contrast agent is
poorly reimbursed in Japan - and massively sup-
ported by the discussion about NSF, new NCE-MRA
techniques have appeared. These techniques are typ-
ically based on steady-state free precession (SSFP)
sequences with or without EKG-gating and venous
background suppression. Typically the tissue in the
imaging plane is inverted and the venous inflow caud-
ally is suppressed by a saturation band. The blood
flowing cranially into the imaging volume is not sup-
pressed and hence demonstrates bright signal. In
order to optimize the image quality imaging is per-
formed with EKG-gating. In some applications select-
ive excitation is performed, i.e., magnetic labeling, of
the inflowing blood. NCE-MRA benefits from 3T
with its inherent prolonged T1 times in two ways.
First, the improved background suppression allows
for a higher vessel-background contrast. Second, the
prolonged T1 times also lead to a slower decay of the
magnetically labeled inflowing blood.

While breath-hold examinations have been
described, NCE-MRA is typically acquired over 2-4
minutes during free breathing. Clinical results of current
studies conducted at 1.5T hold promise for a high accur-
acy [46, 47]. NCE-MRA based on SSFP sequences
showed good correlation to DSA and to CE-MRA.
NCE-MRA had the advantage over CE-MRA of demon-
strating distal vessels better than CE-MRA as no

53



54

Chapter 5: Abdominal and pelvic MR angiography

Figure 5.6 Coronal (upper image) and transversal (lower image)
thin-volume MIP of a patient suffering from bilateral renal artery
stenosis. The MRA was acquired after injection of 0.1 mmol/kg
Gd-chelate and reveals severe and diffuse atherosclerotic changes
including an infrarenal aortic aneurysm. The left renal artery shows a
high-grade focal stenosis (arrowhead). The right renal artery was
stented (arrow) prior to this MRA examination and demonstrates a
signal void.

superimposed enhancement of the renal cortex was seen.
A single study currently compares SSFP-MRA of the
renal arteries at 1.5T intraindividually with SSFP-MRA
of the renal arteries at 3T [48]. In this study the authors
demonstrated a higher image quality scoring for the 3T
SSFP-MRA which also allowed better depiction of the
most distally located renal arteries.

Clinical application

Renal artery imaging: renal artery
stenosis and more

Renal artery stenosis (RAS) is the most common
cause of secondary hypertension [49, 50], with a preva-
lence of approximately 4% in Western countries [51].

Figure 5.7 Thin-volume MIP of a 3T MRA of the renal arteries

(0.1 mmol/kg Gd-chelate) demonstrating a normal aorta and left
renal artery. The right renal artery demonstrates a proximal tandem-
stenosis (arrow).

The prevalence of atherosclerotic RAS increases
with age and concomitant diseases such as hyperten-
sion, diabetes mellitus, or coronary artery disease
to up to 47% [52-56] (Figures 5.6 and 5.7). RAS will
lead to ischemic nephropathy with subsequent end-
stage renal disease (ESRD) [49] if not detected and
treated properly. RAS is estimated to account for
10-40% of ESRD [57] in patients without identified
primary renal disease such as glomerulonephritis
or autosomal dominant polycystic kidney disease.
Among all patients with RAS, atherosclerotic RAS
can be found in 90% of patients with RAS while
fibromuscular dysplasia (FMD) accounts for the
remaining 10% of cases [49, 56, 58] (Figure 5.8).
FMD mainly affects younger female patients whereas
atherosclerotic RAS is a disease of elderly patients.
Detection and characterization of RAS is prob-
lematic in two ways. First, there is a considerable
overlap of different renal disease complexes including
atherosclerotic vascular disease, primary hyperten-
sion, and renal parenchymal disease [49]. Secondary
hypertension may be the consequence of RAS but in a
patient with concomitant renoparenchymal disease
the initial reason for the hypertension often cannot
be determined based on morphologic imaging only.
Second, the accuracy of the currently utilized diag-
nostic tests varies significantly. While ultrasound is
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Figure 5.8 Fibromuscular dysplasia in two different patients. At 3T
high spatial resolution (0.9 x 0.8 x 0.9 mm?>) and fast acquisition
allow for robust depiction of the classic string-of-beads appearance
(arrowhead) in the distal renal arteries following single-dose
Gd-chelate administration.

heavily user-dependent, the reported studies on MRA
are quite nonconclusive. Initial studies and meta-
studies on the accuracy of detecting and grading
RAS with MRA were extremely promising [59-62]
while a more recent meta-study found a sensitivity/
specificity of only 62%/84% for the correct grading
of RAS with MRA [63]. The poor results of this
meta-study can be contributed to several factors. In
contrast to the positive initial studies a retrospective
approach was chosen and also patients suffering
from FMD were included. Due to the subtle changes
and the oftentimes distal location of FMD, there may
have been lesions missed on the 1.5T and 1T MRA
examinations due to their inherent lower spatial
resolution.

MRA at 3T offers several advantages that are very
beneficial for imaging the renal arteries and for dif-
ferentiating between renovascular and renoparenchy-
mal disease. As explained above, the higher SNR at 3T
can be directly translated into a higher spatial reso-
lution and shorter acquisition times, which are two
prerequisites for successful depiction of FMD and
distal RAS [21] (Figure 5.8). The high accuracy has
also been confirmed by initial clinical studies with
correlation to invasive angiography [64]. However,
studies with a larger number of patients have not been
published at this time. Functional imaging studies
such as first-pass renal perfusion studies and blood
oxygen level-dependent (BOLD) imaging, which can
be helpful in differentiating renovascular disease from
renoparenchymal disease, also directly benefit from
higher field strength [65, 66].

Imaging with high spatial resolution and isotropic
voxels which is facilitated by the higher SNR at 3T is a
prerequisite for lossless post-processing including the
generation of curved multiplanar reformats and
double oblique cross-sectional views. This is of
importance as the “area stenosis” correlates better
with DSA than the “diameter stenosis” [12] with sub-
sequently improved interobserver agreement, in par-
ticular for intermediate-grade RAS. In previous
studies high-grade stenoses and occlusions were
almost always correctly graded while intermediate-
grade stenoses were always a source of error. Apart
from the detection of FMD and the correct grading of
RAS high spatial resolution is also mandatory in the
evaluation of potential living kidney donors. To avoid
transplant dysfunction all renal arteries - including
small accessory arteries often supplying the uretero-
pelvic junction - have to be displayed on preoperative
imaging to be successfully included in the transplant-
ation. As accessory arteries may originate from the
entire aorta or the iliac arteries a large FOV is indi-
cated in patients who are evaluated as potential living
kidney donors (Figure 5.9). In these patients multi-
phasic examinations are of particular interest as the
venous anatomy has to be reported as well. Intravas-
cular contrast agents or those with a slight protein
interaction are particularly well suited for this pur-
pose. In renal transplant patients with suspected graft
dysfunction, multiphasic MRA examinations are indi-
cated to rule out RAS, renal vein thrombosis, iliac
artery dissection, or aneurysm, all common compli-
cations during the peri-operative time [67]. The clin-
ical accuracy of CE-MRA in native kidneys but also in
renal transplants is significantly increased if func-
tional perfusion measurements are acquired during
the same examination [68] (Figure 5.10).

Aneurysms of the renal arteries are rare and occur
mainly in patients with FMD or with long-standing
atherosclerosis. They can lead to hypertension and
renal infarction, but are generally not likely to rup-
ture. Imaging of aneurysms of the main renal arteries
can be easily achieved with standard CE-MRA. Distal
renal artery aneurysms that may occur in patients
with panarteritis nodosa or neurofibromatosis can
only be seen with CE-MRA when timing and
enhancement are optimal as enhancement of the renal
parenchyma may easily obscure these findings. Other
manifestations of vasculitis of the renal arteries are
concentric long-segment high-grade stenoses, which
can be encountered in patients with Takayasu disease.
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Figure 5.9 Thin-volume 3T coronal MIPs of two patients with multiple renal arteries on the right side. The left patient additionally
demonstrates renal artery stenoses of the lower two renal arteries (arrowheads). Please note that the origin of the renal arteries of the left
patient almost reaches the aortic bifurcation. Particularly in patients with variant renal anatomy (malrotation or horseshoe kidney) renal arteries

coming off the iliac arteries are not uncommon.

Figure 5.10 In the coronal thin-volume MIP of the renal arteries (left image) two renal arteries on the patient’s right side can be seen.
The upper vessel appears slender and normal while the lower renal artery cannot be visualized proximally (arrowhead) with post-stenotic
dilation. The color-perfusion maps demonstrate normal perfusion on the left side while the right kidney demonstrates a reduced (lower pole)
and almost absent (mid portion) plasma flow in the lower half of the organ. See plate section for color version.

Imaging of the aorta and iliac vessels:
from aneurysms to aortitis

Imaging of the aorta can be performed with similar
sequences as renal imaging apart from a sagittal orien-
tation of the imaging volume rather than coronal. The
best image quality of the high-resolution MRA can be
achieved if a homogeneous enhancement is present

throughout the aorta. This is best achieved with slow
injection rates of 0.5-1.0mL/s. In patients with
abdominal aortic aneurysm the enhancement of the
aneurysmal sac demonstrates large interindividual
differences and might be due to the turbulent flow in
the aneurysm. Therefore a homogeneous enhancement
of the aneurysm will often be appreciated in the venous
phase only. MRA allows for reliable differentiation of
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thrombus and flowing blood in the aneurysmal sac -
yet the exact extent of calcifications cannot be esti-
mated with MRA (Figure 5.11).

In cases of severe atherosclerosis the assessment
of the aorta and of the iliac arteries is typically
included in a run-off MRA study that starts at the
diaphragm and extends to cover the pedal arteries as
well. With current MR scanners the large FOV can
be easily covered with several MRA steps [69] or
with a single continuous FOV [70]. Both approaches
yield comparable high image quality as seen in
single-station high-resolution MRA in the abdomen
(Figure 5.12). At 3T the entire FOV can be acquired
with a minimal dose (0.07 mmol/kg) of contrast
agent only [71].

In patients with suspected dissection or occlusion
of the abdominal aorta multiphasic or time-resolved
MRA examinations should be added to the examin-
ation protocol [72] (Figure 5.13). This allows char-
acterization of the blood flow in the true and false
lumen and to assess the perfusion of the kidneys
[73]. State-of-the-art sequences for this purpose
comprise time-resolved view-sharing techniques such
as TWSIT (time-resolved MRA with stochastic inter-
leaved trajectories) [74] or TRICKS (time-resolved
imaging of contrast-kinetics) [75]. The advantage of
view-sharing is that a higher temporal resolution can
be achieved with no SNR-penalty. In combination
with parallel imaging a temporal resolution of 2-3
seconds per full 3D volume with a spatial resolution
of 1.2 x 1.2 x 2mm? can be achieved. At 3T, time-
resolved studies of the aorta can be successfully
acquired with small amounts of contrast agent
(3-6 mL) only. When the high spatial resolution is

Figure 5.11 Source data (left) and
thin-volume MIP (right) image of a patient
suffering from severe atherosclerosis. The
high spatial resolution MRA at 3T clearly
demonstrates an elongated aorta with
infrarenal aortic aneurysm (asterisk) and
lateral thrombus formation (arrow on
right image). In addition, a focal dissection
of the hepatic artery is seen (arrow on left
image).

Figure 5.12 Full-thickness composed coronal MIP (left) of a 3T
MRA of the chest and abdomen in a patient with Marfan’s syndrome.
There are bilateral elongated vertebral arteries (arrow) as well as a
treated abdominal aortic aneurysm (asterisk). The metal artifact from
the MR-compatible endovascular aortic stent is better depicted on
the coronal 3D fat-suppressed T1-weighted gradient echo (GRE)
sequence (right image) acquired immediately after the MRA.

traded for a higher temporal resolution, time-
resolved techniques can also be used as an improved
timing-run after the injection of just 1 mL of contrast
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Figure 5.13 (a) Full-thickness coronal MIP (left) of a time-resolved
MRA of the abdomen acquired after injection of 4 ml of a Gd-chelate.
A complete dissection of the aorta can be seen with the false lumen
supplying the right common iliac artery and the true lumen the left
common iliac artery. A full-thickness MIP of a high-spatial-resolution
MRA of the same patient (right) demonstrates a weaker enhancement
in the false lumen (asterisk) and the right kidney (arrowhead).

(b) Selected coronal source images of the origin of the right renal
artery (upper two rows) as well as of the superior mesenteric artery
(lower row) of the same patient. The right renal artery obtains its flow
mainly from the false lumen with only a minor contribution from the
true lumen. This results in a marked side-different perfusion of the
kidney. The dissection membrane extends into the superior
mesenteric artery, which is well visualized on the thin coronal MIP
view. The celiac axis originates from the true lumen only.

(Figure 5.3). This kind of timing-run allows for a
rough assessment of the aorta: dissecting aneurysms
or larger collaterals can already be visualized with the
timing-run, which allows for a better planning of the

subsequent high-resolution MRA. In patients in
whom contrast agent administration is contraindi-
cated, nonenhanced SSFP sequences are the default
option for the depiction of the aorta [76]. SSFP
sequences are well suited to measure the diameter
of the aorta and can also demonstrate a dissection
membrane - particularly if EKG-gating is used - but
are not suitable for assessing the abdominal branches
of the aorta at this time.

Time-resolved images or arterial and venous
CE-MRA often fail to demonstrate endoleaks as
the flow into the endoleaks can be rather slow.
A study on the detection of endoleaks favored the
application of intravascular contrast agents with
delayed images after 30 minutes on which a slow
blood flow into the aneurysm could be demon-
strated [77]. Therefore delayed T1-weighted axial
images seem to be most useful for the detection of
endoleaks (Figure 5.14).

With the introduction of the new intravascular
contrast agent gadofosveset venous imaging has been
largely facilitated. Venous studies can now be easily
acquired in the steady state after the injection of
gadofosveset without sacrificing image quality [78].
If this intravascular contrast agent is not available,
contrast agents with slight protein interaction such
as Gd-BOPTA or higher concentrated agents such
as gadobutrol can serve as a suitable alternative. The
imaging window however is limited requiring the
acquisition of the venous MRA immediately after
the arterial data set. Immediate post-contrast 3D
VIBE (volume-interpolated breath-hold sequence),
LAVA (liver acquisition with volume acceleration),
or THRIVE (T1-weighted high-resolution isotropic
volume examination) sequences in two orientations
(axial and coronal) allow for an excellent depiction
of the vessel lumen as well as the para-aortic soft
tissue, e.g., thrombotic material of aortic aneurysms
or endoleaks (Figure 5.15). In some cases wall
enhancement of the aortic wall can be seen in cases
of vasculitis even though these cases are rare. Better
sequences to specifically investigate vessel wall
involvement in inflammatory diseases comprise
single-slice EKG-gated dark-blood T1-weighted-fat
saturated turbo spin echo sequences and single-slice
EKG-gated dark-blood T2-weighted-fat saturated
sequences. Typical inflammatory diseases affecting
the abdominal aorta are Ormond’s disease - also
known as periaortitis or retroperitoneal fibrosis -
and Takayasu disease. In Ormond’s disease uni- or
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Figure 5.14 Thin sagittal MIP of the
high-spatial-resolution MRA (left column),
pre-contrast (top right), and 5 minutes
post-contrast (bottom right) axial fat-
suppressed 3D T1-weighted GRE images
in a patient post endovascular abdominal
aortic repair. A single dose of 0.5M
Gd-chelate was administered. A type Il
endoleak can be seen in the MRA
(arrowhead) but is more conspicuous on
the fat-suppressed 2-mm 3D T1-weighted
GRE images acquired at 3T.

Figure 5.15 Multiple axial fat-suppressed 2-mm 3D T1-weighted GRE images acquired in the venous phase immediately after the
high-spatial-resolution MRA. At 3T the spatial resolution of volumetric sequences such as VIBE, LAVA, or THRIVE allows for the exact depiction
of the dissection membrane, and the visualization of slow/delayed flow into the aneurysm sac. In this case multiple different lumina are
seen in the thoracic aorta (top row). The split blood supply to the left renal artery and the well-preserved origin of the superior mesenteric
artery are also well appreciated on these images (bottom row).

bilateral hydronephrosis is the main reason for pre-
sentation. Even though the inflammatory tissue is
located around the aorta, a relevant luminal
narrowing of the aorta is rare. Dedicated imaging
with specific sequences as above is rarely indicated.

On the contrary, in Takayasu disease high-grade
aortic narrowing and concentric stenoses of the
abdominal branches can be seen [79]. In the current
classification of Takayasu the forms III-V affect the
abdominal aorta and its branches (Table 5.3). CE-MRA
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Table 5.3 Classification of Takayasu disease

Type Localization

Type | Branches of aortic arch

Type lla Ascending aorta, aortic arch, and branches
of the aortic arch

Type b Ascending aorta, aortic arch and its
branches, and thoracic descending aorta

Type llI Thoracic descending aorta, abdominal
aorta, and/or renal arteries

Type IV Abdominal aorta and/or renal arteries

Type V Features of types llb and IV

Figure 5.16 Thin sagittal (left) and coronal (right) MIP view of a
patient suffering from severe atherosclerosis. The entire aorta
exhibits an irregular wall and an additional infrarenal abdominal
aortic aneurysm. In the sagittal view a proximal occlusion of the
celiac axis is seen (arrow). No relevant post-stenotic dilation is seen.
The blood supply to the liver and spleen is maintained via collateral
gastroduodenal arteries (arrowhead).

will show concentric long-segment stenoses with thick
edematous and enhancing vessel wall.

Imaging of the mesenteric arteries

Imaging of acute mesenteric ischemia is rarely per-
formed with MRA as most patients are being examined
with CT-angiography. Due to the longer examination
times MRA is not suited for emergency examinations
but well suited to demonstrate the status of the visceral
arteries in a nonemergency situation. Typical indica-
tions comprise the depiction of the origin of the celiac
axis, the superior mesenteric artery and the inferior
mesenteric artery in patients with atherosclerosis to

Figure 5.17
Sagittal thin MIP
view of a high-spatial
MRA acquired at 3T
after injection of

0.1 mmol/kg
Gd-chelate.

A proximal high-
grade stenosis of the
celiac axis can be
appreciated. The
hemodynamic
relevance of this
finding is underlined
by the post-stenotic
dilation seen in this
patient.

rule out chronic mesenteric ischemia (Figures 5.16
and 5.17). MRA at 3T allows pathologic changes such
as proximal stenoses, focal or long-segment dissec-
tions, and collateral vessels to be safely demonstrated.
From a technical point of view optimization of the
sequence can be done according to what has been
stated for the renal arteries above. PI is mandatory as
it improves image quality due to less artifacts and even
showed an increase in CNR in a single study of the
hepatic artery and aorta [25]. Stenoses of the mesen-
teric vessels are common in patients with systemic
atherosclerosis. In this case MRA clearly demonstrates
the luminal narrowing which is almost always located
at the origin of the vessel. If clinically relevant a post-
stenotic dilation and/or collateral vessels can be
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Figure 5.18 10-mm-thin axial MIPs
based on fat-suppressed 3D T1-weighted
GRE sequences acquired during the
arterial (left) and venous (right) phase.

A large caliber hepatic artery can be seen
(arrow) as well as a perfusion difference
between the right and left (asterisk)
hepatic lobe. In the venous phase a bland
thrombus (arrowhead) in the right portal
vein is seen. These imaging findings are
consistent with a hepatic artery buffer
response syndrome.

Figure 5.19 Coronal (left) and axial (right) thin MIP views of a 3T abdominal fat-suppressed 3D T1-weighted GRE examination. The high and
almost isotropic spatial resolution of the fat-suppressed 3D T1-weighted GRE sequence at 3T (14 x 1.1 x 2.0 mm?) allows near lossless
multiplanar reformats. In this patient a variant blood supply to the liver is seen. The right hepatic artery originates from the superior mesenteric
artery (arrow) while the left hepatic artery originates from the celiac axis (arrowhead). A =anterior, L = left, F =feet.

appreciated (Figures 5.16 and 5.17). However, if a
narrowing of the celiac axis is seen in young and
slender patients close attention has to be paid to this
finding. Most stenoses of the celiac axis are caused by
the diaphragm crus and do not cause clinical symp-
toms. Only in a minority of patients with clinical
symptoms such as postprandial upper abdominal pain
can a relevant functional narrowing of the celiac axis be
found. In these patients repeated CE-MRA measure-
ments in inspiration and expiration demonstrate dia-
phragm position-dependent luminal narrowing.
Imaging of the hepatic vessels is rarely done
to detect and grade luminal narrowing as in the

case of the renal arteries. In most cases, the number
and origin of the hepatic arteries is of interest
in patients before intervention or surgery. CE-MRA
can be used for this purpose but contrast-enhanced
3D sequences such as VIBE, LAVA, or THRIVE
are equally well suited at 3T. These sequences
are basically less “aggressive” MRA sequences, and
can be acquired with 2-mm-thin slices yielding
MRA-like images during the arterial phase. At
the same time they yield additional information
about the hepatic perfusion and about the portal
vein when acquired several times (Figures 5.18
and 5.19).
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Future developments

MRA has always been a driving force behind the devel-
opment of MR techniques. New technical innovations
on the horizon of MRA are already in sight and have
been used in initial studies. Among the very promising
techniques are developments of PI with acceleration in
phase-encoding and partition-encoding direction, fur-
ther optimizing temporal resolution [24]. Combined
with improvements of the RF coil systems and with
more stable PI reconstruction algorithms, this tech-
nique is likely to become clinical routine in the near
future. Still far away from clinical applications is the so-
called off-resonance contrast angiography (ORCA)
[80]. ORCA contrast depends not on T1 shortening of
the blood but on gadolinium-induced shifts in intravas-
cular resonance frequency due to the bulk magnetic
susceptibility effects of gadolinium and seems to pro-
vide very good background suppression without image
subtraction. Edelman and colleagues also presented the
idea of a scoutless abdominal MRA examination based
on nonselective RF excitation with 2D acceleration that
yielded a 30% decrease in imaging time without a sig-
nificant loss in SNR [80]. Other very promising and
commercially already available techniques are the
Dixon-based fat saturation techniques which allow for
the reconstruction of fat-only and water-only images at
the expense of imaging time [82, 83]. The potential of
the intravascular contrast agent gadofosveset, which has
been commercially available in Europe since April 2006
and in the USA since the beginning of 2010, has not
been fully explored yet. Dedicated MRA sequences with
respiratory-gating and EKG-gating seem very promis-
ing for imaging in the steady state as they allow
extended imaging times and hence higher SNR and a
higher spatial resolution. Proof-of-concept studies have
already been performed in animals but no clinical stud-
ies have been published at the time of this writing [84].
Similarly, proof-of-concept animal studies for the
detection of gastrointestinal bleeding with intravascular
contrast agents have been published [85] without any
clinical follow-up studies in humans.

Conclusion

MRA of the abdominal and pelvic vessels greatly
profits from the higher SNR at 3T. MRA sequences
which are adapted to 3T allow for higher spatial
resolution of less than 1 mm isotropic, shorter acqui-
sition times, and reduced amount of administered
contrast agent. Particularly, the combination of PI

Table 5.4 Requirements for state-of-the-art CE-MRA with focus
on the renal arteries
Criterion Comments

High spatial
isotropic resolution

At most 1-mm voxel edge length
to depict subtle changes and
allow for lossless reformats

With current 3T equipment

0.9 mm isotropic can be achieved
Minimized
acquisition time

At most 20 s acquisition time to
minimize motion artifacts

Sufficient slab
volume

Particularly in mesenterial MRA
make sure to have enough
coverage in anterior—posterior
direction

Inclusion of the entire abdominal
aorta and of the iliac arteries to
depict all aberrant renal artery

Sufficient z-axis
field of view (FOV)

origins
Homogeneous, Correct bolus timing to provide
good high CNR to depict also smaller
enhancement vessels. Use automated power
injector. Consider using
improved contrast agents
(higher relaxivity, higher
concentration)
Multiphasic Acquire one arterial phase and at
examination least one venous phase. Mask

sequence should be acquired for
later image subtraction

Functional imaging  Add functional sequences
such as MR PC-flow
measurements and MR perfusion

measurements

Area stenosis more accurate than
diameter stenosis, use source
data and 3D post-processing

Standardized
reading criteria

and 3T is beneficial in increasing image quality and
minimizing 3T-specific problems such as the
increased SAR. Optimal protocol settings are depicted
in Table 5.4. Initial clinical studies which were per-
formed on a small level show promising results for
the accuracy of the detection of vascular disease. The
advent of new intravascular contrast agents such as
gadofosveset will additionally broaden the spectrum
of potential MRA applications towards more compre-
hensive examinations. Overall, the benefits of 3T can
be translated into an improved MRA examination.
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Introduction

Increasing the main magnetic field strength for mag-
netic resonance (MR) imaging offers several theoret-
ical advantages including higher signal to background
noise, increased spectral separation, and better tissue
contrast. The questions remain as to whether these
theoretical advantages can be realized in the clinical
setting and whether this implementation will lead to
better lesion detection and characterization, more
accurate diagnoses, and ultimately better patient out-
come compared with 1.5T systems. While clinical 3T
liver imaging is now more widely available, these
questions still remain unanswered, as published sci-
entific data are small. The answers will not only
depend on the optimization of field strength-specific
parameters but also on concomitant improvements in
software and hardware.

The purpose of this chapter is to introduce the
reader to the challenges and opportunities of 3T liver
imaging as compared with 1.5T. Sequence optimiza-
tion will be discussed in the context of focal and
diffuse liver diseases and an optimized clinical proto-
col will be presented. Advanced functional liver
imaging will also be discussed in the context of 3T
and its potential clinical applications. This chapter
serves as an introduction to high-field liver imaging
and should be used as a foundation on which to build
as future improvements in imaging sequences and
high field coil and magnet design are ongoing.

Opportunities and challenges of liver
imaging at 3T: the fundamentals

BO field homogeneity

BO defines the main effective static field of the scanner.
In the abdomen, susceptibility artifacts occur mostly

Liver MR imaging at 3T: challenges
and opportunities

Elizabeth M. Hecht and Bachir Taouli

at the air-tissue interfaces, and can also be caused
by bowel air, surgical clips, and metallic objects. These
susceptibility effects are generally larger at 3T
than 1.5T, because of a linear dependence of the
magnetization on the field strength [1] (Figure 6.1).
The shortened T2* relaxation times that result from
local field distortions cause greater signal loss at a
given echo time (TE) at 3T than at 1.5T (Figure 6.2).
Given that spatial localization relies on gradient-
induced frequency and phase-encoding, susceptibility-
induced field alterations also lead to image distortions.
Susceptibility-weighted imaging of the brain, and even
some abdominal imaging applications, may benefit
from greater susceptibility. For example, improved
sensitivity to iron deposition in the liver and other
organs may be useful in the detection of hemosiderosis
and hemochromatosis [2]. Greater sensitivity to iron-
containing contrast agents may also prove advanta-
geous by reducing the required amount of administered
iron contrast, although a study on volunteers failed to
show stronger signal attenuation of SPIO (superpara-
magnetic iron oxide)-enhanced liver parenchyma at
3T compared with 1.5T [3].

Strategies to minimize susceptibility effects
include improved localized shimming, reduced voxel
size, and shortening of TE and echo train lengths
(ETL). Improvements in shimming aim to reduce
the magnetic field inhomogeneity directly. Smaller
voxel size minimizes intravoxel dephasing. Addition-
ally, gradient echo sequences using short TE will
have less signal loss due to T2* shortening. Unfortu-
nately, higher receiver bandwidths are usually neces-
sary to shorten TE, in turn, reducing the gain in
signal-to-noise ratio (SNR). As will be discussed
below, parallel imaging strategies can be beneficially
applied to echo planar imaging (EPI), whereby the
center of k-space is traversed earlier and at shorter

Body MR Imaging at 3 Tesla, ed. IThab R. Kamel and Elmar M. Merkle. Published by Cambridge University Press.

© Cambridge University Press 2011.
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Figure 6.1 Susceptibility artifacts demonstrated in the same patient at 1.5T and 3T. Unenhanced gradient echo (GRE) images at 1.5T
(A) and 3T (B). Patient is status post partial hepatectomy for hepatocellular carcinoma (HCC), with hepatic dome clips creating susceptibility
artifacts worse at 3T compared with 1.5T, the TEs being approximately equivalent (1.14 ms at 1.5T vs. 1.34ms at 3T).

Figure 6.2 T2* maps at 1.5T (A) and 3T (B) in the same patient. Multiecho breath-hold T2* acquisitions were performed using TR 80 ms/TEs
0.94-17.26ms at 3T, and TR 169 ms/TEs 2.38-23.82 ms at 1.5T. Liver T2* values were shorter at 3T than at 1.5T (14 vs. 32 ms).

effective TE compared with an EPI sequence without
parallel imaging. In addition, the undersampling of
k-space with parallel imaging allows the reduction
of acquisition time. In theory, a well-shimmed 3T
whole-body MR system can provide field homogen-
eity specifications that are comparable with or even
improved over 1.5T systems.

With the increase in precessional frequency at 3T
(the Larmor frequency at 3T is twice as long as that at
1.5T), the chemical shift between compounds, simi-
larly proportional to the magnetic field strength, also
increases. This greater spectral separation of fat and

water and other compounds, combined with greater
SNR, provides great promise for MR spectroscopy at
high fields [4, 5]. For imaging applications, the
greater chemical shift between fat and water, equaling
about 440 Hz at 3T, compared with 220 Hz at 1.5T,
has several practical consequences. First, the TEs
at which fat and water protons are in-phase and
opposed-phase (or out-of-phase) become much more
closely spaced at 3T. The protons are in-phase at TEs
of 2.28 ms and multiples thereafter (4.56 ms, 6.84 ms,
etc.), while fat and water protons are opposed phase at
TE of 1.14 ms, 3.42 ms, 5.7 ms, and so on (Figure 6.3).
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Figure 6.3 2D in- and out-of-phase images at 3T in a healthy volunteer. In-phase (A) and out-of-phase (B) images were obtained using
TR/TE of 179 ms/1.14 ms (out-of-phase) and 2.3 (in-phase), slice thickness 6 mm, flip angle 50°.

Second, given the greater separation of fat and water
at 3T, chemical shift artifact of the first kind, due to
mismapping of the frequency-encoded signal of fat
into water voxels, can be seen at higher receiver band-
widths than at 1.5T. Last, for applications that depend
on frequency-selective fat suppression pulses, the
greater spectral separation lends itself to more suc-
cessful suppression, provided reasonable BO field
homogeneity is maintained.

B1 field homogeneity

B1 refers to the radiofrequency (RF) field strength.
Inhomogeneity in the Bl field results in imperfect
excitation and may manifest as regions of signal loss
or, less commonly, signal brightening. At increasing
field strength, RF homogeneity becomes more chal-
lenging to maintain. The human body is composed
predominantly of water and thereby amenable to
proton MR imaging. However, water is a very con-
ductive medium with high electrical permittivity and
these properties in human tissue can inhibit the gen-
eration of a uniform Bl field. At higher field
strengths, the interaction between the human body
and the coil becomes more pronounced in part
because the size of the body becomes comparable to
the operating RF wavelength. Compared with 1.5T, at
3T unwanted RF behavior in the body becomes more
apparent. Although the distribution of these effects
can be unpredictable, in abdominal imaging they
commonly manifest as regions of signal loss over vital
structures such as the left lobe of the liver (Figure 6.4).

In addition, excitation field variations can result in
nonuniformities of flip angle across the image and
may manifest as spatial variations of contrast.

The B1 field shaping effects of the human body
are commonly grouped under the general term
“dielectric effects” but are a result of both standing
wave and dielectric effects. At sufficiently high fre-
quency, several complex influences come into play
including construction and destructive interferences
due to wave propagation effects at the shortened
wavelength associated with high internal permittiv-
ities; shielding effects of the RF eddy currents induced
by the coil fields in electrically conductive tissues; and
distortion of electromagnetic fields at tissue boundar-
ies. The net effect of these dynamic phenomena
depends on the geometry and composition of the
patient’s body, e.g., in obese patients and in the pres-
ence of ascites or amniotic fluid, these effects are
more pronounced [6].

The most straightforward and pragmatic solution
to alleviate these types of artifacts is by using an RF
cushion. An RF cushion (or dielectric pad) is simply a
pad filled with a conductive medium (e.g., dilute
manganese chloride solution) that has a very high
dielectric constant and low conductivity (Figure 6.4).
The cushion is designed to alter the geometry of the
object being imaged and changes the phase of the RF
standing waves. While this does not serve to eliminate
the artifact, it displaces out of the imaging field of
view. In a study of Franklin et al., the RF cushion was
found to reduce the Bl inhomogeneity artifact in the
liver on single-shot fast spin echo (FSE) T2-weighted
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Figure 6.4 Dielectric effect at 3T. Single-shot T2 fast spin echo (FSE) images obtained without (A) and with a dielectric pad
(B). A dielectric effect (shading) is seen over the left hepatic lobe (arrow) on the image without the pad. The effect is suppressed with the use
of a dielectric pad.

images [7]. Compared with T1-weighted gradient
echo sequences, T2-weighted turbo spin echo (TSE)
type sequences can suffer more from B1 inhomogen-
eity artifacts possibly due to the higher number of
refocusing pulses required for the T2-weighted
sequences. Of note, based on initial observations
two-dimensional (2D) T1-weighted gradient echo
sequences appear to be slightly more vulnerable to
these artifacts compared with three-dimensional (3D)
gradient echo sequences [8].

Post-processing filters have been introduced on
some systems and serve to equalize signal throughout
an image and can alleviate the effects of the artifact.
However, the filters do not address the source of the
problem and cannot regain lost SNR. Other
approaches may offer more enduring and systematic
solutions. These include alternative pulse sequences
that utilize innovative RF excitation pulses that aim to
generate more uniform excitation [9] and new
phased-array transmit coil designs that permit cus-
tomized excitation pulses for uniformity [10, 11]. Ina
preliminary study by Vaughan et al., 9.4 T imaging of
the human brain was achieved and image quality
optimized by using interactive, multichannel RF field
magnitude and phase shimming to compensate for
field inhomogeneity as encountered [12]. Parallel
excitation with transmit coil arrays would also permit
additional control over field homogeneity. This tech-
nique could be used to accelerate complex RF pulses,
and may also improve signal homogeneity and reduce
specific absorption rate (SAR) [11, 13].

Specific absorption rate (SAR)

In theory, the SAR increases proportionally to the
main magnetic field, and should be increased by a
factor of 4 at 3T compared with 1.5T. As baseline SAR
increases, the local distribution of SAR becomes more
heterogeneous and subject-specific for similar reasons
discussed above related to human tissue conductivity
and permittivity.

Limiting SAR becomes technically challenging for
body imaging at 3T as many RF-intensive pulse
sequences are utilized, e.g., frequency-selective fat-
suppressed T2-weighted TSE. Acceleration of data
reception using parallel imaging may be used to
reduce SAR for individual data sets because it reduces
the number of RF excitations required to generate a
given data set. However, to have a significant impact
on SAR, much higher order parallel imaging would be
required than is currently feasible in routine practice.

At 3T in general practice, imaging parameters are
significantly constrained by the SAR limits imposed
by the US Food and Drug Administration (FDA) and
implemented by manufacturers. Straightforward par-
ameter adjustments such as decreasing slices per repe-
tition time (TR), decreasing flip angle, lengthening
TR, increasing inter-echo spacing, and prolonging
the RF pulse duration can reduce SAR; however,
adjusting these parameters leads to reduced coverage,
alteration of tissue contrast, and diminished SNR.

There are several new sequence designs that can
reduce SAR and have been successfully implemented
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at 3T. Variable-rate selective excitation (VERSE) uses
a time-varying gradient which modifies the shape of
the RF pulse to reduce the amplitude of the RF signal
without significantly affecting other parameters that
may affect tissue contrast [14]. In a study of 12 vol-
unteers, van den Bos et al. found that fat-suppressed
T2-weighted breath-hold imaging of the liver was
facilitated by using VERSE RF pulses [15]. Using the
lower RF power, VERSE pulse enables more image
slices within a given time period and thus could be
used to scan a larger volume or for thin-slice volu-
metric imaging. In addition, better blood vessel sup-
pression was noted with the VERSE pulse which in
addition to thinner slice could potentially improve the
conspicuity of small lesions [15].

Variable flip angle sequences also show promise
for high-field imaging. These techniques use the
desired image contrast and relaxation time-dependent
signal evolution to determine the optimal flip angle
variation, permitting the use of longer echo train
lengths and effective TE without reaching SAR limits.
Such techniques include hyperechoes [16], smooth
transitions between pseudo steady states (TRAPS)
[17] and 3D T2-weighted TSE with high sampling
efficiency (SPACE) [18]. In a study by Rosenkrantz
et al. comparing T2-weighted imaging using a breath-
hold fat-suppressed 2D TSE versus a respiratory-
triggered 3D T2-weighted SPACE sequence, SPACE
offered better image quality with near elimination of
motion and pulsation artifacts with improved tissue
contrast; however, the SPACE sequence did suffer
from relatively increased Bl inhomogeneity [19].

All these techniques can be used in combination
with partial Fourier and parallel imaging to further
reduce SAR but at the cost of SNR. Parallel transmis-
sion as described above is another promising
approach to SAR [11, 13].

Signal-to-noise ratio (SNR)

One of the major advantages of high-field imaging is the
potential increase in SNR. Increasing field strength
from 1.5T to 3T leads to a theoretical twofold increase
in signal while noise is less affected by field strength.
This gain in SNR can be used to improve speed and/or
spatial resolution (Figure 6.5). And yet, this theoretical
increase in SNR in body imaging may not be completely
realized in the clinical setting because of other con-
straints. At high field strength, longitudinal relaxation
T1, chemical shift, and susceptibility effects increase,

while T2 relaxation times decrease (see below). Higher
bandwidths are often required to achieve satisfactory T1
tissue contrast and to reduce chemical shift artifact,
decreasing the overall SNR. SAR limitations may also
reduce imaging efficiency or image quality. More
advanced parallel imaging strategies as discussed above
can potentially compensate for the limitations of SAR
and maximize the potential gains in SNR at higher
fields, but ongoing technologic advances in coil and
magnet design are likely required.

Sequence optimization at 3T
T1and T2 relaxation times at 3T

Takahashi et al. [20] determined the relaxation time
of phantoms with different concentrations of gadolin-
ium contrast material at both 1.5T and 4T, and showed
that T1 relaxation times were prolonged (1.10-1.47
times) at 4T compared with those at 1.5T, while T2
values were identical or slightly shortened. In human
volunteers, de Bazelaire et al. [21] measured relaxation
times of abdominal organs at 1.5T and 3T in six vol-
unteers, and showed an overall increase in T1 relax-
ation times and a slight decrease in T2 relaxation times
at 3T when compared with 1.5T, depending on the
organ. Specifically, in the liver parenchyma, they
reported the following T1 and T2 relaxation times
(mean =+ SD, in ms.): 586 +39 (T1) - 46 £ 6 (T2) at
1.5T and 809 =71 (T1) - 34 =4 (T2) at 3T. Owing to
the lengthening of T1 relaxation times of liver paren-
chyma, there is a potential reduction of T1 contrast at
3T. Consequently, for gradient echo imaging, the TR
should be longer and flip angle adjusted to optimize
image contrast and SNR. T1 relaxation times for gado-
linium contrast agents, however, are less affected at
higher field strengths. This results in greater image
contrast on gadolinium-enhanced images at 3T com-
pared with 1.5T (Figure 6.6).

Because of faster T2 relaxation, FSE or TSE
sequences are more affected by blurring artifacts at
3T than at 1.5T [22]. Consequently, a shorter TE and
a shorter ETL may be necessary; parallel imaging
helps to achieve these goals (Figure 6.7).

Chemical shift imaging, fat—water
separation, and fat suppression

At 3T, an increase in precessional frequency of pro-
tons is expected resulting in a twofold increase in
chemical shift between compounds. Greater chemical

n
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Figure 6.5 Triple post-contrast arterial phase acquisition using 3D fat-suppressed spoiled gradient recalled acquisition in the steady state
(SPGR) sequence (LAVA: Liver acquisition with volume acquisition) with a 32-channel coil at 3T in a patient with cirrhosis (top row), compared
to dual arterial phase acquisition obtained in the same patient at 1.5T (bottom row, VIBE: volumetric interpolated breath-hold examination).
Parameters for 3T acquisition were TR/TE 3.0 ms/1.44 ms, slice thickness 4 mm, number of averages 0.75, matrix 256 x 128, flip angle 12°,
parallel imaging factor 2.45, acquisition time 8 seconds each (obtained in a single breath-hold). Good image quality and SNR are possible when
combining a 32-channel coil with a 3T system, with high parallel imaging factor, compared to standard 1.5T acquisition.

Figure 6.6 Post-contrast 3D GRE images
at 1.5T and 3T in the same patient (status
post liver transplantation). (A) Arterial
phase image at 3T, (B) portal venous
phase image at 3T, (C) arterial phase
image at 15T, (D) portal venous phase
image at 1.5T. Parameters for 3T
acquisition were TR/TE 3.2 ms/1.5 ms, slice
thickness 3 mm, number of averages 0.68,
matrix 256 x 192, flip angle 12°, parallel
imaging factor 2.12, SAR 2.85 W/kg. For
1.5T, TR/TE 3.0 ms/1.08 ms, slice thickness
3 mm (interpolated), number of averages 1,
matrix 256 x 107, flip angle 12°, parallel
imaging factor 2, SAR 0.74 W/kg. Higher
vessel CNR (contrast-to-noise ratio),
calculated as [CNR = (signal intensity = SI)
aorta — Sl liver/SD noise] was observed at
3T. For the aorta, CNRs were 292/90, for
portal vein, CNRs were 80.7/33.7 at 3T and
1.5T, respectively (CNRs were 2.4 to 3.2
times higher at 3T compared with 1.5T).
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Figure 6.7 Fat-suppressed T2 FSE at 1.5T vs. 3T in a patient with chronic hepatitis B. (A) Respiratory-triggered fat-suppressed T2 FSE at 3T
(TR/TE 8500/102, matrix 384 x 256, slice thickness 5 mm, ETL 15, 2 averages, flip angle 90°, SAR 1.48 W/kg), and (B) breath-hold
fat-suppressed T2 FSE at 1.5T (TR/TE 2030 ms/76 ms, matrix 256 x 192, slice thickness 6 mm, ETL 28, 1 average, flip angle 132°, SAR 1.78 W/kg).
A shorter ETL was used at 3T. In addition, a smaller flip angle was used at 3T to limit SAR deposition.

shift between fat and water also has several implica-
tions for routine liver imaging at 3T. First, the greater
separation between fat and water lends itself to more
successful frequency-selective fat suppression. Second,
at 3T chemical shift artifact of the first kind, i.e., mis-
mapping of the frequency-encoded signal of fat into
water voxels, is more pronounced at higher receiver
bandwidths than at 1.5T. In order to minimize this
effect at the interface between fat and water, higher
bandwidths for routine sequences are required at 3T
and thus, SNR will be reduced. Third, a consequence of
the increased precessional frequency of protons at 3T is
that the TEs of in- and opposed-phase imaging are
more closely spaced with the first opposed-phase echo
at 1.14 ms and in-phase at 2.28 ms, as discussed above.

In order to achieve such short TEs in a single
breath-hold, extremely high bandwidths are required
which are not technically feasible and result in deg-
radation of SNR. To compensate for signal loss, reso-
lution may be decreased but at the potential expense
of image quality. Essentially, achieving the ideal TEs
in the favorable sequential order becomes much more
difficult at 3T. In addition, the qualitative approach
to detecting iron or fat content can be less reliable as
the changes may be increasingly subtle and suscepti-
bility effects may confound the reader. Fat detection
depends on observing the signal loss between two
different TEs and intravoxel signal cancellation
between fat and water, but this does not take into
account effects of T2* which can lead to misinter-
pretation particularly at 3T because of the increased

sensitivity to T2* effects. A breath-hold sequence is
preferred to avoid misregistration and the opposed-
phase acquisition should be performed at the shorter
TE to eliminate ambiguity of detecting fat versus iron
content. If in-phase images are obtained at a shorter
TE when compared with opposed-phase images,
signal loss demonstrated on the longer TE (opposed-
phase in this scenario) could be resulting from intra-
voxel fat or the paramagnetic influence of iron storage
in the liver whether due to hemosiderin or ferritin
related to systemic iron overload due to blood trans-
fusions (i.e., thalassemia major, sickle cell disease) or
up-regulated intestinal absorption (i.e., hereditary
hemochromatosis).

At 3T, there is an ongoing trade off between
maximizing SNR and minimizing susceptibility
effects. Certainly, the first and third echo or first
and fourth echo could be chosen for in/opposed-
phased imaging at 3T, e.g., opposed-phase TE =1.14
ms, in-phase 4.56 ms but at a relatively long TE of
4.56 ms, tissue contrast is reduced and susceptibility
from bowel gas and surgical clips becomes more
pronounced when compared with 1.5T. In addition,
the threshold for steatosis will need to be adjusted
for those selected TEs. While no study has been
performed using these combinations of TE for
detecting fatty liver at 3T, in one study of adrenal
adenomas using a TE combination of 1.5ms (OP)
and 4.9ms (IP), based on area under the curve a
signal intensity (SI) index [(SI;p—SIop)/(Sip)] X 100%
threshold of 1.7% to distinguish adenomas from non
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adenomas resulted in a sensitivity and specificity of
100% [23]. At 1.5T, using TE of 2.2ms (OP) and
4.4ms (IP), a SI index threshold of 16.5% is typically
used although there is variability depending on
sequence parameters [24].

While the qualitative and semi-quantitative
approaches to detect the presence of liver steatosis
on MR imaging have been successful, there is increas-
ing demand for more accurate and reproducible
methods of quantification of liver fat for diagnosing,
grading, and monitoring of therapy. Nonalcoholic
fatty liver disease (NAFLD) is an increasingly
common cause of chronic liver disease in children
and adults in the United States [25, 26]. NAFLD can
progress to nonalcoholic steatohepatitis (NASH),
placing a patient at risk for cardiovascular and hepatic
complications [27, 28]. Cirrhosis may subsequently
develop in patients with NASH, placing these patients
at increased risk for liver failure and hepatocellular
carcinoma (HCC) [29, 30].

Iron in excessive quantities is hepatotoxic as well
[31, 32]. In the setting of genetic hemochromatosis,
iron within the hepatocytes may increase the risk
of developing cirrhosis and HCC [33]. Excessive
iron deposition is also associated with chronic viral
hepatitis, alcoholic liver disease, and NASH [31]
and may in combination with alcohol and fat depos-
ition, further promote development of liver fibrosis
and cirrhosis [34, 35]. Although this subject is
beyond the scope of this chapter, it is important to
discuss MR methods of assessing fat and iron con-
tent in the liver as they are becoming more widely
available and are becoming routinely used in liver
imaging protocols at 1.5 and 3T. Some of the
methods discussed permit not only quantification
of fat but may also serve as a method of achieving
more homogeneous fat suppression at higher field
strengths.

There are essentially three general approaches to
fat quantification chemical shift imaging based
on the principles first described by Dixon [36], fre-
quency-selective fat-suppressed imaging, and MR
spectroscopy. Chemical shift imaging may be per-
formed with two echoes or more, each approach
with advantages and disadvantages. The chemical
shift method relies on measuring net signal in co-
localized regions of interest on in-phase (= Suter + Star)
relative to the opposed-phase imaging (= Syater — Stat)
and calculating a fat signal relative to water signal
(FSF) [29]. When this method is performed with

a dual-echo approach, an FSF map of the entire data
set can be generated. The inherent problem with this
approach is ambiguity in distinguishing between fat-
dominant versus water-dominant fatty tissue because
only the magnitude of signal intensity is recon-
structed, not the phase data. Other limitations that
also need to be considered are that chemical shift
imaging is sensitive to the dominant CH, peak of fat
but not sensitive to other chemical moieties of fat
and the two-point method does not correct for T1
and T2* relaxation effects [29].

Multiecho gradient echo sequences show great
promise for resolving the fat-water ambiguity issue.
With this method, magnitude and phase data are
acquired over multiple TE generating in- and
opposed-phase data sets which can, in turn, be used
to calculate selective fat- and water-only images.
From these complex data sets, the entire range of
fat fraction may be calculated. If more than three
echoes are acquired however, a correction for T2*
decay is required. If not corrected, T2* effects can
lead to under- or overestimation of fat. The iterative
decomposition of water and fat with echo asymmetry
and least-squares estimation (IDEAL) method is a
multiecho technique that can quantify fat; generates
fat only, water only, in- and opposed-phase image
data sets from a single acquisition [37]; and may be
used to produce an alternative, robust method of fat
suppression [38]. When using a gradient echo-based
approach, T1 effects also need to be considered.
Given lipid has a short T1, stronger T1 weighting
i.e, high flip angle will suppress water signal and
result in relative amplification of fat signal, and thus,
low flip angle imaging is preferable. Dual flip angle
techniques can also determine fat or water domin-
ance [39]. Finally, another innovative method,
referred to as the multi-interference, also uses the
multiecho approach with T2* correction but also
corrects for multiple fat peaks based on reference
spectroscopic data [40].

Frequency-selective imaging methods are less well
studied but show promise and can in principle
explore the entire range of fat fractions [41, 42].
Essentially, two images are obtained with one with
and one without fat suppression but ideally with
otherwise identical imaging parameters. A single-shot
FSE sequence is typically used (but may be performed
with in-phase gradient echo) to reduce T1 effects and
a correction of T2 effects is required. The greater
spectral separation at 3T is favorable for this method
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Table 6.1 Suggested MR imaging protocol used for liver imaging at 3T. All sequences are breath-hold except for fat-suppressed T2 FSE

Sequence Plane
Single-shot FSE T2 Coronal

2D T1 GRE in- and out-of-phase Axial

T2 FSE fat-suppressed Axial

Time of flight Axial oblique
Diffusion-weighted imaging” Axial

3D T1 fat-suppressed GRE Axial

(pre-contrast, arterial x 2, portal
venous, equilibrium phases)®

9Using b =0, 500, 750 s/mm>.
bFor extracellular contrast media.

TR/TE/flip angle Slice/gap Matrix

900-Infinity/70-80/90° 5/ 256 x 320
179/1.1-2.3/50° 6/1 144 x 203
8500/100/90° 5/1 256 x 384
16.3/2.3 10/10 224 x 320
2400/50-60 7/14 144 x 192
3.2/15/12° 3/0 192 x 256

but it is vulnerable to inhomogeneity of the main
magnetic field. An imprecise fat suppression pulse
could inadvertently suppress water peaks, thereby
causing inaccuracy of measurement.

With the multiecho approaches T2* maps can also
be obtained and thus an iron content in the liver may
also be estimated with this method [43-47]. However,
at 3T iron quantification becomes even more challen-
ging because of susceptibility effects [48]. While mul-
tiecho T2* approaches can be successful at detecting
liver fat or iron content when there is combined
disease, detection and quantification is more difficult;
thus, novel approaches to decomposition are actively
being pursued [49, 50].

Finally, proton MR spectroscopy alone is con-
sidered the most accurate noninvasive tool for MR
imaging quantification of liver fat [26, 51] and may
prove useful for oncologic applications to distinguish
between benign and malignant lesions, assess tumor
grade and response to therapy [52], although in vivo
studies are still limited. At 3T, greater spectral separ-
ation between metabolite peaks combined with higher
SNR is potentially advantageous for MR spectros-
copy. Potential drawbacks of high field include
increased susceptibility effects, B1 inhomogeneity,
and shortened T2 relaxation. Better spectral reso-
lution, smaller voxel size, and shorter scan times are
expected with increasing field strength and would
facilitate more routine clinical implementation.
Respiratory-triggered or-gated acquisitions and paral-
lel imaging methods would offer further benefit.

An optimized protocol for liver imaging is listed
in Table 6.1.

Applications of 3T MR imaging in
focal and diffuse liver disease

There are no studies that have directly compared
1.5T with 3T for detection of focal and diffuse liver
disease, but there are several theoretical advantages to
consider. Higher baseline SNR at 3T may be used to
achieve higher in-plane spatial resolution or thinner
section acquisitions. Both can be particularly advan-
tageous for pediatric imaging, for detection of smaller
liver lesions for selective treatment planning, and for
visualizing the vascular anatomy. The potential for
improved fat suppression may also increase lesion
conspicuity. Prolonged T1 relaxation times of the
tissues could also translate into better background
suppression albeit less optimal tissue contrast on
unenhanced T1-weighted images at 3T when com-
pared with 1.5T. At 3T, gadolinium T1 relaxivity is
only mildly decreased (by 5-10%) while the effect on
the T1 relaxation time of vascular tissues is more
pronounced such that increased contrast is expected
at 3T for equivalent doses of gadolinium chelate
agents [6]. Thus, improved background suppression
combined with greater sensitivity to gadolinium che-
lates may translate into lower contrast dose require-
ment and better lesion conspicuity. Unfortunately,
there is limited literature comparing detection and
characterization of liver lesions at 1.5T versus 3T
using single contrast technique but there has been
some investigation of double contrast methods. The
lesion characteristics described at 1.5T generally apply
to 3T. Examples of focal liver lesions as seen at 3T are
given in Figures 6.8-6.10.
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Figure 6.8 Multiple focal nodular hyperplasias (FNHs) and hemangiomas at 3T diagnosed with Gd-EOB-DTPA in a patient with history of
colon cancer. (A) Fat-suppressed T2 FSE, (B) coronal single-shot FSE T2, (C—F) 3D SPGR images (LAVA) after injection of Gd-EOB-DTPA (C: arterial,
D: portal venous, E: equilibrium, F: delayed hepatocyte phase [20 minutes]). Two hemangiomas are identified (long arrows), in high T2 signal
with typical nodular enhancement (seen for the largest one in the right hepatic lobe), both hemangiomas are hypointense of the hepatocyte
phase image. Multiple arterial phase-enhancing mildly T2 hyperintense lesions are also present (short arrows), starting to appear hyperintense at
the equilibrium phase, with bright signal at the hepatocyte phase, compatible with FNHs. There were no metastatic lesions.

Although increased susceptibility can be a pitfall
at 3T, the effect may actually improve lesion conspi-
cuity in cirrhotic livers when using a reticuloendothe-
lial system-specific contrast agent that contains SPIO
or ultrasmall superparamagnetic particles of iron
oxide (USPIO) nanoparticles. These agents distort
the local magnetic field and cause signal loss on
T2-weighted imaging such that tumors such as HCC
that only demonstrate mild T2 prolongation would
become more conspicuous. However, SPIO is cur-
rently out of the US market, and USPIO is not FDA
approved.

Diffusion-weighted imaging (DWI) shows great
promise for liver lesion detection and characteriza-
tion [53, 54], and for detection of liver fibrosis and
cirrhosis [55-58]. While at 3T, the higher SNR
could potentially improve DWI and permit acquisi-
tion of higher b-values, field inhomogeneity can
lead to more distortion artifacts related to suscepti-
bility (Figure 6.11). For example, brain diffusion
studies have shown higher SNR but increased image
distortion at 3T compared with 1.5T [59, 60], in
addition to substantial differences in apparent
diffusion coefficient (ADC) values between these
field strengths [61]. In a recent study, Dale et al.

observed a significant increase in liver ADC at 3T
using single-shot (SS) EPI DWI, with no significant
difference in ADC between 1.5T and 3T for the
pancreas and spleen [62]. In our recent experience
[63], in eight healthy volunteers assessed at both
1.5T and 3T with SSEPI, we found lower subjective
image quality at 3T compared with 1.5T (p = 0.0078-
0.0156), and similar ADC values at 1.5T versus 3T
for liver parenchyma, except when using b-values of
0, 500, and 600s/mm” and breath-hold technique.
We found equivalent ADC reproducibility at both
1.5T and 3T, with equivalent coefficients of varia-
tion of ADC between field strengths. Despite the
potential advantages of imaging at higher field
strength, our results did not show a clear benefit
of performing abdominal DWI at 3T. Currently,
single-shot spin-echo EPI is commonly used in prac-
tice for DWI but spatial resolution is relatively
low and sequence is particularly vulnerable to field
inhomogeneity because of the relatively long gradient
echo train. Improvements in gradient design and
parallel imaging are used to reduce geometric distor-
tions and improve resolution. At 3T, alternative
sequences for DWI hold promise such as single-shot
although limited with respect to spatial resolution.
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Non-Cartesian acquisition techniques such as PRO-
PELLER (periodically rotated overlapping parallel
lines with enhanced reconstruction) can potentially
reduce motion artifacts and increase SNR [64-66].
Steady-state free precession (SSFP) techniques have
shown promise for musculoskeletal applications but
data are limited for abdominal imaging applications.
Although there is potential for high-resolution
imaging, this technique is essentially a nonquantita-
tive method [67, 68].

Finally, there is ongoing research in liver MR perfu-
sion for diffuse and focal liver disease particularly in
fibrosis and cirrhosis [69, 70]. At 3T, dynamic-enhanced
perfusion imaging may be improved because of the
potentially greater conspicuity of gadolinium chelates
compared to background tissue. However, there are
potential drawbacks at 3T because T2* effects are more
pronounced, which could lead to decreased signal from
gadolinium contrast. Lower dose may be advantageous
to reduce T2* effects. Further investigation comparing

Figure 6.9 HCC better seen at 3T
compared to computed tomography (CT).
(A, B) Contrast-enhanced multidetector CT
(A: arterial, B: portal venous phases). (C)
Fat-suppressed FSE T2, (D) single-shot EPI
diffusion (b =500), (E, F) 3D SPGR images
(LAVA) after injection of Gd-DTPA

(E: arterial, F: portal venous phases). There
is a right hepatic lobe HCC (arrow), which
is vaguely seen on the arterial phase CT
image, not seen on the portal venous
phase CT image. The HCC is much more
conspicuous on MR imaging, appearing
slightly T2 hyperintense, slightly
hyperintense on diffusion, with arterial
enhancement and portal venous
washout.

1.5T and 3T is required to better understand whether
higher field can improve sensitivity or specificity for
detecting focal or diffuse liver disease.

Future directions

New solutions for correction of Bl field
inhomogeneity such as parallel transmit technology
[71] are promising. Optimization of abdominal DWI
at 3T is needed. New multichannel coil systems with
increased parallel imaging capabilities will also
increase the use of 3T and higher field systems.

Conclusion

Three Tesla and higher field systems will likely con-
tinue to expand in the future, and 3T systems will
likely be the norm in a few years from now. However,
knowledge of advantages and pitfalls are necessary to
adapt and optimize liver protocols at 3T.
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Figure 6.10 Liver metastasis from colon cancer diagnosed at 3T. (A) Fat-suppressed T2 FSE, (B-F) pre- and post-contrast 3D SPGR images

(LAVA) before (B) and after injection of Gd-EOB-DTPA (C: arterial, D: portal venous, E: equilibrium, F: delayed hepatocyte phase [20 minutes)).
There is a hepatic dome metastatic lesion (arrow), appearing T2 hyperintense, with arterial rim enhancement and internal enhancement at
the portal venous phase, and hypointense on the hepatocyte phase.

Figure 6.11 Single-shot EPI (SSEPI)
diffusion at 3T. (A) Breath-hold SSEPI using
TR/TE 2725/83, matrix 192 x 192, slice
thickness 7 mm, (B) corresponding
apparent diffusion coefficient (ADC) map
(using b0-500), (C) breath-hold SSEPI
using TR/TE 2400 ms/50.1 ms, matrix

128 x 80, slice thickness 7 mm,

(D) corresponding ADC map (using

b =0-500 s/mm?). Images with high
acquisition matrix are severely limited

by ghosting artifact (arrows). Better
image quality without ghosting is
obtained by decreasing the matrix size
and the TE, at the expense of lower
spatial resolution.
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MR imaging technique

New MR imaging techniques that limit artifacts in the
abdomen have increased the role of MR imaging
in detection and characterization of pancreatic dis-
ease. Advantages of imaging at 3T compared with
1.5T include thinner section acquisition (typically
2.5mm versus 5mm at 1.5T), higher matrix (typically
340 x 516 compared with 192 x 256), and high qual-
ity of T1-weighted three-dimensional (3D) gradient
echo imaging [1]. Standard sequences at 3T, which
include breath-hold T1-weighted 3D gradient echo
sequences, fat suppression techniques, and dynamic
administration of gadolinium chelate, have resulted in
image quality of the pancreas sufficient to detect and
characterize focal pancreatic mass lesions smaller
than 1 cm in diameter, and to evaluate diffuse pancre-
atic disease. MR cholangiopancreatography (MRCP)
images acquired in a coronal oblique projection to
delineate the pancreatic and bile duct is a useful
addition. MRCP permits good demonstration of the
biliary and pancreatic ducts to assess ductal obstruc-
tion, dilation, and abnormal duct pathways. The com-
bination of parenchyma-imaging sequences and
MRCP provides comprehensive information to evalu-
ate the full range of pancreatic disease.

MR imaging of the pancreas is optimal at 3T MR
system because of a higher signal-to-noise ratio, which
facilitates breath-hold imaging, and increased fat-
water frequency shift, which facilitates chemically
selective excitation-spoiling fat suppression or water
excitation [2]. T1-weighted chemically selective fat
suppression and T1-weighted breath-hold gradient
echo sequences are effective techniques for imaging
pancreatic parenchyma. The combination of higher
signal-to-noise ratio, greater spectral separation, and
increased sensitivity to gadolinium results in the
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acquisition of images with high quality, and high
spatial and temporal resolution. The use of high-
spatial-resolution MR imaging at 3T improves the
detection of small focal lesions. That is why we prefer
to use 3T MR imaging, when evaluating patients for
suspected small pancreatic adenocarcinomas and islet
cell tumors, as thinner sections may be obtained with
the preservation of adequate signal-to-noise ratio.
Our standard MR protocol for the evaluation of the
pancreas includes T1-weighted fat-suppressed 3D gra-
dient echo, T1-weighted in-phase and out-of phase
gradient echo, T2-weighted single-shot echo-train
spin-echo with/without fat suppression, and post-
gadolinium imaging in the capillary phase (immediate
post-contrast, hepatic arterial dominant phase, 15-20
seconds post-contrast), early hepatic venous phase
(45 seconds post-contrast) and interstitial phase
(1-10 minutes post-contrast). Table 7.1 provides the
typical imaging parameters that we employ. The image
quality of post-gadolinium sequences is particularly
superior at 3T. The relative enhancement of the pan-
creas is consistently and significantly higher at 3T than
at 1.5T in matched subphases of hepatic arterial
enhancement [3]. Therefore, the signal-to-noise ratio
and contrast-to-noise ratio benefit of 3T imaging is
greatest on contrast-enhanced sequences, particularly
on post-gadolinium 3D gradient echo sequence. The
advantages in performing post-gadolinium gradient
echo imaging as a 3D gradient echo technique include
the following reasons: (1) thinner sections can be
obtained (3 mm vs. 5mm for two-dimensional [2D]
spoiled gradient echo), (2) the absence of mirror
artifact from the aorta, which could be problematic
on 2D spoiled gradient echo, and (3) the lesser imaging
quality of 2D gradient echo sequences at 3T. Fat
suppression is virtually essential to maximize

Body MR Imaging at 3 Tesla, ed. IThab R. Kamel and Elmar M. Merkle. Published by Cambridge University Press.
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Table 7.1 Details of the parameters used for MR imaging on 3T MR scanner

Parameter T2-weighted
half-Fourier RARE
TR (ms) 2000

TE (ms) (in-phase/out-of-phase) 95

Flip angle (°) 150
Matrix (phase x frequency) 204 x 256
FOV (mm?) 350 x 306
Section thickness (mm) 8
Intersectional gap (mm) 1.6

T1-weighted SGE ~ T1-weighted VIBE  T1-weighted
dynamic VIBE
169 52 3.07
2.5/1.58 245/3.67 1.32
13 13
204 x 256 224 x 320 224 x 320
400 x 400 380 x 308 380 x 308
3 3
1.6 0.6 06

TR =repetition time, TE =echo time, ms = millisecond, mm = millimeter, FOV =field of view, RARE =rapid acquisition relaxation
enhancement, SGE = spoiled gradient echo, VIBE = volumetric interpolated breath-hold examination.

image quality with the 3D gradient echo technique.
T2-weighted echo-train spin-echo sequences such as
T2-weighted half-Fourier acquisition single-shot
turbo spin-echo (HASTE) provide a sharp anatomical
display of the common bile duct (CBD) on coronal
plane images and of the pancreatic duct on transverse
plane images. MRCP images can be acquired oriented
in the plane of the pancreatic duct, in an oblique
coronal projection, to delineate longer segments of
the pancreatic duct in continuity. T2-weighted fat-
suppressed images are useful for demonstrating liver
metastases and islet cell tumors. T2-weighted images
also provide information on the complexity of the fluid
in pancreatic pseudocysts, which may reflect the pres-
ence of complications such as necrotic debris or infec-
tion. MR imaging with the combination of T1, T2,
early and late post-gadolinium images, MRCP, and
magnetic resonance angiography (MRA) can produce
comprehensive information on the pancreas.

MR imaging finding of normal pancreas

The normal pancreas is high in signal intensity on
T1-weighted fat-suppressed images because of the
presence of aqueous protein in the acini of the pancreas.
Normal pancreas is well shown with this technique.
The pancreas demonstrates a uniform capillary blush
on immediate post-contrast images, which renders it
markedly higher in signal intensity than liver, neigh-
boring bowel, and adjacent fat (Figure 7.1). Recognition
of the characteristic high signal intensity of normal
pancreas on pre-contrast T1-weighted fat-suppressed
and immediate post-gadolinium images is useful

in distinguishing pancreas parenchyma from adjacent
bowel. For example, pancreatic head is readily distin-
guished from duodenum or adjacent bowel on immedi-
ate post-gadolinium images because the pancreas
enhances substantially greater than bowel. By 1 minute
after contrast administration, the pancreas shows
approximately isointense signal with fat on non-fat-
suppressed T1-weighted 3D gradient echo, and moder-
ately higher signal than background fat on fat-
suppressed 3D gradient echo sequences. In elderly
patients, the signal intensity of the pancreas may dimin-
ish and be lower than that of liver. This may reflect
changes of fibrosis secondary to the aging process. Fatty
replacement of the pancreas occurs frequently as a
normal degenerative process and results in a feathery,
lobulated appearance on imaging in elderly patients
(Figure 7.2).

Developmental anomaly
Pancreas divisum

Pancreas divisum is the most clinically important and
common major anatomical variant. Although a mis-
leading term, pancreas divisum is, by definition,
a superficially normal-appearing pancreas in which
no communication has developed between the duct
of the dorsally derived pancreas and the duct of the
embryonic ventral pancreas, which normally forms
most of the main pancreatic duct. The result of this
congenital abnormality is that portions of the pan-
creas have separate ductal systems: a very short ven-
tral duct of Wirsung drains only the lower portion of
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(b)

(c) (d)

Figure 7.1 Normal pancreas. Axial T2-weighted single-shot echo-train spin-echo (a), T1-weighted fat-suppressed 3D gradient echo

(b), immediate post-gadolinium (c) and interstitial phase post-gadolinium (d) T1-weighted fat-suppressed 3D gradient echo images. The
pancreas shows relatively high signal intensity on T1-weighted fat-suppressed 3D gradient echo image mainly due to high proteinaceous
contents. The pancreas shows a uniform capillary blush on immediate post-gadolinium image and homogeneous architecture on T2-weighted
and interstitial phase post-gadolinium images. Normal pancreas in a second patient. Axial T1-weighted fat-suppressed 3D gradient echo (e),
immediate post-gadolinium (f) and early hepatic venous phase post-gadolinium (g) T1-weighted fat-suppressed 3D gradient echo images, and
MRCP image acquired in a coronal oblique projection (h). Note again the high signal intensity on T1-weighted noncontrast image (e) and
the uniform capillary blush on immediate post-gadolinium image (f). MRCP is optimal at 3T. Note that it is possible to obtain excellent
delineation of the pancreatic and bile duct (h).
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(9)

Figure 7.1 (cont)

(b)

(©) (d)

Figure 7.2 Normal pancreas in an elderly patient (82 years) with no history of pancreatic disease. Axial T1-weighted fat-suppressed

3D gradient echo image obtained in the pre-contrast phase (a) and in the hepatic arterial dominant phase (b), early hepatic venous phase
(0), and interstitial phase (d) post-gadolinium. Compare with the pancreas demonstrated in Figure 7.1 and note that this pancreas has a
smaller thickness, a marbled and lobulated appearance. These findings are normal with aging.
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Figure 7.3 Pancreas divisum. Coronal T2-weighted single-shot echo-train spin-echo (a), MRCP acquired in a coronal oblique projection
(b), and axial T1-weighted fat-suppressed 3D gradient echo in the hepatic arterial dominant phase post-gadolinium (). There is a short ventral
duct of Wirsung (arrowheads) and a more prominent dorsal duct of Santorini (arrows), with no communication between them and with
separate entries into the duodenum.

the head, whereas the dorsal duct of Santorini drains
the tail, body, neck, and upper aspect of the head. The
incidence of this anomaly varies between 1.3% and
6.7% of the population. On MRCP images, separate
entries of the ducts of Santorini and Wirsung into the
duodenum are consistently demonstrated because of
the good conspicuity of the linear high-signal-
intensity tubular structures (Figure 7.3).

Pancreas divisum has been reported to be a pre-
disposing factor in recurrent pancreatitis. It is postu-
lated that in some people the disproportion between
the small caliber of the minor papilla and the
large amount of secretion from the dorsal part of
the gland leads to a relative outflow obstruction from
the dorsal pancreas, resulting in pain or pancreatitis.
Compared with patients with pancreatitis and normal
duct anatomy, the pancreas in pancreas divisum may

appear normal in signal intensity on T1-weighted fat-
suppressed images and immediate post-gadolinium
gradient echo images because the attacks of recurrent
pancreatitis tend to be less severe and changes of
chronic pancreatitis may not develop.

Neoplasms

Pancreatic mass lesions can be detected and succ-
essfully characterized with a pattern recognition
approach using T1, T2, and immediate and late
post-gadolinium images.

Adenocarcinoma

Pancreatic ductal adenocarcinoma, referring to car-
cinoma arising in the exocrine portion of the gland,
accounts for 95% of malignant tumors of the pancreas
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Figure 7.4 Small pancreatic cancer arising in the head. Axial T2-weighted fat-suppressed single-shot echo-train spin-echo (a), T1-weighted
fat-suppressed 3D gradient echo (b), immediate post-gadolinium (c), and interstitial phase post-gadolinium (d) T1-weighted fat-suppressed
3D gradient echo images. A small cancer is present in the pancreatic head (arrow), which is clearly defined as a mass on the T1-weighted
fat-suppressed image (arrow; b). The tumor appears as a hypoenhancing mass (arrow; ¢ and d) on the post-contrast images and is more
distinguished on the immediate post-gadolinium image. On the interstitial phase the tumor has decreased in conspicuity because of
progressive enhancement of the lesion and pancreatic parenchymal washout.

and is the fourth most common cause of cancer death
in the United States [4]. The tumor has a poor prog-
nosis, with a 5-year survival rate of only 5%. Surgery
remains the sole curative treatment of patients with
pancreatic carcinoma; therefore, earlier detection of
potentially resectable disease may result in improved
patient survival.

Tumor detection

Due to the critical importance of detecting cancers
when they are small, with suspected small pancreatic
cancers our preference is always MR imaging over
computed tomography (CT), and 3T over 1.5T MR

imaging. On MR images, pancreatic cancer appears
as a low-signal-intensity mass on noncontrast
T1-weighted fat-suppressed images and enhances to a
lesser extent than the surrounding normal pancreatic
tissue on immediate post-contrast images (Figures 7.4,
7.5, and 7.6). These MR imaging features are related to
their abundant fibrous stroma and relatively sparse
tumor vascularity. The appearance of cancers on inter-
stitial phase images is variable and reflects the volume
of extracellular space and venous drainage of cancers
compared with the pancreatic tissue. Large pancreatic
tumors tend to remain low in signal intensity on inter-
stitial phase images, whereas the signal intensity of
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Figure 7.5 Small pancreatic cancer arising in the head. Axial non-fat-suppressed (a) and fat-suppressed (b) T2-weighted single-shot
echo-train spin-echo, immediate (c) and interstitial (d) post-gadolinium T1-weighted fat-suppressed 3D gradient echo images. Note a small
hypoenhancing mass arising from the tip of the uncinate process. This mass is not identified on T2-weighted images and is clearly seen only
on the immediate post-gadolinium 3D gradient echo image (arrows; ¢).

smaller tumors may range from hypointense to
hyperintense on this phase. On T2-weighted images,
tumors are usually minimally hypointense to minim-
ally hyperintense relative to the pancreas and are there-
fore difficult to detect (Figures 7.4 and 7.5).

Although pancreatic adenocarcinoma usually
appears as a focal low-signal-intensity mass that is
relatively well demarcated from the adjacent normal
pancreatic parenchyma on immediate post-contrast
images, some tumors can be seen as poorly margin-
ated lesions with decreased enhancement on immedi-
ate post-contrast images and slightly increased
enhancement on interstitial phase images [5]. This
appearance is commonly observed in pancreatic
cancer that has been treated with chemotherapy and
radiation therapy but may also be seen at initial pre-
sentation in up to 27% of patients and has a signifi-
cant association with well to moderately differentiated
histologic pattern [5].

Pancreatic cancer involving the head region can
cause stenosis of both the common bile duct and the

main pancreatic duct with upstream ductal dilation.
Because of obstruction of the main pancreatic duct,
the patients often develop tumor-associated pancrea-
titis. Pancreatic tissue distal to pancreatic cancer is often
atrophic in volume and lower in signal intensity than
normal pancreatic parenchyma because of chronic
inflammation with progressive fibrosis and diminished
proteinaceous fluid of the gland (Figure 7.6). In these
cases, the tumors are difficult to detect on noncontrast
T1-weighted images. However, immediate post-
contrast images are able to define the size and extent
of cancers that obstruct the pancreatic duct, as tumors
almost invariably enhance less than adjacent chronically
inflamed pancreas.

Chronic pancreatitis may cause a focal mass-like
lesion, usually in the pancreatic head, which appears
as a low-signal-intensity mass on noncontrast and
immediate post-contrast T1-weighted images. Thus,
it may be difficult to distinguish pancreatic cancer
from chronic pancreatitis on the basis of the extent
of enhancement of the lesion. One study evaluated the
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Figure 7.6 Large pancreatic head cancer with pancreatitis occurring distal to the mass. Coronal T2-weighted single-shot echo-train spin-echo
(a), axial T1-weighted fat-suppressed 3D gradient echo (b), immediate post-gadolinium (c, d, e) and interstitial phase post-gadolinium

(f) T1-weighted fat-suppressed 3D gradient echo images. A very large tumor in the head of the pancreas resulting in obstruction of the
pancreatic duct. The dilated pancreatic duct is seen (arrow; a, b, ¢). On the immediate post-gadolinium images (c, d, e), note the marked
low signal intensity of the mass. The evaluation of tumor invasion of the arteries is best done in this phase of enhancement. Note the
gastroduodenal artery encasement (arrow, e). The pancreatic tissue distal to the tumor is low in signal intensity on the noncontrast
T1-weighted fat-suppressed (b) image and has a diminished enhancement on post-contrast images (c, f), consistent with pancreatitis which
is secondary to the tumor in the head of the pancreas.
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accuracy of MR imaging, emphasizing a T1-weighted
3D gradient echo sequence, for differentiating
pancreatic carcinoma from chronic pancreatitis in
patients with focal pancreatic mass [6]. The results
showed a sensitivity of 93% and a specificity of 75%,
and the most discriminative finding for pancreatic
adenocarcinoma was a relatively well-defined margin
with relatively lower signal intensity and decreased
enhancement compared with the background pan-
creas on immediate and early hepatic venous phase
post-contrast T1-weighted images. In contrast, the
discriminative feature of chronic pancreatitis was an
ill-defined margin with relatively increased signal
intensity and enhancement compared with the back-
ground pancreas on early hepatic venous phase
images, reflecting a more progressive enhancement
of inflammatory tissue than cancer from early to late
post-contrast images. An additional helpful imaging
feature is effacement of the fine, lobular architectural
pattern of the pancreas in pancreatic adenocarci-
noma. The presence of lymphadenopathy, encase-
ment of the celiac axis or superior mesenteric artery
(SMA), and liver metastases can also be helpful to
establish the diagnosis of pancreatic cancer.

Because of the superior soft tissue contrast and
more different types of data acquired, MR imaging is
more reliable than CT in the detection of pancreatic
cancer, particularly small non-contour-deforming
pancreatic cancer, which may be difficult to identify
even with multi-detector row CT. According to a pre-
vious study, immediate post-contrast gradient echo
sequence was found to be the most sensitive approach
to detect pancreatic cancer, particularly in the head
region compared with spiral CT (Figure 7.7) [7]. Both
immediate post-contrast gradient echo and noncon-
trast T1-weighted fat-suppressed sequences performed
well at excluding cancer, and both were significantly
superior to spiral CT imaging.

Local extension

Because tumors in the head of the pancreas readily
encase the common bile duct, they tend to develop
clinical symptoms, such as painless jaundice, earlier,
and present smaller than tumors in the body or tail,
these latter usually grow insidiously and present at a
very advanced stage with local invasion. Low-signal-
intensity tumors that extend beyond the pancreas and
invade adjacent organs are well shown in a back-
ground of high-signal intensity fat tissue on non-fat-
suppressed T1-weighted images. Gadolinium-enhanced

fat-suppressed gradient echo images acquired in the
interstitial phase demonstrate intermediate-signal-
intensity tumor with enhancement extending into
low-signal-intensity suppressed fat. Thus, a combin-
ation of both sequences is of value to detect the local
tumor extension beyond the pancreas (Figure 7.8).

Vascular encasement

Pancreatic cancer has a great propensity to encase the
adjacent vessels including the main portal vein, the
superior mesenteric vein, the celiac trunk and its
branches, and the SMA. On MR imaging, vascular
encasement is observed as a loss of the fat plane around
vessels and as an encasing soft tissue lesion with
luminal narrowing of the involved vessel. Immediate
post-contrast 3D gradient echo images are useful for
depicting arterial patency (Figures 7.6 and 7.8), and
early hepatic venous phase post-contrast gradient echo
images are useful for evaluating venous patency
(Figure 7.8). Vascular encasement is best shown with
thin-section 3D gradient echo images, which can be
analyzed both as source images in the transverse plane
and reformatted images in the coronal plane [8]. Right
anterior coronal oblique images are useful for showing
the relationship between a tumor and the portal vein as
it enters the porta hepatis and between a tumor and the
superior mesenteric vein along the medial margin of
the pancreatic head. The thinner section that can be
acquired at 3T compared with 1.5T, with preserved
high signal-to-noise ratio, facilitates the evaluation of
vascular patency. When vascular encasement is a crit-
ical determination, our preference is to image at 3T.

Lymph node metastases

In pancreatic carcinoma, rich lymphatic network and
lack of a capsule account for the early spread of cancer
to regional lymph nodes. The nodal groups involved
consist of parapancreatic, paraportal, celiac, paraca-
val, and para-aortic groups. Lymph nodes are well
demonstrated on T2-weighted fat-suppressed images
and interstitial phase post-contrast fat-suppressed
T1-weighted images and are shown as moderately high-
signal-intensity foci in a background of low-signal-
intensity suppressed fat on both sequences (Figure 7.9).
Furthermore, T2-weighted fat-suppressed imaging is
particularly useful for the demonstration of lymph
nodes that are in close approximation to the liver or
in the region of porta hepatis because of the signal
intensity difference between moderately high-signal-
intensity nodes and moderately low-signal-intensity
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Figure 7.7 Small pancreatic cancer depicted on MR imaging and poorly seen on CT. Dynamic contrast-enhanced CT (a), T1-weighted
fat-suppressed gradient echo (b), immediate post-gadolinium T1-weighted fat-suppressed 3D gradient echo (c), and coronal reformat of
the immediate post-gadolinium T1-weighted fat-suppressed 3D gradient echo (d) images in a patient with small pancreatic cancer. A small
cancer is present in the pancreatic head (arrow; ¢, d), and is more clearly defined as a mass with demarcated borders on T1-weighted fat-
suppressed images (arrow; b). The small, non-organ-deforming tumor is not apparent on CT image. The tumor appears as a hypoenhancing
mass (arrow; C) on the immediate post-gadolinium image (c) with demarcated margins.

liver (Figure 7.9). Non-fat-suppressed T1-weighted
images, in which lymph nodes are seen as low-signal-
intensity foci in a background of high-signal-intensity
fat, are useful to detect mesenteric or retroperitoneal
nodes in the setting of abundant fat in these locations.
Coronal plane images can provide good visualization of
these nodal groups as well (Figure 7.9).

Pancreatic endocrine tumors

Pancreatic endocrine tumors have been traditionally
called islet cell tumors, which were thought to have
evolved from the islets of Langerhans. However, more
recent evidence suggests that these tumors arise from
pluripotential stem cells in the ductal epithelium [9].

They are rare tumors, which occur in approximately 1
in 100000 individuals, or represent 1-2% of all pan-
creatic neoplasms. Usually, endocrine tumors of the
pancreas are classified into functioning and nonfunc-
tioning tumors. The functioning tumors may present
with an endocrine abnormality resulting from the
secretion of hormones. The results of special immu-
nohistochemical techniques such as fluorescence-
labeled antibody specific for a peptide permit the
designation of neoplasm as specific pancreatic endo-
crine tumors such as insulinoma, gastrinoma, etc.
A certain proportion of pancreatic endocrine tumors
will secrete no identifiable substance and remain
uncategorized after special immunohistochemical
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Figure 7.8 Large pancreatic head cancer with duodenal invasion and vascular encasement. Axial T1-weighted fat-suppressed 3D

gradient echo image obtained in the pre-contrast phase (a) and in the hepatic arterial dominant phase (HADP) (b), early hepatic venous
phase (EHVP) (c), and interstitial phase (IP) (d). The pancreatic mass is low in signal intensity and poorly marginated on the noncontrast
T1-weighted image (a). There is diminished and mildly heterogeneous enhancement in the HADP image (b) and progressive tumor
enhancement in the EHVP (c) and IP (d) images. Encasement of the superior mesenteric artery is clearly displayed on the HADP image
(arrow, b) but difficult to evaluate on the EHVP and IP images (c, d). On the contrary, the superior mesenteric vein (SMV) is clearly displayed
on the EHVP and IP images (arrow; ¢ and d) but not on the HADP image. Note that the tumor abuts the SMV, which is anteriorly dislocated
and mildly deformed (arrow; c and d). The high quality of the MR images acquired at 3T renders a confident staging of the tumor.

procedures. The most common pancreatic endocrine
tumors are insulinomas and gastrinomas, followed in
frequency by nonfunctional or untyped tumors. In
the authors’ experience, most clinically or immuno-
histochemically verified pancreatic neuroendocrine
tumors are gastrinomas [10]. Hormonally, functional
tumors tend to present when they are small because of
symptoms related to the hormones secreted by the
tumors. Nonfunctional tumors account for at least
15-20% of pancreatic endocrine tumors and tend to
present with symptoms owing to large tumor mass or
metastatic disease. Malignancy cannot be diagnosed
on the basis of the histologic appearance of pancreatic

endocrine tumors. Instead, malignancy is determined
by the presence of metastases or local invasion
beyond the pancreas. Insulinomas are most com-
monly benign tumors, gastrinomas are malignant in
approximately 60% of cases, and almost all other
types, including nonfunctioning tumors, are malig-
nant in most cases. The liver is the most common
organ for metastatic spread. There is also a modest
propensity for splenic metastases.

Tumors are moderately low in signal intensity on
T1-weighted fat-suppressed images; demonstrate homo-
geneous, ring, or diffuse heterogeneous enhancement on
immediate post-gadolinium gradient echo; and are
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Figure 7.9 Demonstration of lymph nodes in MR imaging. Axial T2-weighted fat-suppressed single-shot echo-train spin-echo

(a), T1-weighted fat-suppressed 3D gradient echo (b), immediate post-gadolinium (c), and interstitial phase post-gadolinium (d) T1-weighted
fat-suppressed 3D gradient echo images. Lymph nodes appear hyperintense on the T2-weighted image and slightly hypointense on T1-
weighted image (arrows). In the region of porta hepatis, the lymph nodes are usually more apparent on the T2-weighted fat-suppressed image
due to the greater contrast between high-signal intensity nodes and low-signal-intensity liver. Coronal T2-weighted single-shot echo-train
spin-echo (e) and interstitial phase post-gadolinium T1-weighted fat-suppressed 3D gradient echo (f) images in a second patient.
Retroperitoneal lymph nodes can be evaluated on coronal images, particularly on the high-quality images acquired at 3T. Note in this case
the large metastatic lymph nodes in the retroperitoneum (arrows; e and f).

93



Chapter 7: MR imaging of the pancreas

94

Figure 7.10 Small pancreatic endocrine tumor (insulinoma). Axial T2-weighted fat-suppressed single-shot echo-train spin-echo

(a), T1-weighted fat-suppressed 3D gradient echo (b), immediate post-gadolinium (c), and interstitial phase post-gadolinium (d) T1-weighted
fat-suppressed 3D gradient echo images. A small nodular lesion is detected in the tip of the pancreatic tail (arrow), which demonstrates
homogeneous high signal intensity on the T2-weighted image and low signal on the T1-weighted image. The lesion is hypervascular,
displaying diffuse and slightly heterogeneous enhancement on the immediate post-gadolinium image (c). There is homogeneous
enhancement on the interstitial phase post-gadolinium image (d), in which the lesion is isointense to background pancreatic parenchyma.

moderately high in signal intensity on T2-weighted fat-
suppressed images [10] (Figure 7.10).

Features that distinguish most pancreatic endo-
crine tumors from ductal adenocarcinomas include
high signal intensity on T2-weighted images, increased
homogeneous enhancement on immediate post-
gadolinium images, hypervascular liver metastases,
lack of pancreatic ductal obstruction, and lack of vas-
cular encasement by tumor. The lack of ductal obstruc-
tion accounts for the generally normal signal of the
pancreas on noncontrast T1-weighted images. In con-
trast to the frequent occurrence of venous thrombosis
in pancreatic ductal adenocarcinoma, thrombosis is

rare in the setting of pancreatic endocrine tumor.
Peritoneal metastasis and/or regional lymph node
enlargement, characteristic features of pancreatic duc-
tal adenocarcinoma, are generally not present in pan-
creatic endocrine tumors.

Gastrinomas

Gastrinomas occur most frequently in the region of
the head of the pancreas including pancreatic head,
duodenum, stomach, and lymph nodes in a territory
termed the gastrinoma triangle. The anatomical
boundaries of the triangle are the porta hepatis as
the superior point of the triangle and the second
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Figure 7.11 Extra-pancreatic gastrinoma in the gastrinoma triangle. Coronal T2-weighted single-shot echo-train spin-echo (a), axial
T1-weighted fat-suppressed 3D gradient echo (b), immediate post-gadolinium (c) and interstitial phase post-gadolinium (d) T1-weighted
fat-suppressed 3D gradient echo images. There is a lobulated mass at the gastrinoma triangle, pathologically proven as an extra-pancreatic
gastrinoma, with slightly high signal intensity on the T2-weighted image (a) and low signal intensity on the T1-weighted image (b). The mass
is hypervascular, with intense enhancement on immediate post-gadolinium (c) and delayed fading (d).

and third parts of the duodenum forming the base
(Figure 7.11). The Zollinger-Ellison syndrome is
defined by the clinical triad of pancreatic islet cell gas-
trinoma, gastric hypersecretion, and intractable peptic
ulcer disease. Ulcers located in the postbulbar region of
the duodenum or in the jejunum, particularly if mul-
tiple, suggest the diagnosis of a gastrinoma. Although
gastrinomas are usually solitary, multiple gastrinomas
may occur, especially in the setting of multiple endo-
crine neoplasia syndrome, type 1. Gastrinomas are not
as frequently hypervascular as insulinomas. Gastrino-
mas are low in signal intensity on T1-weighted fat-
suppressed images and high in signal intensity on

T2-weighted fat-suppressed images, demonstrating a
peripheral ring-like enhancement on immediate post-
gadolinium gradient echo images. These imaging fea-
tures are observed in the primary lesion and in hepatic
metastases. Gastrinomas may occur outside the pan-
creas, and T2-weighted fat-suppressed images are par-
ticularly effective at detecting these high-signal-intensity
tumors in a background of suppressed fat.

Insulinomas

Insulinomas are one of the most common pancreatic
endocrine tumors and are frequently functionally
active. Tumors frequently come to clinical attention
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Figure 7.12 Insulinoma in the pancreatic tail. Axial T2-weighted fat-suppressed single-shot echo-train spin-echo (a), T1-weighted
fat-suppressed 3D gradient echo (b), immediate post-gadolinium (c) and interstitial phase post-gadolinium (d) T1-weighted fat-suppressed
3D gradient echo images. Note a lobulated mass (arrow) with high signal intensity on the T2-weighted image, low signal intensity on the
T1-weighted image, and significant enhancement on post-contrast images mainly on the hepatic arterial dominant phase (c).

when they are small (< 2cm) because of the severity
of the symptoms. Because of the frequently small size
and hypervascularity of these tumors at presentation,
our preference is to image these patients at 3T. In
addition to the heightened ability to detect small
lesions, the greater sensitivity to gadolinium enhance-
ment at 3T render this field strength optimal [3].
Patients present with signs and symptoms of hypo-
glycemia. Insulinomas are usually richly vascular.
Angiography has been reported as superior to CT in
detecting these tumors because of their small size and
increased vascularity. Gadolinium-enhanced MR
imaging, especially at 3T, may be superior to angiog-
raphy for the detection of these tumors, reflecting the

greater number of different types of data acquisition
with MR imaging and the high sensitivity for contrast
enhancement.

Insulinomas are low in signal intensity on
T1-weighted images and high in signal intensity
on T2-weighted images. They are well shown on
T1-weighted fat-suppressed images. Small insulino-
mas typically enhance homogeneously on imme-
diate post-gadolinium gradient echo images. Larger
tumors, measuring more than 2 cm in diameter, often
show ring enhancement (Figure 7.12). Liver metasta-
ses from insulinomas typically have peripheral ring-
like enhancement, although small metastases tend to
enhance homogeneously.
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Figure 7.13 Nonfunctioning islet cell tumor. Axial T2-weighted fat-suppressed single-shot echo-train spin-echo image (a), T1-weighted
fat-suppressed 3D gradient echo image acquired in the hepatic arterial dominant phase (b) and in the early hepatic venous phase

(c) post-gadolinium. A nonfunctioning islet cell tumor (white thick arrow; a—c) is located in both the pancreatic head and in the pancreatic
body. Both contain central necrosis. There is also a hypervascular liver metastasis (black arrow; b, ¢) showing intense enhancement in the
hepatic arterial dominant phase and fading in the early hepatic venous phase. Note the liver cyst located in the right lobe of the liver.

Glucagonoma, somatostatinoma, ACTHoma, and VIPoma

These tumors are considerably rarer than insulinomas
or gastrinomas. They are usually malignant, with liver
metastases present at the time of diagnosis. The primary
pancreatic tumors of glucagonoma and somatostati-
noma are large and heterogeneous on MR images. They
are usually moderately low in signal intensity on
T1-weighted fat-suppressed images and moderately high
in signal intensity on T2-weighted fat-suppressed
images, enhancing heterogeneously on immediate
post-gadolinium images. Liver metastases are generally
heterogeneous in size and shape, unlike gastrinoma
metastases, which are typically uniform. Metastases pos-
sess irregular peripheral rims of intense enhancement
on immediate post-gadolinium gradient echo images.
Peripheral spoke-wheel enhancement may be observed

in liver metastases on immediate post-gadolinium
images. ACTHomas may present with a large, heteroge-
neous enhancing primary tumor and small, hypervascu-
lar liver metastases. VIPoma may have a characteristic
appearance of a small primary tumor despite large and
extensive liver metastases.

Pancreatic endocrine tumors: nonfunctioning, untyped,
or uncategorized

These tumors do not receive a specific designation
when special immunohistochemical stains or serum
assays are negative. Tumors are generally large at pre-
sentation because they are clinically silent. The imaging
appearance of these tumors resembles glucagonomas
and somatostatinomas. Liver metastases are generally
present at the time of diagnosis (Figure 7.13).
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Figure 7.14 Carcinoid tumor of the pancreas with liver metastasis. Axial T1-weighted fat-suppressed 3D gradient echo image acquired in
the hepatic arterial dominant phase (a, ¢) and in the early hepatic venous phase (b) post-gadolinium. There is an exophytic nodule in the
body of the pancreas with intense heterogeneous enhancement (white arrow; a, b). There are also hypervascular metastases (black arrow; a—c)
in the liver. Note that there is a cyst in the left liver lobe.

Carcinoid tumors

Rarely, carcinoid tumors may originate in the pan-
creas. Carcinoid tumors are generally large at presen-
tation, with coexistent liver metastases. Focal and
diffuse involvements of the pancreas have been
observed. Tumors are generally mildly hypointense
on T1 and moderately hyperintense on T2 and show
diffuse heterogeneous enhancement on immediate
post-gadolinium images [10] (Figure 7.14). Enhance-
ment of the primary tumor may be mild, despite
extensive enhancement of liver metastases.

Cystic neoplasms

Pancreatic cystic neoplasms generally arise from the
exocrine component of the gland. Although secondary

cystic change can be seen in most types of pancreatic
neoplasms, cystic pancreatic neoplasms are character-
ized by their dominant cystic configuration.

Serous cystadenoma (microcystic adenoma)

Serous cystadenoma is a benign neoplasm character-
ized by numerous tiny serous fluid-filled cysts. Serous
cystadenomas are usually microcystic and multilocu-
lar and consist of multiple small cysts less than 1 cm
in diameter (Figure 7.15). Uncommonly, serous
cystadenomas may be macrocystic (cysts measure-
ment, 1-8cm) including multilocular, oligolocular,
or unilocular subtypes. This tumor has an increased
association with von Hippel-Lindau disease.
Microcystic serous cystadenoma is typically
found in women older than 60 years with nonspecific
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Figure 7.15 Serous cystadenoma. Axial T2-weighted fat-suppressed single-shot echo-train spin-echo image with a cropped
maximal-intensity-projection (MIP) coronal cholangiopancreatography image superposed on right top corner (a), axial T1-weighted
fat-suppressed 3D gradient echo image obtained in the pre-contrast phase (b), in the hepatic arterial dominant phase (c), and in the early
hepatic venous phase (d) post-gadolinium. Note a complex microcystic lesion in the head of the pancreas. There are multiple fine septations
with a honeycombed appearance.

complaints of abdominal pain or weight loss or more
commonly as an incidental finding. Typical serous
cystadenomas are composed of multiple cysts varying
in size from 0.2cm to 2.0cm, and the size of the
tumors ranges in greatest dimension from 1.4 cm to
27 cm. A central stellate scar is commonly present; the
central scar may represent compressed contiguous
cyst walls of centrally located cysts. Internally, the cyst
has a honeycombed appearance compatible with
innumerable cysts. On MR images, the tumors are
well defined and do not demonstrate invasion of fat
or adjacent organs. On T2-weighted images, the small
cysts and intervening septations may be well shown

as a cluster of small grape-like high-signal-intensity
cysts. This appearance is more clearly shown on
breath-hold or breathing-independent sequences
such as single-shot echo-train spin-echo because
the thin septations blur with longer non-breath-hold
sequence. Relatively thin uniform septations and
absence of infiltration of adjacent organs and struc-
tures are features that distinguish serous cystadenoma
from serous cystadenocarcinoma. Tumor septations
usually enhance minimally with gadolinium on early
and late post-contrast images, although moderate
enhancement on early post-contrast images may
occur. Delayed enhancement of the central scar may
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occasionally be observed and is more typical of large
tumors. Delayed enhancement of the central scar on
post-gadolinium images is apparent in larger tumors,
and this enhancement pattern is typical for fibrous
tissue in general.

Macrocystic or oligocystic serous cystadenoma is a
variant of serous cystadenoma that is very difficult to
differentiate from mucinous cystadenoma. Location
in the pancreatic head, lobulated contour, and lack of
wall enhancement have been reported to be specific
for macrocystic serous cystadenoma in comparison
with mucinous cystic tumor [11].

Mucinous cystic neoplasm (mucinous cystadenoma/
cystadenocarcinoma)

Mucinous cystic neoplasms are the most common
cystic tumors of the pancreas. The large cystic spaces
are lined by tall, mucin-producing columnar cells.
Mucinous cystic neoplasms may be unilocular or
multilocular and are commonly detected only after
achieving a large size. Solid papillary excrescences
sometimes protrude from the wall into the interior
of these tumors. The absence of excrescences does
not exclude malignancy. These tumors are divided into
benign (mucinous cystadenoma), borderline, and
malignant (mucinous cystadenocarcinoma). However,
at many institutions, all cases of mucinous cystic neo-
plasms are interpreted as mucinous cystadenocarc-
inomas of low-grade malignant potential to reinforce
the need for complete surgical resection and close
clinical follow-up [12]. Mucinous cystic neoplasms
occur more frequently in women, and approximately
50% occur in patients between the ages of 40 and 60
years. These tumors usually are located in the body and
tail of the pancreas. Of these tumors, 10% may have
scattered calcifications. When the tumors are frankly
malignant, there is a great propensity for invasion
of local organs and tissues. On gadolinium-enhanced
T1-weighted fat-suppressed images, large, irregular
cystic spaces separated by septa are demonstrated.
Cyst walls and septations are often thicker in mucin-
ous cystadenocarcinomas than those of mucinous
cystadenomas. Mucinous cystadenomas are well cir-
cumscribed, and they show no evidence of metastases
or invasion of adjacent tissues (Figure 7.16). Mucinous
cystadenomas described pathologically as having
borderline malignant potential may be very large
but may not show imaging or gross evidence of metas-
tases or local invasion. Histopathologically, these
tumors show moderate epithelial dysplasia. Mucinous

100

cystadenocarcinoma may be a very locally aggressive
malignancy with extensive invasion of adjacent tissues
and organs. Absence of demonstration of tumor inva-
sion into surrounding tissue does not, however,
exclude malignancy (Figure 7.17). The presence of
solid component is also suggestive of malignancy.
The higher inherent soft tissue contrast of MR imaging
compared with CT results in superior differentiation
between microcystic and macrocystic cystadenomas
because of sharp definition of cysts that permits evalu-
ation of cyst size and margins. Breathing-independent
T2-weighted images are particularly effective at defin-
ing the cysts.

Mucin produced by these tumors may result in high
signal intensity on T1- and T2-weighted images of the
primary tumor and liver metastases. Liver metastases
are generally hypervascular and have intense ring
enhancement on immediate post-gadolinium images.
Metastases are commonly cystic and may contain
mucin, which results in mixed low and high signal
intensity on T1- and T2-weighted images.

Intraductal papillary mucinous neoplasms (IPMNs)

Intraductal papillary mucinous neoplasm arises in the
epithelial cells of pancreatic duct. It has been increas-
ingly diagnosed on various imaging modalities. His-
tologically, the lesions can represent a wide spectrum
of abnormalities, which include simple hyperplasia,
adenoma, borderline lesions, and adenocarcinoma.
This spectrum of abnormalities may coexist even
within the same lesion. Benign lesions such as hyper-
plasia and adenoma may progress to carcinoma.
Owing to its mucin-producing nature, the involved
pancreatic duct is filled with mucinous gel-like mater-
ial and results in varying degrees of ductal dilation.
Morphologically, IPMNs can be classified as main
duct, branch duct, or combined type, which shows
features of both main duct and branch duct types.

Main duct-type IPMN

The main duct type of IPMN is characterized by a
dilation of main pancreatic duct of more than 1 cm in
diameter, abundant mucin production, and papillary
excrescence arising from ductal epithelium. This
tumor can be subclassified as diffuse and segmental.
Whereas diffuse tumors involve the entire main duct,
segmental tumors involve one or more segments of
main duct. In general, this type of IPMN is associated
with higher prevalence of carcinoma than the branch
duct type. Given that these tumors cause large volume
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Figure 7.16 Mucinous cystadenoma. Axial noncontrast T1-weighted fat-suppressed 3D gradient echo image (a). Coronal T2-weighted
single-shot echo-train spin-echo (b) and interstitial phase post-gadolinium T1-weighted fat-suppressed 3D gradient echo (c) images. A large
well-defined cystic mass arises from the head of the pancreas, displaying low signal intensity on the T1-weighted image (a), high signal
intensity on the T2-weighted image (b), and enhancement of septations on the post-gadolinium image (c). There is no evidence of tumor
nodules, invasion of adjacent tissue, or liver metastases. Mucinous cystadenoma is potentially a low-grade malignant neoplasm.

of mucin, it is natural that the main pancreatic duct
may elaborate copious mucin. Clinically, direct visu-
alization of this phenomenon on endoscopic retro-
grade cholangiopancreatography can confirm IPMN.

With MR imaging, a prominently dilated main
pancreatic duct is noted especially on T2-weighted
and MRCP images. Frequently, papillary-growing
mural nodules within a dilated main pancreatic duct
are demonstrated on post-gadolinium images. Surgi-
cal resection is the treatment of choice and a remnant
margin free of IPMN should be obtained.

Branch duct-type IPMN

The branch duct type of IPMN involves predomin-
antly side branch ducts and appears as a pleomorphic

cyst. This lesion consists of three or more cysts,
including oval, tubular, or clubbed finger-like cysts
[13]. This lesion is sometimes described as a cluster of
grapes appearance. Typically, the branch duct type
of IPMN occurs in the head of the pancreas. This type
of IPMN shows an indolent benign course as com-
pared with the main duct type. Direct communication
of the lesion with the main pancreatic duct is another
important feature that is suggestive of the branch duct
type of IPMN. An MR imaging with MRCP images
has advantages over multi-detector row CT in the
evaluation of IPMN, that is, it has superior soft tissue
resolution and allows superior predictability with
respect to the ductal communication of the lesion
(Figure 7.18) [13]. Thinner section acquisition on
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(a) (b)

Figure 7.17 Mucinous cystadenocarcinoma. Axial T2-weighted fat-suppressed single-shot echo-train spin-echo (a) and early hepatic venous
phase post-gadolinium T1-weighted fat-suppressed 3D gradient echo (b) images demonstrate a large cystic mass originating from the
pancreatic tail. It has a complex structure with thin septations and internal cystic structures (arrows). Due to the high protein content these
internal cystic structures have low signal on the T2-weighted image and intermediate signal on the post-gadolinium image. While the internal
cystic structures do not show appreciable enhancement, the wall of the large cyst shows enhancement.

(a) (b)

Figure 7.18 Intraductal papillary mucinous neoplasm (IPMN) — branch duct type. Coronal T2-weighted single-shot echo-train spin-echo
(a), thick section MRCP (b), fat-suppressed T1-weighted 3D gradient echo (c) and interstitial-phase post-gadolinium fat-suppressed
T1-weighted 3D gradient echo (d) images. There is a branch duct type of IPMN in the pancreatic head, which appears as a nonenhancing
amorphic cystic mass (arrow), connecting to the pancreatic duct.
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(b)

(d)

Figure 7.19 Solid pseudopapillary tumor. Axial T1-weighted fat-suppressed 3D gradient echo (a), T2-weighted fat-suppressed single-shot
echo-train spin-echo (b), immediate post-gadolinium (c), and interstitial phase post-gadolinium (d) T1-weighted fat-suppressed 3D

gradient echo images. A 23-year-old woman with a large heterogeneous mass arising from the pancreatic tail. The tumor contains hemorrhage
in the central portion (arrows; a), which appears predominantly hyperintense on the noncontrast T1-weighted image (a) and hypointense
on the T2-weighted image (b).

3T systems may show more clearly the communica-
tion between the pancreatic duct and the IPMN.

A branch duct type of IPMN that is less than 3 cm
in asymptomatic patients is usually benign and grows
very slowly. If there are no imaging features concern-
ing for malignancy (presence of solid component,
main pancreatic duct dilation, common bile duct
dilation, or lymphadenopathy), a branch duct type
of IPMN can be safely followed up. In our clinical
experience, annual follow-up with repeated MR
imaging examination could be the best option in
patients with the branch duct type of IPMN com-
pared with other imaging modalities, such as multi-
detector row CT or endoscopic ultrasound, especially
in elderly patients.

Solid pseudopapillary tumor

Generally speaking, this tumor is regarded as benign in
nature, with a few examples showing low malignant
potential. Solid pseudopapillary tumors mainly occur
in women between the second and fourth decades of
life [14]. The gross morphologic appearance of this
tumor is a large encapsulated mass, consisting of
cystic, solid, and hemorrhagic components [14]. The
capsule and the peripheral portion of the tumor may
contain calcifications. MR images usually show a large
well-encapsulated mass, in which there are regions of
hemorrhagic degeneration that may appear as fluid-
debris levels or high signal intensity on T1-weighted
images and low or heterogeneous signal intensity on
T2-weighted images (Figure 7.19). According to one
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report describing MR features, a thick fibrous capsule
is seen as a rim of low signal intensity on T2-weighted
images. On gadolinium-enhanced dynamic MR imaging,
solid components of the tumor show early heterogeneous
enhancement with gradual fill-in.

Inflammatory disease
Pancreatitis

Pancreatitis may occur secondary to chronic alcohol-
ism, gallstones, hypercalcemia, hyperlipoproteinemia,
blunt abdominal trauma, penetrating peptic ulcer dis-
ease, viral infections (most frequently Epstein-Barr),
and certain drugs. Pancreatitis can also be hereditary
and predisposition may be inherited as an autosomal
dominant trait.

Acute pancreatitis

Acute pancreatitis is defined as an acute inflammatory
condition typically presenting with abdominal pain
and associated with elevations in pancreatic enzymes
(particularly amylase and lipase). Acute pancreatitis
arises in the majority of cases secondary to alcoholism
or cholelithiasis [15]. Alcohol-related acute pancreatitis
most frequently results in acute recurrent pancreatitis,
whereas gallstone-related pancreatitis typically results
in a single attack. The passage of biliary sludge may
also cause acute pancreatitis.

Acute pancreatitis results from the exudation of
fluid containing activated proteolytic enzymes into
the interstitium of the pancreas and leakage of this
fluid into surrounding tissue. Trypsin is suspected to
be the primary enzyme involved in the coagulative
necrosis. Pathologically, acute pancreatitis is charac-
terized by a spectrum of morphologic features, which
may be patchy or diffuse. In mild cases, edema pre-
dominates, producing so-called edematous or inter-
stitial pancreatitis. There is scattered peripancreatic
fat necrosis without parenchymatous or acinar necro-
sis. In severe cases, extensive pancreatic and peripan-
creatic fat necrosis, parenchymal necrosis, and
hemorrhage occur. In its most devastating form,
severe acute pancreatitis may produce an organ that
resembles oily mud, where degenerative tissue, fat, and
hemorrhage congeal.

Patients with pancreatitis, especially severe disease,
may be unable to comply with breath-holding instruc-
tions, for example they may be intubated. The super-
iority of snapshot techniques at 3T renders 3T the
preferable field strength to image patients who have

104

reduced breath-holding capacity. The standard single-
shot T1-weighted sequence we employ is water excita-
tion magnetization-prepared rapid acquisition gradient
echo (WE-MPRAGE). These types of sequences have
intrinsically low signal-to-noise, which explains why
image quality is superior at 3T [16] (Figure 7.20).

The signal intensity features of the pancreas in
uncomplicated mild acute pancreatitis resemble
those of normal pancreatic tissue. The pancreas is
high in signal intensity on pre-contrast T1-weighted
fat-suppressed images and enhances in a normal uni-
form fashion on immediate post-gadolinium images,
reflecting a normal capillary blush (Figure 7.21). The
acutely inflamed pancreas shows either focal or dif-
fuse enlargement, which may be subtle. Peripancrea-
tic fluid is well shown on noncontrast or immediate
post-gadolinium non-fat-suppressed gradient echo
images and appears as low-signal-intensity strands
of fluid or fluid collections in a background of high-
signal-intensity fat. T2-weighted single-shot echo-
train spin-echo imaging employing fat suppression
is the most sensitive technique for showing small-
volume peripancreatic fluid, which appears as high
signal in a background of intermediate- to low-signal
pancreas and low-signal fat (Figures 7.20 and 7.21).
As a result, MR imaging is sensitive for the detection
of subtle changes of acute pancreatitis, particularly
minor peripancreatic inflammatory changes even in
the setting of a morphologically normal pancreas. CT
imaging examinations appear normal in 15-30% of
patients with clinical features of acute pancreatitis.
The sensitivity of MR imaging exceeds that of CT
imaging, suggesting a role for MR imaging in the
evaluation of patients with suspected acute pancrea-
titis and negative CT imaging examination. As the
extent of pancreatitis becomes more severe, the pan-
creas develops a heterogeneous appearance on pre-
contrast T1-weighted fat-suppressed images and
enhances in a more heterogeneous, diminished fash-
ion on immediate post-gadolinium images.

The percentage of pancreatic necrosis has been
considered an important prognostic indicator in
patients with acute pancreatitis. Dynamic gadolin-
ium-enhanced gradient echo images may be useful
for this determination because MR imaging is very
sensitive for the demonstration of the presence or
absence of gadolinium enhancement. Complications
of acute pancreatitis such as hemorrhage, pseudocyst
formation, or abscess are clearly shown on MR
imaging (Figure 7.22). Hemorrhagic fluid collections
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Figure 7.20 Evaluation of pancreatitis in non-cooperative patients. Axial (a) and coronal (b) T2-weighted fat-suppressed single-shot
echo-train spin-echo images. Axial (c) and coronal (d) post-gadolinium water excitation magnetization-prepared rapid acquisition gradient
echo (WE-MPRAGE) images. This patient had clinically severe acute pancreatitis and was unable to adequately hold his breath. It was possible
to obtain very high-quality images using these single-shot techniques. The pancreas has mildly heterogeneous and increased signal
intensity on T2-weighted images, with a significant amount of fluid in peripancreatic regions and pararenal spaces (a, b). On the post-contrast
WE-MPRAGE images (c, d) it was possible to obtain a satisfactory homogeneous enhancement of the pancreatic parenchyma, thus
excluding pancreatic necrosis.

are high in signal intensity on T1-weighted fat-
suppressed images, and depiction of hemorrhage is
superior on MR images compared to CT images.
Martin et al. demonstrated correlation between the
extent of high signal on noncontrast T1-weighted
fat-suppressed SGE and severity of acute pancrea-
titis, where high signal correlated with hemorrhagic

changes [17]. Simple pseudocysts are low in signal
intensity or signal void in a background of normal-
signal-intensity pancreatic tissue on both non-
contrast non-fat-suppressed gradient echo and
T1-weighted fat-suppressed gradient echo images.
Extrapancreatic pseudocysts are well shown on
breath-hold gradient echo images because of high
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Figure 7.21 Mild acute pancreatitis. Axial T2-weighted fat-suppressed single-shot echo-train spin-echo image (a), T1-weighted
non-fat-suppressed gradient echo image (b), post-gadolinium T1-weighted fat-suppressed 3D gradient echo images in the hepatic arterial
dominant phase (HADP) (c) and in the interstitial phase (d). There is a small amount of fluid in peripancreatic regions, more clearly seen on the
T2-weighted image (white arrows; a). The pancreatic parenchyma has normal signal intensity on the noncontrast T1-weighted image (b) and
a normal enhancement on the post-contrast images (c, d). These findings are consistent with mild acute pancreatitis. Note multiple small
calculi in the gallbladder on the T2-weighted image (black arrow; a).

contrast with high-signal-intensity fat. Image acquisi-
tion in multiple planes permits determination of pseu-
docyst location in relation to various organs and
structures. Pseudocyst walls enhance minimally on
early post-gadolinium images and show progressively
intense enhancement on 5-minute post-contrast
images, consistent with the appearance of fibrous
tissue. Simple pseudocysts are relatively homogeneous
and high in signal intensity on T2-weighted images.
Pseudocysts complicated by necrotic debris, hemor-
rhage, or infection are heterogeneous in signal inten-
sity on T2-weighted images. Proteinaceous fluid tends
to layer in a gradation of concentration with low-
signal-intensity concentrated proteinaceous material
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in the dependent portion of the cyst. Necrotic material
may appear as irregularly shaped regions of low signal
intensity in the pseudocyst. This information may
provide both therapeutic and prognostic information
because pseudocysts that contain necrotic material
may not respond to simple percutaneous drainage
and thus require open debridement. Breathing-
independent T2-weighted sequences such as single-
shot echo-train spin-echo may be useful to evaluate
these pseudocyst collections, not only because they are
the most effective at demonstrating the complexity of
fluid but also because many of these patients are very
debilitated and unable to cooperate with breath-
holding instructions.
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(b)

(d)

Figure 7.22 Hemorrhagic necrotizing pancreatitis. Coronal T2-weighted single-shot echo-train spin-echo (a), pre-contrast T1-weighted
gradient echo (b), pre-contrast T1-weighted fat-suppressed gradient echo (c), and hepatic arterial dominant phase post-gadolinium
fat-suppressed T1-weighted 3D gradient echo (d) images. A large pseudocyst (white arrows; a—d) containing blood product is located in
the pancreatic head and body region. The blood products show low signal on the T2-weighted image (a) but high signal on the T1-weighted
pre-contrast images (b, ). There is mild free fluid (hollow arrow; A) in the abdomen. Peripancreatic tissue is low in signal intensity on
pre-contrast images. There are foci of blood products (black arrows; b) and necrosis (arrowheads; d) in the pancreatic parenchyma. Note the
associated gastric mucosal inflammation and hepatic inflammation, which are characterized by increased enhancement (d).

Chronic pancreatitis

Chronic pancreatitis is defined pathologically by con-
tinuous or relapsing inflammation of the organ
leading to irreversible morphologic injury and typic-
ally leading to impairment of function. Chronic pan-
creatitis is acquired either as a disease process distinct
from acute pancreatitis or as a complication of
repeated attacks of acute pancreatitis. There is a
strong association between alcoholism and the devel-
opment of chronic pancreatitis [18]. Obstruction of
the pancreatic duct from various causes, including
pancreatic ductal cancer, results in chronic pancrea-
titis [18]. Acute pancreatitis secondary to gallstone
disease rarely results in chronic pancreatitis.

Chronic pancreatitis is associated with decreased
endocrine as well as exocrine function [18]. Patients
with chronic pancreatitis have an increased risk of
developing pancreatic cancer.

Calcification, which is the pathognomonic feature
of chronic pancreatitis on CT images, is a late occur-
rence following development of fibrosis and is
observed in only half of these patients. CT imaging
is not sensitive at detecting the early changes of
fibrosis in chronic pancreatitis. Focal chronic pan-
creatitis may be difficult to distinguish from
adenocarcinoma in the head of the pancreas because
both entities may cause focal enlargement, obstruc-
tion of the common bile duct and pancreatic duct,
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(a) (b)

Figure 7.23 Chronic pancreatitis. Coronal (a) and oblique axial (b) T2-weighted single-shot echo-train spin-echo, axial pre-contrast
T1-weighted fat-suppressed 3D gradient echo (c, d) images. Post-gadolinium T1-weighted fat-suppressed 3D gradient echo image in the
hepatic arterial dominant phase (HADP) (e). Coronal thick-section MRCP (f). This patient is a 47-year-old man with a clinical history of
recurrent pancreatitis. Compared to the normal pancreas demonstrated in Figure 7.1, this pancreas has an atrophic appearance (arrows; a—e).
The signal intensity of the pancreatic parenchyma on the pre-contrast fat-suppressed T1-weighted images is slightly reduced (c, d). The
pancreatic duct is slightly dilated and irregular, with some cystic side branch dilations (small arrows; f). Note also that there is hepatic steatosis.
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atrophy of the tail of the pancreas, and obliteration of
the fat plane around the SMA.

MR imaging may perform better than CT imaging
at detecting changes of chronic pancreatitis in that
MR imaging detects not only morphologic findings
but also the presence of fibrosis. Fibrosis is shown
by diminished signal intensity on T1-weighted fat-
suppressed images and diminished heterogeneous
enhancement on immediate post-gadolinium gradient
echo images (Figure 7.23) [19]. Low signal intensity on
T1-weighted fat-suppressed images reflects loss of the
aqueous protein in the acini of the pancreas. Dimin-
ished enhancement on capillary-phase images reflects
disruption of the normal capillary bed and increased
chronic inflammation and fibrous tissue. Most cases of
chronic pancreatitis show progressive parenchymal
enhancement on 5-minute post-contrast images,
reflecting the pattern of enhancement of fibrous tissue.
Secretin-enhanced MRCP has been used for the evalu-
ation of patients with pancreatic pathologies including
chronic pancreatitis. Secretin induces pancreatic duct
secretion. Therefore, it has been reported that it
improves the visualization of pancreatic ductal system
and associated pathologies. Secretin-MRCP has been
reported to show early ductal changes (dilatations-
strictures) associated with chronic pancreatitis. Secre-
tin-MRCP has also been reported to evaluate and
grade pancreatic exocrine function noninvasively.
Following secretin stimulation, good duodenal filling
should be present in the presence of normal exocrine
function.

Autoimmune pancreatitis

Most patients presenting with chronic pancreatitis
will have alcohol-related disease. In approximately
30% of patients, the nature and course of chronic
pancreatitis are unclear, and these cases may be
labeled idiopathic. A subgroup of these cases has been
associated with autoimmune disorders such as Sjogren
syndrome, primary biliary cirrhosis, and primary
sclerosing cholangitis [20]. Histopathologic examin-
ation in cases of chronic nonalcoholic pancreatitis,
including associated autoimmune disorders, shows
periductal chronic inflammation and fibrosis. This
process may result in obstruction or destruction of
ducts. Recent studies underscore the importance of
diagnosing cases of suspected autoimmune-related
chronic pancreatitis because these disorders may have
a salutary response to steroid therapy. Recent studies
have described the MR appearance of autoimmune

chronic pancreatitis as characterized by enlarged pan-
creas with moderately decreased signal intensity on
T1-weighted images, moderately high signal intensity
on T2-weighted images, and delayed enhancement of
the pancreatic parenchyma after gadolinium adminis-
tration. Additional findings that may be observed in
autoimmune pancreatitis include (1) capsule-like
rim surrounding the diseased parenchyma that is
hypointense on T2-weighted images and demonstrates
delayed enhancement after gadolinium administra-
tion, (2) absence of parenchymal atrophy, (3) ductal
dilation proximal to the site of stenosis, (4) absence
of extra-pancreatic fluid, and (5) clear demarcation
of the lesion.
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Introduction

An adrenal “incidentaloma” is an adrenal mass, 1 cm
or more in diameter, which is incidentally discovered
during a radiologic examination performed for indi-
cations other than an evaluation for adrenal disease.
With the widespread use of abdominal ultrasonogra-
phy, multi-detector row computed tomography
(MDCT), magnetic resonance (MR) imaging, and
positron emission tomography (PET) the incidence
of adrenal incidentalomas has substantially increased.
According to recent studies, the overall frequency of
adrenal masses is approximately 4% at abdominal
MDCT [1], which compares favorably with the 6%
prevalence rate reported in a large autopsy study [2].
Although the majority of adrenal incidentalomas are
clinically benign adenomas, other frequently reported
diagnoses include metastases, pheochromocytomas,
and adrenocortical carcinomas. The differential diag-
nosis between benign and malignant adrenal masses
has become a common dilemma, which is com-
pounded in patients with known or suspected of
having an extra-adrenal malignancy, where approxi-
mately 50% of incidentally detected adrenal lesions
are metastatic disease [3].

With the widespread use of fast pulse sequences
that allow breath-hold imaging of the abdomen
during short acquisition times (less than 20 seconds),
and substantial reduction in the cost per examination,
MR imaging has been advocated by some as the
modality of choice in the noninvasive work-up of
focal adrenal lesions. Although MR imaging demon-
strated high sensitivity for the detection of adrenal
masses, lesion characterization remains challenging,
thus explaining the less satisfactory specificity of this
imaging test. Because morphologic criteria — which
include lesion diameter, shape, texture, growth rate,

MR imaging of the adrenal glands
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and contrast enhancement pattern - are often insuffi-
cient for adrenal lesion characterization, more func-
tional imaging techniques have been investigated.

In this chapter, we discuss the role of current MR
imaging techniques for the management of focal
adrenal lesions at both 1.5T and 3T. The indications,
major advantages, and shortcomings of different MR
techniques are described and illustrated.

MR imaging techniques
Chemical shift MR imaging

Soon after its introduction to clinical MR imaging in
the late 1980s, chemical shift MR imaging using a
dual gradient echo (GRE) technique with in-phase
(IP) and opposed-phase (OP) acquisitions became
the method of choice for the characterization of
adrenal lesions [4]. Similar to unenhanced CT densi-
tometry, chemical shift MR imaging is a lipid-
sensitive technique which exploits the fact that up to
70% of adrenal adenomas contain abundant intracel-
lular fat (mainly cholesterol, fatty acids, and neutral
fat), whereas almost all malignant lesions do not.
Using a chemical shift technique, the difference in
precessional frequencies (expressed as parts per mil-
lion of the resonance frequency of the static magnetic
field BO) between water and fat protons causes peri-
odic phase interference between fat and water signals,
which manifests as an echo time-dependent oscilla-
tion of the signal intensity [4]. Depending on the
selected echo time, the fat and water signals can either
add constructively (IP acquisition) or cancel out (OP
acquisition), yielding the classic fat/water cancellation
artifact, also known as chemical shift artifact of the
second kind [5]. This “artifact” can be seen on routine
OP images of the abdomen as a signal void at the
boundaries between fatty and nonfatty tissues
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L :

Figure 8.1 A 53-year-old man with incidentally detected adrenal adenoma. (a) Transverse T1-weighted gradient echo IP image at 3T
(repetition time [ms]/echo time [ms], 4.5/2.5, 20° flip angle) shows a 2-cm, well-defined, right adrenal lesion (arrow), which demonstrates a
signal intensity slightly higher than that of spleen (S) (internal reference organ). (b) T1-weighted gradient echo OP image at 3T (4.5/1.1, 20°)
shows marked signal intensity loss of the lesion (arrow) compared with the IP image, a finding suggestive of intralesional fat. Lesion signal
intensity is also markedly lower than that of spleen. (c) On the corresponding 2-point Dixon fat-only (FO) image, the lesion shows a signal
intensity substantially higher than that of the liver and spleen, which corroborates the presence of intralesional fat.

(etching or India ink pattern) due to volume aver-
aging in voxels containing similar amounts of fat and
water signals. This phase-cancellation effect is not
limited to the frequency-encoding direction, as in
the case of the chemical shift artifact of the first kind,
but may be seen in all pixels with similar amounts of
water and fat. Because IP and OP images are dis-
played in a magnitude format, all phase information
is lost. This approach, while efficiently reducing the
adverse effects from magnet inhomogeneity, also
leads to a serious ambiguity as to whether the fat or
the water protons contribute the dominant signal
within a voxel. Although this limitation can cause
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problems in liver imaging and requires the applica-
tion of time-consuming, phase-sensitive methods,
there is evidence those adrenal adenomas contain less
than 50% fat [6]. This leads to the general assumption
that the fat fraction is always less than the water
fraction in adrenal adenomas.

When a chemical shift technique is used to detect
fat within an adrenal mass, a diffuse signal intensity
loss on the OP image compared with the IP image is
indicative of the coexistence of both fat and water
signals, which favors a diagnosis of benign adrenal
adenoma (Figure 8.1). Previous studies showed a
linear inverse correlation between the net signal loss
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(b)

Figure 8.2 A 68-year-old man with surgically confirmed adrenal metastasis from colon cancer. (a, b) Transverse T1-weighted gradient echo
(@) OP and (b) IP 3T MR images demonstrate a 2.5-cm, well-defined, right adrenal lesion (arrows), which shows no drop in signal intensity
between IP and OP images. (c) On the corresponding FO image, the lesion’s signal intensity is low, similar to that of the liver and spleen.

(b)

Figure 8.3 A 45-year-old female with incidentally detected adrenal myelolipoma. (a, b) Transverse T1-weighted gradient echo (a) OP and (b)
IP 3T MR images demonstrate a 2-cm, well-defined, right adrenal lesion (arrow), which shows a signal intensity similar to that of the
subcutaneous fat and higher than that of the liver and spleen. The lesion’s signal intensity remains unchanged between IP and OP images.

on OP images and the percentage of fat in an adrenal
lesion, with a maximal signal cancellation occurring
when fat and water signals have equal intensity.
The absence of a signal intensity loss on OP images,
on the other hand, is suggestive of a dominant signal
from a single proton species, either water or fat.
This typically occurs in either malignant, non-fat-
containing adrenal tumors, such as metastases or
most primary malignant tumors (Figure 8.2), or
purely fat-containing, benign adrenal tumors, such
as myelolipomas (Figure 8.3). The relative signal
intensity on IP images (low in the absence of fat and
high in the presence of fat) can differentiate between
these two groups of lesions.

In clinical practice, the signal intensity loss of an
adrenal lesion between OP and IP images can be
assessed using either qualitative or quantitative
methods with region-of-interest measurements.
Both methods have proved to be effective, particularly
if an internal reference tissue (e.g., liver, spleen,
or paraspinal muscles) is used to account for the
additional signal decay due to T2* effects. Although
various equations have been advocated to calculate
the lesion’s relative signal intensity decrease on OP
images - i.e., SI index (SII), the adrenal SI-to-spleen
SI ratio (ASR), the adrenal SI-to-liver SI ratio (ALR),
and the adrenal SI-to-muscle SI ratio (AMR) [7] -
recent evidence suggests that the SI index and ASR

113



Chapter 8: MR imaging of the adrenal glands

using the following equations yield the highest accuracy
for adrenal lesion characterization at both 1.5T [7, 8]
and 3T [9, 10]:

SIIndex = SI(adrenal) in-phase SI(adrenal)opposed—phase
SI(adrenal);, _pqs

SHndexadrenal _ SI(adrenal) ypoced-phase  SI(spleen) o, L

SHndexspieen  SI(spleen)opposeq-phase ~ SI(adrenal);, ppoce

Previous studies have been controversial, however,
on the optimal threshold that should be used to
achieve the best tradeoff to maximize sensitivity with-
out compromising specificity in the diagnosis of
adrenal adenomas. At 1.5T, suggested thresholds
ranged from —25 to 0.8 for the ASR and from 1% to
16.5% for the SI index, a variability that is likely
related to major differences in MR protocol among
studies. For example, while recent studies used MR
protocols where both OP and IP images were
acquired using the shortest echo time at 1.5T
(2.2ms for OP and 4.4 ms for IP), ensuring that the
signal loss on OP images can be attributed primarily
to intravoxel fat-water signal cancellation rather than
the confounding effect of T2* decay, earlier studies
used longer echo times of up to 13 ms. In addition,
other sequence parameters such as flip angle and
receiver bandwidth may also alter quantitative lesion
analysis.

At 3T, the faster phase cycling of spins poses
remarkable challenges for the collection of precisely
timed OP and IP echo times with the shortest inter-
echo interval [9]. Using a 3T MR system, fat and
water protons are OP at 1.1, 3.3, 5.5ms, and so on,
and IP at 2.2, 4.4, 6.6 ms, and so on. Applying a two-
dimensional (2D) technique, the acquisition of the
first OP echo at 1.1ms and the first IP echo at
2.2ms within the same breath-hold would require
unacceptably high receiver bandwidths at 3T.
Although the most intuitive solution of this technical
problem is to acquire the first OP echo and first IP
echo in different breath-holds, this approach can
introduce substantial inaccuracies in the slice selec-
tion between OP and IP acquisitions, which would
compromise the reliability of quantitative methods
for the characterization of adrenal lesions, particu-
larly for smaller adrenal tumors. To avoid data
misregistration, most manufacturers developed 2D
MR protocols at 3T for sampling both IP/OP echoes
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within a single breath-hold. The two most com-
monly used approaches were (1) the collection of
the first IP echo (2.2ms) followed by the third OP
echo (5.5ms) or (2) the first OP signal (1.1 ms)
followed by the second IP signal (4.4ms) [11].
Although these two approaches were originally
thought to be equivalent, this difference in data
collection can significantly influence the character-
ization of adrenal lesions. There is evidence that the
use of a shorter echo time for the IP echo than for
the OP echo may result in a substantial overlap in
the SI index values of adenomas and nonadenomas
at both 1.5T [12, 13] and 3T [9]. Previous studies
demonstrated that a consistent number of malignant
adrenal tumors show a signal loss on OP images,
simply due to T2* decay effects on the image with
longer echo time. For this reason, radiologists
selecting a shorter echo time for the IP echo than
for the OP echo are confronted with a diagnostic
dilemma when detecting a signal loss in an adrenal
lesion on the OP images, because they are unable to
distinguish whether signal loss is due to chemical
shift effect in a fat-containing adenoma or T2* decay
in a malignant lesion with little or no fat.

With the proliferation of robust parallel imaging
and 3T whole-body MR systems, three-dimensional
(3D) volumetric imaging techniques are rapidly
gaining acceptance in clinical practice [14]. Along
with improved spatial resolution, these techniques
exploit an inherently higher signal-to-noise ratio
(SNR) compared with 2D sequences that allows for
higher receiver bandwidth without compromising
image quality. Recently, dual GRE 3D techniques
have been introduced for sampling the shortest pos-
sible OP (1.1 ms) and IP (2.2 ms) echo without penal-
izing SNR at 3T MR imaging. This acquisition
scheme minimizes the effects of T2* decay between
the two consecutive echo times [11]. Preliminary evi-
dence suggests that, compared with a standard 2D
sequence, a dual GRE 3D technique can improve the
diagnostic accuracy for the characterization of
adrenal lesions, particularly for adrenal lesions with
a low lipid-to-water proton ratio (the so-called, lipid-
poor adenomas) (Figure 8.4). A further advantage of
the 3D technique is its inherently greater SNR, which
enables acquisition of thinner sections with no inter-
section gap without penalizing image quality. This
improves spatial resolution along the z axis, minimiz-
ing the effect of partial volume averaging at the edge
of a given mass. Partial volume averaging - which
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Figure 8.4 Images obtained in a 35-year-old female with an incidentally discovered lipid-poor adrenal adenoma, which was confirmed
by surgery. Transverse (a) OP (193/1.6, 22°) and (b) IP (193/4.9, 22° flip angle) MR images with the 2D technique demonstrate a 2-cm,
well-defined, left adrenal lesion (arrow), which shows minimal signal intensity variation between the IP and the OP image. Corresponding
(c) OP (4.5/1.1, 20°) and (d) IP (4.5/2.5, 20° flip angle) MR images with the 3D technique demonstrate a substantial drop in signal intensity
of the lesion (arrow) from the IP to the OP image, which is suggestive of adrenal adenoma.

occurs if the section thickness is more than half the
diameter of the lesion being evaluated [15] - is par-
ticularly problematic in smaller lesions (< 1cm)
because it leads to an artificial decrease in the lesion’s
signal intensity on OP images. This effect may pre-
clude obtaining the accuracy and reproducibility
required for successful adrenal lesion characterization
at MR. Because of the potential for higher spatial
resolution acquisitions, a 3D sequence may result in
more accurate signal intensity measurements and
better characterization of small adrenal lesions.

A clinically important consideration when using
a dual GRE 3D technique to discriminate adrenal
adenomas from nonadenomas at 3T is that, for
quantitative evaluation methods, the suggested
thresholds have to be adjusted compared with the
corresponding thresholds with a 2D pulse sequence.

For example, according to a recent study using a 3D
technique at 3T [10], the optimal threshold value for
the SI index is 6.9%, differing considerably with the
corresponding value of 1.7-1.9% suggested with a
2D sequence [9, 10].

Two-point Dixon method

Applying a two-point Dixon method to data generated
with a dual GRE acquisition allows for the reconstruc-
tion of two additional data sets commonly referred
to as “water-only” (WO) and “fat-only” (FO) images
without any additional data acquisition time. While the
original concept for data processing was described by
Dixon in the early 1980s [16], only recent technical
developments have made it possible to generate
separate WO and FO images from a 3D dual GRE
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sequence in a clinical setting [17]. At both 1.5T and
3T field strengths, this single breath-hold 3D dual
GRE sequence is able to acquire the first OP echo
and first IP echo thereby greatly reducing artifacts
related to respiratory or other bulk motion and min-
imizing T2*-related effects. After proper phase cor-
rection, summation and subtraction of the raw data
sets from IP and OP images permit routine and reli-
able generation of a WO image and an FO image,
respectively, for each slice location.

Compared with a chemical shift technique, where
image assessment relies on signal intensity dissimilar-
ities between two different image sets (IP and OP), an
FO sequence can simplify the clinical detection of fat
by enabling direct visualization of fat signal within
tissues. On FO images subcutaneous and visceral fat
demonstrate a bright signal, while most abdominal
tissues (such as the adrenal glands, liver, pancreas,
kidneys, and spleen) show low signal intensity due
to selective suppression of water signal. Another
advantage of an FO sequence compared with a chem-
ical shift technique is the lack of ambiguity regarding
the dominant proton species in a fat-water admix-
ture. This property - related to the capability of an FO
sequence to correct for phase errors - may simplify
the interpretation of rare adrenal lesions, such as
myelolipomas, where the fat component may be equal
or greater than 50%.

Recent evidence suggests that, as an adjunct to IP
and OP images, FO images may be useful for improving
radiologists’ confidence in the diagnosis of fat-
containing benign adrenal lesions. Benign adrenal
tumors, most notably lipid-rich adrenal adenomas,
demonstrate typical high signal intensity compared to
the background noise on FO images (Figure 8.1). On
the other hand, most malignant adrenal tumors show
signal intensity similar to that of the liver and spleen on
FO images due to the absence of fat (Figure 8.2).
Although rarely observed, malignant adrenal tumors
may show unexpected high signal intensity on FO
images. This finding, which can be explained by uncor-
rected, iron-related T2* effects often secondary to hem-
orrhage within an adrenal lesion, may create a pitfall in
the evaluation of adrenal masses because it may be
erroneously attributed to signal from intralesional fat.
Assessment of lesion signal intensity on corresponding
IP and OP images is necessary in these equivocal cases.

An FO sequence can be particularly useful in the
presence of both fat and iron within a lesion. In this
case, while the lesion’s signal intensity on IP and
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OP images may appear normal, the FO images will
demonstrate high signal intensity compared with
other abdominal organs and the background noise.

Adrenal MR protocol recommendations

While pulse sequences have been optimized for
almost 20 years at 1.5T, several issues must be
considered when implementing an abdominal MR
protocol on a 3T system. Limitations secondary to
the greater heterogeneity (often referred to as Bl
heterogeneity) of the signal across the field of view;
undesired heating of body tissues due to increased
energy deposition from higher radiofrequency (RF)
excitation pulses; chemical shift and susceptibility
artifacts; altered T1 and T2 relaxation times; and
electrodynamic effects, such as standing wave phe-
nomenon and eddy currents, need to be accounted
for when developing an MR protocol at higher
magnetic fields [18]. If not accounted for, these
effects can be detrimental and result in suboptimal
or nondiagnostic image quality, particularly when
examining larger anatomical regions, such as the
abdomen or pelvis.

In an attempt to overcome or at least partially
offset the technical challenges associated with 3T,
several strategies have been advocated: parallel
imaging and refocusing flip angle modulation,
increase of the receiver bandwidth, the adjustment
of repetition times and echo times, and the
improvement or development of new shimming
techniques, such as the use of additional shimming
coils, new shimming algorithms, and higher order
shimming of the gradient coils. The application of
these methods, however, results in a reduction in
SNR that decreases the net gain in signal at 3T,
almost invariably less than the expected twofold
increase compared with 1.5T. While what consti-
tutes an optimal tradeoff between the gain in SNR
and the necessary loss in image quality is still under
investigation at higher field strengths, some general
recommendations can be made. Table 8.1 summar-
izes the authors’ recommendations for an optimized
adrenal MR protocol at 3T. Based on our clinical
experience, we recommend that, whenever it is
available, a dual GRE 3D technique should replace
2D sequences for chemical shift MR imaging.

Although routine administration of a gadolinium
contrast agent is not advocated for adrenal MR
imaging, contrast material administration becomes
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Table 8.1 3T Adrenal MR imaging sequences and parameters

MR TR TE (OP/IP) Flip angle Section Intersection Matrix size Bandwidth Field of
sequence (ms) (ms) (degrees) thickness (mm) gap (mm) (Hz/pixel)  view (cm)
T2-weighted 1000 96 109 6 78 256 x 256 490 30-44

2D HASTE

T1-weighted 193 116/419 22 5 6 192 x 256 930/385 30-44

2D dual GRE

T1-weighted 45 1.1/215 20 3 0 192 x 256 1030/1030 30-44

3D dual GRE

HASTE = half-Fourier acquisition single-shot turbo spin echo, GRE = gradient echo, 2D = two-dimensional, 3D = three-dimensional,

TR =repetition time, TE =echo time.

necessary in patients with known or suspected malig-
nant adrenal tumor. In this clinical scenario, a precise
assessment of local tumor extension to adjacent
vascular and parenchymal organs is critical for
optimal treatment planning.

Imaging features of specific adrenal
diseases

Adrenocortical adenoma

A nonfunctioning adrenocortical adenoma is the
most common cause of an incidental adrenal mass
at imaging. There are no specific morphologic fea-
tures that enable a conclusive diagnosis of adrenal
adenomas, as most lesions are small, smooth, and
homogeneous when detected. Chemical shift tech-
niques are of utmost importance in the characteriza-
tion of adrenal adenomas, which demonstrate a
substantial signal loss on OP images due to the
increased content of intracellular fat (Figure 8.1).
Due to a higher sensitivity to smaller amounts of fat,
which may result in improved detection of lipid-poor
adenomas, a dual GRE 3D technique is preferred over
2D sequences at 3T (Figure 8.4) [10]. A 6-month
follow-up with MR or CT is recommended in patients
with indeterminate lesions and no history of malig-
nant disease.

Metastasis

The adrenal gland is a common site for metastatic
disease, most commonly from carcinoma (lung,
breast, and colon), lymphoma, and melanoma. The
primary malignancy is usually known at time of diag-
nosis, and lesion characterization is critical for pri-
mary disease staging and treatment planning. Similar

to adrenal adenomas, morphologic features have a
limited role in the characterization of adrenal metas-
tases. Metastases should be suspected when adrenal
lesions manifest bilaterally, are larger than 3cm in
largest diameter, or show a malignant growth pattern,
including irregular borders, necrotic areas, or cystic
degeneration. Typical imaging findings of adrenal
metastases at MR include hypointense appearance
compared with the liver on T1-weighted images, with
mild to moderate hyperintensity on T2-weighted
images. Unlike most adrenal adenomas, metastases
demonstrate no signal loss on OP images due to the
absence of intralesional fat (Figure 8.2). Anecdotal
reports of adrenal metastases with unexpected signal
loss have been described for primary tumors that
contain fat, such as liposarcomas, clear cell renal
carcinomas, and hepatocellular carcinomas. A similar
appearance may be also seen in rare cases of adrenal
metastases to an existing adenoma, also known as a
“collision” tumor.

Adrenocortical carcinoma

Adrenocortical carcinoma generally presents with
abdominal pain and/or a palpable abdominal mass.
Because of their indolent course, most adrenocortical
carcinomas manifest at an advanced stage, with the
average lesion size being larger than 6 cm at the time
of diagnosis. Tumors may be functionally active,
resulting in endocrine syndromes, such as Cushing
syndrome, Conn syndrome, or adrenogenital syn-
drome. At imaging, adrenocortical carcinomas mani-
fest characteristic findings, including large lesion size
and heterogeneous signal intensity on T2- and T1-
weighted images before and after contrast material
administration, due to areas of hemorrhage, fat, and
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Figure 8.5 A 64-year-old man with abdominal pain and histologically confirmed adrenocortical carcinoma. (a, b) Transverse T1-weighted
gradient echo (a) OP and (b) IP 3T MR images demonstrate a large (7-cm), irregular, left adrenal lesion (arrow), which shows heterogeneous
signal intensity and lack of signal loss between IP and OP images. (c) Dynamic, gadolinium-enhanced, fat-saturated T1-weighted gradient
echo MR image demonstrates heterogeneous enhancement of the lesion due to areas of hemorrhage and necrosis. Also note extensive
metastatic involvement of the right liver lobe.

tumor necrosis (Figure 8.5). These findings enable a
confident diagnosis at both 1.5T and 3T. Because of
the complex anatomical relationships between the
primary tumor and the adjacent parenchymal and
vascular organs, multiplanar MR imaging is recom-
mended for local tumor staging.

Pheochromocytoma

Pheochromocytomas are rare catecholamine-
secreting tumors originating from the adrenal
medulla. Pheochromocytomas follow a “10% rule”
because, in about 10% of cases, tumors manifest
bilaterally or in an extra-adrenal location, follow a
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hereditary pattern of transmission, show a malig-
nant behavior, or occur in children. Most pheo-
chromocytomas are larger than 3 cm at the time of
diagnosis. With increasing tumor size, intralesional
areas of necrosis, hemorrhage, and/or cystic degen-
eration may appear, mimicking the imaging appear-
ance of adrenocortical carcinomas or large adrenal
metastases. Specific MR imaging findings of pheo-
chromocytomas include very high T2 signal inten-
sity (the so-called, “lightbulb sign”), lack of signal
loss on OP images, and homogeneous and intense
contrast enhancement after intravenous administra-
tion of contrast material (Figure 8.6). Rarely, pheo-
chromocytomas manifest as purely cystic lesions
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Figure 8.6 A 48-year-old man with pathologically confirmed pheochromocytoma. (a, b) Transverse T1-weighted gradient echo (a) OP and
(b) IP 3T MR images demonstrate a 2.5-cm, solid, left adrenal lesion (arrows), which shows no drop in signal intensity between IP and OP

images. (c) On the corresponding half-Fourier acquisition single-shot turbo spin-echo T2-weighted sequence, this lesion demonstrates a bright
signal intensity, which is suggestive of pheochromocytoma.

and need to be considered in the differential diag-
nosis of cystic adrenal lesions. When imaging find-
ings are classic, a confident diagnosis can be made
at both 1.5T and 3T.

Myelolipoma

Myelolipomas are rare adrenal tumors that are usu-
ally detected incidentally at imaging studies per-
formed for unrelated reasons. Although most
lesions are small at the time of diagnosis, with time
they can progressively enlarge and manifest with
hemorrhage and calcifications. Definitive diagnosis
relies on the detection of any degree of macroscopic
fat using a fat suppression technique (Figure 8.3).

Fat detection may fail in purely fat-containing mye-
lolipomas using a chemical shift technique due to the
absence of a cancellation effect between the fat signal
and the missing water signal.

Hemorrhage

Blunt trauma accounts for 80% of adrenal hemor-
rhages, which are usually unilateral, with a higher
prevalence in the right adrenal gland. When a causa-
tive factor cannot be identified, an adrenal tumor
must be suspected as the potential source for hemor-
rhage, indicating the need for a short-term follow-up
or lesion biopsy. The MR appearance of adrenal hem-
orrhage includes T1 hyperintensity during the early
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(a)

(b)

Figure 8.7 A 39-year-old female with incidentally detected adrenal cyst. (a, b) Transverse T1-weighted gradient echo (a) OP and (b) IP 3T
MR images demonstrate a 4-cm, well-defined, left adrenal lesion (arrows), which shows low signal intensity and no signal drop between IP and
OP images. Corresponding (c) half-Fourier acquisition single-shot turbo spin-echo T2-weighted sequence demonstrates lesion’s high signal
intensity; (d) gadolinium-enhanced, fat-saturated T1-weighted gradient echo MR image shows absence of lesion enhancement with the

exception of a thin peripheral rim of enhancement due to a cystic wall.

phases (methemoglobin) and marked low signal
intensity on T2*-weighted images due to iron-related
effects. The latter effect becomes increasingly pro-
nounced at higher magnetic field strengths and can
be confirmed with a dual GRE sequence as signal loss
of the lesion on the image with the longer echo time
(the IP image in most circumstances). Hemorrhage
may cause increased signal intensity on FO images,
mimicking the presence of fat within a lesion.

Cyst
Adrenal cysts are rare lesions that may result from
endothelial proliferation, prior hemorrhage, or
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parasitic disease. Cysts generally demonstrate typical
imaging findings, which include homogeneous hyper-
intensity on T2- and hypointensity on T1-weighted
images (Figure 8.7). As a general rule, cysts show no
contrast enhancement, with the occasional exception
of a thin peripheral rim of enhancement due to a
cystic wall.

Ganglioneuroma

Ganglioneuroma is a rare benign adrenal tumor.
Lesions may enlarge undetected for a long period
of time and manifest as a large mass (occasionally
more than 20cm in largest diameter) that causes
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Figure 8.8 A 54-year-old man with pathologically confirmed ganglioneuroma. (a, b) Transverse T1-weighted gradient echo (a) OP and
(b) IP 3T MR images demonstrate a 2.5-cm, well-defined, left adrenal lesion (arrows), which shows no drop in signal intensity between IP
and OP images. (c) On the corresponding FO image, the lesion’s signal intensity is low, similar to that of the liver and spleen. Although
suggestive for absence of intralesional fat, these findings are nonspecific.

symptoms of compressive effects on adjacent
organs. Ganglioneuroma lack specific imaging fea-
tures at imaging. Because of the absence of fat, these
lesions cannot be differentiated from malignant
adrenal tumors and conclusive diagnosis is estab-
lished at histologic analysis following surgical resec-
tion (Figure 8.8).

Conclusion

MR imaging at 1.5T and 3T demonstrates high diag-
nostic accuracy for the characterization of adrenal
lesions using a chemical shift technique. To avoid
misclassification of adrenal tumors, the echo time
for the OP acquisition should precede that for the

IP acquisition. With the recent introduction of a
3D dual GRE technique, it is now possible to collect
the first OP echo followed by the first IP echo
during the same breath-hold at 3T. This approach
minimizes the effects of T2* decay compared with
a standard 2D dual GRE technique, without a
penalty in the SNR. Due to dissimilarities in the
pulse sequence design, different suggested thresh-
olds need to be selected for various quantitative
methods depending on the acquisition technique
and the magnetic field strength. As an adjunct to
IP and OP images, FO reconstructed images may
improve radiologists’ confidence in the diagnosis of
fat-containing benign adrenal lesions.
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Introduction

Magnetic resonance cholangiopancreatography (MRCP),
in use since the 1990s [1], is an accepted noninvasive
imaging technique for the diagnosis of pancreaticobili-
ary diseases. MRCP images are created with the acqui-
sition of heavily T2-weighted images, and can
demonstrate the fluid-filled lumen of the biliary tree
and the pancreatic duct with high signal intensity. It is
comparable to endoscopic retrograde cholangiopan-
creatography (ERCP) in the diagnosis of biliary-
pancreas pathologic conditions [2-5]. The advantages
of MRCP over other imaging techniques include
(1) the examination is noninvasive and requires no
anesthesia; (2) the examination is not operator
dependent, and high-quality images can be obtained
consistently; (3) no administration of intraductal or
intravenous contrast agent is necessary; (4) no ionizing
radiation is used; (5) visualization of ducts proximal to
an obstruction is superior to that achieved by ERCP;
(6) MRCP can be successfully performed in the pres-
ence of biliary-enteric anastomoses; and (7) combin-
ation with conventional MR sequences is possible and
helpful for the evaluation of duct wall and extraductal
disease [6]. For many years, ERCP has been considered
the standard of reference for imaging the biliary tract
and pancreatic duct owing to its higher spatial reso-
lution and potential for image-guided therapy [7]. How-
ever, it has a reported complications rate of up to 5%
including duodenal perforation, pancreatitis, bleeding
and sepsis [8]. For all of these reasons, MRCP has
replaced diagnostic ERCP in the last few years, unless
an intervention or tissue sampling is required [9].

In the past decades, MRCP at 1.5T has proven
highly accurate for the evaluation of the extrahepatic
biliary tree [2-5]. For the evaluation of the intrahepatic
biliary system, however, particularly in the absence of

Magnetic resonance
¢ ' cholangiopancreatography

Byun Ihn Choi and Jeong Min Lee

obstructive biliary disease, MRCP has some limita-
tions caused by the limited spatial resolution and poor
signal-to-noise ratio (SNR) of 1.5T [4]. In recent years,
high-field whole-body MR imaging at 3T has gained
substantial clinical interest as dedicated torso array
receive-only coils for 3T MR systems became available.
The main reason for the increased clinical use of 3T
units is the desire for an increased SNR at the higher
magnetic field strength compared with standard 1.5T [9].
Theoretically, this gain in SNR can be kept or traded for
either speed or spatial resolution, or both. Unfortu-
nately, however, several potential disadvantages, such
as an increase in imaging artifacts, changes in relaxation
kinetics, and specific absorption rate (SAR) constraints,
have to be considered [10, 11]. Indeed, certain imaging
artifacts are more prominent at 3T compared with
1.5T, mainly because their physical parameters are
dependent on the main magnetic field strength (B0).
These include chemical shift artifact, susceptibility arti-
facts, and dielectric resonance artifacts [12]. Those limi-
tations bring technical challenges in transferring 1.5T
protocols to 3T, principally to abdominal imaging
including MRCP, as results of proper sequence design,
incorporating breath-hold issues and large fields of view
[12]. In order to decrease those artifacts at 3T, special
consideration is required: for example, increasing the
receiver bandwidth for decreasing chemical shift arti-
fact, and the use of multiple transmitter coil or radio-
frequency (RF) cushion to overcome B1 inhomogeneity
artifacts. Nonetheless, recent advancements in 3T MR
hardware and software, such as dedicated torso array
coils, parallel imaging, and new “low SAR pulses” or
variable flip angle refocusing techniques, allow all of
the standard MR examinations to be performed on a
3T whole-body MR system. Currently, 3T state-of-the-
art MRCP protocols use the same sequence types
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as used at 1.5T, but they are modified to perform well
at higher field strength.

Comparison of 3T with 1.5T

Several previous studies which compared MRCP on 3T
with 1.5T scanners demonstrated a significantly higher
contrast-to-noise ratio (CNR) between the biliary duc-
tal system and the periductal tissue or the liver [13-17].
Although CNR increases at 3T are expected because
twice the number of free water protons per voxel
contributes to the MR signal at 3T compared with the
lower field strength, the CNR at 3T increases, on aver-
age, up to 38.1%~ 62% at 3T on MRCP images [14, 15].
This could be attributed to several factors including an
alteration of the T1 and T2 relaxation times, the imma-
ture hardware and software, Bl inhomogeneity arti-
facts, and increased susceptibility artifacts [9, 18].
Furthermore, in several previous studies, qualitative
image analysis of the visualization of the extrahepatic
biliary ductal structures did not reveal any significant
preference for 1.5T or 3T [14, 16]. On the contrary,
other studies demonstrated superior visualization
of the pancreaticobiliary tree at 3T compared with
1.5T on half-Fourier acquisition single-shot turbo-
spin echo (HASTE) [15] or three-dimensional (3D)
respiratory-triggered rapid acquisition relaxation
enhancement (RARE) sequence [17] (Figures 9.1-9.3).
In addition, 3T MRCP better demonstrated intrahe-
patic branches than 1.5T MRCP, and therefore, the 3T

(a)

may improve the accuracy of MRCP in diagnosing
biliary ductal variants in the preoperative radiologic
assessment of living liver lobe donor candidates [19].
Although, in theory, the increased susceptibility
artifacts at 3T may decrease depiction of the ductal
pancreatic system on MRCP, a previous study demon-
strated a clear trend toward improved visualization of
the pancreatic duct in volunteers at 3T with a HASTE
and a 3D turbo spin echo (TSE) sequence [15]. Until
now, MRCP at 3T has to be considered equal, not

Figure 9.1 Coronal maximum-intensity projection of a respiratory-
triggered, 3D turbo spin echo (TSE) MRCP data set acquired at 3T
showing a dilated intrahepatic bile duct due to hilar
cholangiocarcinoma. Hilar cholangiocarcinoma invades the
secondary biliary confluence of the left intrahepatic bile duct (arrow).

Figure 9.2 (a) 1.5T coronal maximum-intensity-projection MRCP image based on a respiratory-triggered, coronal, 3D T2-weighted TSE
sequence demonstrates cystic dilation of the side branches in the uncinate process (arrow), and another lesion in the tail (arrowhead). (b). 3T
thick-slab projectional MRCP image obtained 3 years after Whipple's operation shows dilation of the residual pancreatic duct (arrow) and the

tail lesion (arrowhead).
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(b)

Figure 9.3 Comparison of 1.5T MRCP image and 3T MRCP image. (a) Thick-slab 2D MRCP image acquired at 1.5T. (b) Thick-slab 2D
MRCP image acquired at 3T. Note better depiction of the intrahepatic bile ducts (arrow) on 3T MRCP than on 1.5T MRCP, probably due

to higher SNR of the bile duct at 3T.

superior to 1.5T; however, with the progressive devel-
opment of 3T hardware and software, MRCP at 3T
holds great promise to improve the diagnosis of pan-
creaticobiliary disease [9].

Techniques

Current MRCP techniques consist of echo-train spin-
echo techniques with two-dimensional (2D) and 3D
acquisitions. The HASTE or 2D or 3D RARE
sequences are currently the most widely used tech-
niques. In addition, MRCP is performed with thick-
slab and thin-slice sequences. A thick-slab single
section of 4-8 cm is acquired in various rotations to
view the ducts from different angles, obtained in less
than 2 seconds for each plane. The thick-slab tech-
nique has limitations for the assessment of small intra-
ductal pathologic conditions such as stones or tumors
due to their partial volume averaging with intraductal
high signal from bile (Figures 9.4 and 9.5). Therefore,
in order to evaluate small intraductal pathologies,
thin section images with the use of 2D multisection
sequence (slice thickness of 3-4 mm) or 3D volumetric
imaging (slice thickness of 1-2mm) are necessary.
Using a volumetric, heavily T2-weighted sequence
(echotime [TE], approximately 600 ms) in conjunction
with respiratory triggering and high matrices, 3D
MRCP images are acquired over a period of several
minutes, which allows the reconstruction of 3D pro-
jection images and thin 2D images (1-2mm). The
advantage of 3D imaging is that it creates isotropic
images that can be reformatted in any plane.

Although T2-weighted MRCP has proven to be
highly accurate for depiction of stricture or obstruction
of the bile duct or the pancreatic duct, it is not able to
assess bile excretion dynamics. To overcome this limi-
tation, some investigators advocate the performance of
3D T1-weighted MR cholangiography after the intra-
venous administration of hepatobiliary MR contrast
agents, such as mangafodipir trisodium (Teslanscan),
gadobenate dimeglumine (MultiHance®), and gadoxe-
tic acid (Eovist®)[20-22]. Contrast-enhanced MR chol-
angiography has shown promising results for the
assessment of bile duct leaks, intrahepatic anatomy in
living liver transplant donor candidates (Figure 9.6),
and biliary-enteric anastomoses [20-22] (Figure 9.7).

Clinical applications
Anatomic variant and congenital anomaly

MRCP provides accurate depiction and measure-
ments of the bile and pancreatic ducts in 95% of
examinations; associated anatomical variants, such
as pancreas divisum and choledochal cysts, can also
be visualized [3]. Anatomic variations of the biliary
tract occur in up to 37% of individuals [23] (Figure 9.8).
MRCP has been shown to accurately detect those bil-
iary variants, for example crossover anomalies such as
the dorsocaudal branch of the right hepatic duct
entering to the central left hepatic duct, trifurcations,
accessory or aberrant ducts that enter the common
duct or cystic duct, and cystic duct variant [22, 24].
Awareness of these ductal variants is important in the
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Figure 9.4 MRCP techniques at 3T. (a) Thick-slab 2D projectional MRCP image (60 mm) (b) 2D thin-slice (4 mm) HASTE MRCP image,
(c) maximum-intensity-projection 3T MRCP image based on a respiratory-triggered, coronal, 3D T2-weighted TSE sequence. The three
MRCP sequences show hilar cholangiocarcinoma clearly (arrows).

planning of laparoscopic cholecystectomy, right lobe
living liver transplantation, or complex percutaneous
and endoscopic biliary interventions.

Choledochal cysts are segmental aneurysmal dila-
tations of the common bile duct (CBD) alone or the
CBD and common hepatic duct. Choledochal cysts
frequently coexist with an anomalous junction of the
CBD and the pancreatic cut, and are associated with
an increased incidence of gallstone diseases, pancrea-
titis, and cholangiocarcinoma [6] (Figure 9.9). MRCP
is able to provide equivalent diagnostic information
for detection of choledochal cysts to that of ERCP
without the risk of complications, and has been pro-
posed as the imaging modality of choice in evaluation
of choledochal cyst [25, 26]. In addition, MRCP can
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detect pancreas division, which is usually depicted as
two separate drainage systems of the dorsal and ven-
tral pancreas, with a high degree of accuracy, and
therefore, it is more frequently used in the evaluation
of patients with idiopathic pancreatitis.

Choledocholithiasis

Calculi in the biliary ducts are the most common
cause of extrahepatic obstructive jaundice. With the
increase of laparoscopic cholecystectomy over recent
years, the preoperative diagnosis of choledocholithia-
sis has become increasingly important because the
presence of bile duct stones renders laparoscopic pro-
cedures extremely difficult [6]. Common duct stones
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(b)

Figure 9.5 Coronal maximum-intensity-projection 3T MRCP image based on a respiratory-triggered, coronal, 3D T2-weighted TSE sequence
(@) and coronal source MR image (b). Although the source image shows a filling defect in the distal common bile duct (CBD) (arrow) that
represents a stone, the maximum-intensity projection image does not show the stone.

Figure 9.6 3D T1-weighted MR cholangiography image after
administration of gadoxetic acid (Eovist) shows a biliary anatomy of
trifurcation pattern with a common confluence of right posterior
(arrowhead) and right anterior segmental ducts (arrow) and left
hepatic duct (open arrow).

(choledocholithiasis) are displayed by MRCP as a
rounded or oval-shaped signal void with a meniscus
of fluid above their proximal edge (Figure 9.10). Mul-
tiple studies demonstrated that test characteristics of
MRCP appear to be similar to ERCP for detecting
choledocholithiasis (sensitivity 80-100%, specificity
85-100%) [27, 28]. In the presence of a dilated CBD,
MRCP has a 90-95% concordance with ERCP in
diagnosing CBD stones over 4mm in diameter
[27, 28]. In addition, MRCP may be particularly effect-
ive in detecting intrahepatic calculi, where stones

Figure 9.7 3D T1-weighted MR cholangiography image after
administration of gadoxetic acid (Eovist) shows contrast passage
(arrow) through the anastomosis between the bile duct and the
jejunum.

proximal to strictures may be difficult to visualize
by ERCP [29]. There are several pitfalls that mimic
stones, which include intraductal air bubbles, blood
clots, tumor, sludge, or parasites; flow artifacts; and a
pseudostone at the ampulla [6].

Cholangiocarcinoma

MRCP appears to be useful in the evaluation of
suspected malignancies of the biliary tract. Multiple
studies have demonstrated that MRCP is able to
determine the presence, level, and type of malignancy
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with a high degree of accuracy [30, 31] MRCP is
useful in delineating the anatomical extent of perihilar
obstruction and interpreting its etiology. Hilar cho-
langiocarcinomas are the most common manifest-
ation of cholangiocarcinoma and are usually small-
volume tumors that result in a high-grade stricture of
the confluence of the right and left hepatic ducts.
A previous study demonstrated that although both
ERCP and MRCP were equally effective in detecting
biliary obstruction, MRCP was superior in the inves-
tigation of the anatomical extent and the type of

Figure 9.8 Thick-slab 2D projectional MRCP image demonstrates
an anatomical variant of the biliary tract in living liver donor
candidate. Note the right posterior intrahepatic segmental duct
entering the common hepatic duct (arrow).

(a)

tumor [32]. Extrahepatic cholangiocarcinomas are seen
as strictures or intraductal, polypoid masses resulting
in biliary obstruction on MRCP. The imaging features
of extrahepatic cholangiocarcinoma at MRCP are dila-
tion of the proximal biliary tree with stricture or
abrupt termination at the tumor, typically showing a
shoulder sign or irregularity of the ductal wall [5].
MRCP is also very valuable in evaluation of patients
with periampullary carcinomas, by demonstrating
biliary and pancreatic ductal dilation and the location
of strictures (Figure 9.11). Although the role of MRCP
in the diagnosis and management of bile duct malig-
nancy is not yet defined, it will probably prove to be a
useful noninvasive adjunct to present techniques, since
it has the capability to evaluate the bile ducts both
above and below a stricture that are often not opacified
at ERCP [5]. In addition, MRCP also can demonstrate
any intrahepatic mass lesions.

Primary sclerosing cholangitis

The conventional imaging modality to establish the
diagnosis of primary sclerosing cholangitis (PSC) is
ERCP, which has been regarded as the imaging examin-
ation of choice for diagnosing PSC. The imaging find-
ings of PSC are characterized by multifocal, irregular
strictures and dilatations of segments of the intrahepatic
and extrahepatic biliary tree. The strictures are usually
short and annular, alternating with normal or slightly
dilated segments, producing a beaded appearance [6].

(b)

Figure 9.9 (a) Coronal maximum-intensity projection of a respiratory-triggered, 3D TSE MRCP data set showing a Todani-type IVa
choledochal cyst in the intrahepatic biliary system and the common bile ductal system. Note an anomalous pancreaticobiliary ductal union
(large arrow) and irregular wall of the choledochal cyst of the CBD (small arrows) that suggests coexisting cholangiocarcinoma. (b) ERCP
images again show the cystic dilations of the extrahepatic and intrahepatic biliary ductal system and anomalous pancreaticobiliary ductal
union (arrow).
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Figure 9.10 Thick-slab 2D MRCP image (a) and axial T1-weighted image (b) show multiple filling defects in the intrahepatic bile ducts
that represents stones. Note the stones (arrows) show high signal intensity on T1-weighted image.

Due to technical advances of MR, characteristic changes
of PSC are visible on MRCP [33]. However, MRCP
provides lower sensitivity for detecting subtle peripheral
ductal abnormalities in the liver, due to lower spatial
resolution than ERCP. Furthermore, MRCP does not
permit therapeutic intervention.

Acute cholecystitis

Ultrasound is often used as an initial modality to evalu-
ate the gallbladder, as it is accurate, relatively inexpen-
sive, and readily available. A previous study by Park
et al. compared MRCP with ultrasound for the diagno-
sis of acute cholecystitis [34], and demonstrated that
MRCP was superior to ultrasound for detecting stones
in the cystic duct (sensitivity 100% versus 14%) but was
less sensitive than ultrasound for detecting gallbladder
wall thickening (sensitivity 69% versus 96%). With the
increase of laparoscopic cholecystectomy over recent
years, the preoperative diagnosis of choledocholithiasis
in patients with acute cholecystitis has become increas-
ingly important because the presence of bile duct stones
renders laparoscopic procedures extremely difficult [6].
At the present time, however, the role of MRCP in the
diagnosis of acute cholecystitis is not yet clearly
established.

Postoperative alteration of the

pancreaticobiliary tract

MRCP has been used successfully in imaging patients
following cadaveric and living donor liver transplantation
(Figure 9.12), pancreaticoduodenectomy, and creation of

Figure 9.11 Coronal thick-slab 2D MRCP image at 3T shows diffuse
dilation of the bile ducts and the main pancreatic duct with filling
defects (open arrows) in the distal CBD and the pancreatic duct.
Note round and smooth filling defects along the duodenal wall
(closed arrows) that represents ampullary cancer.

a biliary-enteric anastomosis. It is very useful in the
evaluation of patients with biliary—enteric anastomosis,
where ERCP is impossible. Several previous studies have
demonstrated the value of MRCP in depicting anastomo-
tic strictures, intraductal stone, and bile plugs in those
patients with surgery of the biliary tract [35, 36].

Pancreatitis

MRCP has been evaluated in both acute and chronic
pancreatitis. The primary role of MRCP in the setting
of acute pancreatitis is the identification of structural
abnormalities that predispose to its development, such
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as CBD stones, pancreas divisum, and tumor
obstructing the pancreatic duct [37]. In patients with
acute pancreatitis, the combined MR and MRCP is
useful for detecting the cause, extent, and complica-
tions of this inflammatory process. However, ERCP is
preferred in patients with gallstone pancreatitis,
obstructive jaundice (with a serum bilirubin concen-
tration above 5mg/dL) or biliary sepsis since endo-
scopic papillotomy could be performed during the
same procedure. In addition, MRCP is also useful
for demonstrating the ductal features of chronic
pancreatitis, which include dilation of the main

Figure 9.12 Coronal maximum-intensity projection of a
respiratory-triggered, 3D TSE MRCP data set acquired at 3T showing
multifocal strictures (arrows) involving central portion of the
intrahepatic ducts in patients with liver transplantation.

(a)

pancreatic duct and its side branches, mural irregu-
larity, ductoliths, and strictures of the pancreatic duct
and CBD. In addition, unenhanced MR imaging,
especially T'1-weighted, fat-suppressed images, are par-
ticularly useful in delineating parenchymal changes
such as atrophy and fibrosis by showing decreased
signal intensity of the pancreas compared with the
liver (Figure 9.13). Secretin-enhanced MRCP may
improve visualization of the morphologic features of
chronic pancreatitis and is being increasingly studied
for evaluation of pancreatic exocrine function and in
the early diagnosis of chronic pancreatitis [38].

Pancreatic cancer

MRCP is able to depict both CBD stricture and
the malignant strictures (rat-tail appearance) of the
main pancreatic duct in patients with pancreatic head
cancer, so called “the double duct sign” (Figure 9.14).
According to a previous study involving 124 patients
who were suspected of having pancreatic cancer and
underwent a number of diagnostic studies, including
ERCP and MRCP, MRCP appears to be as accurate
as ERCP for distinguishing pancreatic cancer from
chronic pancreatitis [39]. Although MRCP has not
yet replaced ERCP in the patients suspected of having
pancreatic cancer in all centers, it may be preferred in
patients who have gastric outlet or duodenal stenosis
or who have had surgical rearrangement (e.g., Billroth
II) or ductal disruption. In addition, it can be valuable
for patients in whom attempted ERCP is either totally

(b)

Figure 9.13 (a) Coronal maximum-intensity projection of a respiratory-triggered, 3D fast spin echo MRCP data set acquired at 3T
demonstrating a comprehensive image of the pancreaticobiliary tract by demonstrating marked dilation of the main pancreatic duct with
multifocal strictures as well as cystic dilation of its side branches. (b) Axial gradient echo opposed-phase image with fat suppression showing
significantly decreased signal intensity of the pancreas compared with that of the liver.
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(b)

Figure 9.14 (a) Coronal maximum-intensity projection of a respiratory-triggered, 3D TSE MRCP data set acquired at 3T shows a marked
dilation of the biliary tree and the pancreatic duct as well as strictures of both the CBD and the main pancreatic duct with so called “double
duct sign” (arrows) and (b) gadolinium-enhanced 3D T1-weighted gradient echo image shows a hypointense nodule (arrow) invading the
superior mesenteric vein, which are typical imaging features of pancreatic cancers.

(a)

(b)

Figure 9.15 (a) Coronal maximum-intensity projection of a respiratory-triggered, 3D fast spin echo MRCP data set acquired at 3T
demonstrating a cystic lesion with communication with the pancreatic duct (arrow). Note diffuse dilation of the peripheral portions of the
intrahepatic ducts which represents Clonorchiasis infestation. (b) Axial T2-weighted HASTE image shows mural nodules (arrows) in the cystic
lesion, which was confirmed as noninvasive intraductal pancreatic mucinous carcinoma from pathology evaluation.

unsuccessful or provides incomplete information [40].
Furthermore, MR angiography in conjunction with
MRCP is able to provide valuable information for
determination of resectability.

Intraductal papillary mucinous neoplasm
(IPMN) of the pancreas

IPMN (also referred to as mucinous duct ectasia and
intraductal papillary mucinous tumor, IPMT) is a
precancerous lesion with a well-described adenoma

carcinoma sequence. Many patients with IPMN do
not have invasive cancer and usually have a prolonged
course without the development of cancer. IPMNs
are classified into main duct type, branch duct type,
and combined type, depending on the duct of origin.
MRCP can reveal the entire spectrum of IPMNs -
main duct dilation, cystic dilation of the side branches,
nodules, septa, and intraductal filling defects [37].
Furthermore, it can show communication between
the tumor and the pancreatic duct (Figure 9.15).
The risk of progression to carcinoma is higher with
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main duct IPMN than with branch duct IPMN (espe-
cially when < 3 cm). In addition, dilation of the main
pancreatic duct (>10mm), cyst size >30mm, and
the presence of intramural nodules are risk factors for
progression and malignancy and are indications for
surgical resection [41, 42]. MRCP is more sensitive
than ERCP in differentiating mural nodules from
mucin globs, which have the same intensity as pan-
creatic juice [42, 43]. However, MRCP is inferior to
ERCP in demonstrating peripheral ductal abnormal-
ities and in the ability to obtain tissue or perform
therapeutic interventions.
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Introduction

The bowel is an organ which was not easily and
accurately assessable until the introduction of cross-
sectional imaging and newer endoscopic techniques.
The location, length, and bowel peristalsis were
major hurdles which were first overcome by the intro-
duction of conventional radiology. Barium follow-
through examinations and conventional enteroclysis
gave valuable information on the presence of stenoses
and mucosal lesions while barium enema and double
contrast barium enema were used primarily for detec-
tion of colorectal cancer and its precursors (adeno-
matous polyps). Disadvantages of these techniques
were the lack of detailed information on both mural
and extramural abnormalities and the resulting medi-
ocre accuracy. Furthermore, the ionizing radiation
exposure was a major drawback of these examinations
especially as these often have to be repeated for treat-
ment monitoring or screening of disease recurrence.

Ultrasound and computed tomography (CT) can
be used for bowel assessment. They have high spatial
resolution, give insight into mural and extramural
abnormalities, and are widely available. However, both
have their limitations. Ultrasound has a limited field
of view in areas where air or bone obscure viewing
(e.g., pelvis), while reproducibility is a limitation. The
primary drawback of CT is the ionizing radiation,
while the contrast resolution is lower than for magnetic
resonance (MR) imaging.

MR imaging of the bowel was not possible when
MR imaging was first introduced because long acqui-
sition times in combination with respiratory move-
ment and bowel peristalsis created large artifacts. In
the last 10-15 years, fast imaging techniques that can
be performed in a breath-hold were developed.
Reduction of data-acquisition time, improved image
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quality, and optimal resolution are developments in
abdominal imaging that have led to the practicability
of diagnostic assessment of the bowel with MR
imaging. Currently, 1.5T MR imaging scanners are
primarily used to evaluate the bowel, but in recent
years 3T scanners have been used for MR imaging of
the bowel. Because of the anticipated twofold increase
in signal-to-noise ratio (SNR) compared with 1.5T,
and therefore improvement in temporal or spatial
resolution of the images, there is an increasing inter-
est in adopting bowel MR protocols for 3T scanners.

Artifacts at 3T

Several different problems are associated with
imaging at 3T. In general a direct transition from
1.5T to 3T is not possible. One needs to consider
several aspects related to pulse sequence design, such
as timings, radiofrequency (RF) pulses, and specific
absorption rate (SAR) issues, when imaging at 3T.

Experience gained in, for example, imaging the
brain at 3T does not necessarily apply to improve
abdominal imaging. Many of the problems that are
associated with imaging at 3T differ between regions.
The main constraints in 3T imaging are related to
changes in tissue T1 and T2 relaxation parameters,
SAR limitations, susceptibility artifacts, B1 inhomo-
geneity artifacts and steady-state free precession (SSFP)
banding artifacts. A problem of the first-generation 3T
scanners for abdominal imaging is the reduced field of
view in the z-direction, which is often limited to 30 cm.
Current 3T MR imaging scanners have fields of view
that are comparable to 1.5T scanners.

In general one should be aware of the changes in
T1 and T2 values when using 3T. T1 values are pro-
longed at 3T, whereas T2 values are slightly shortened
[1]. The changes in T1 and T2 relaxation parameters at

Body MR Imaging at 3 Tesla, ed. IThab R. Kamel and Elmar M. Merkle. Published by Cambridge University Press.
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3T imply the decrease of T1 contrast in T1-weighted
images and the decrease in the SNR of T2-weighted
images, if echo time (TE) and repetition time (TR)
parameters are used that are identical to the ones used
at 1.5T. Direct adoption of imaging parameters used at
1.5T without adjustments will therefore possibly alter
the diagnostic quality of the images. Avoiding T1-
weighting in spin echo sequences at 3T necessitates
the use of higher TR values which has as a drawback
an increased scan time.

Energy deposition in tissue due to the RF transmis-
sion can be limited by keeping SAR levels below
4W/kg over the whole body. However, the SAR
increases by a factor 4 when going from 1.5T to 3T.
Here again, direct transition of sequence parameters
(e.g., flip angles) from 1.5T to 3T will not be possible.
Sequences working close to SAR limits (e.g., turbo spin
echo and SSFP sequences) are consequently limited at
3T. In fast spin echo sequences one might therefore
consider using refocusing angles much smaller than
180° and to use parallel imaging factors much larger
than 2, thus making use of the increased SNR at 3T.

Susceptibility artifacts are a well-known source of
MR imaging artifacts. These artifacts arise in inter-
faces between different tissues in the body, e.g., bone
and soft tissue. A local shortening of T2* can degrade
the signal and in more severe cases significant distor-
tion and even signal voids can occur. Those artifacts
increase with field strength and consequently at 3T
they are more pronounced. Fortunately, in fast
imaging sequences with very short TEs susceptibility
artifacts only play a minor role, although in echo
planar imaging used for diffusion-weighted imaging
the effects can be very detrimental. In the latter case,
one should use either small fields of view in the phase-
encoding direction or high parallel imaging factors to
keep the TE as short as possible. In addition, the effect-
iveness of prepulses, e.g., for fat suppression, can also be
decreased by BO inhomogeneity that is present near
tissue interfaces.

BI artifacts are among the most problematic arti-
facts hampering clinical routine use of 3T abdominal
imaging. Due to the high dielectric constant of tissue
(water) the Bl wavelength is decreased from 234 cm
in free space to approximately 30 cm in the body. The
latter is of the order of magnitude of the field of view
of many body imaging protocols and therefore arti-
facts resulting from the generation of standing waves
within the field of view can occur. These artifacts
consist of strong signal variations across the image.

Figure 10.1 Transverse single-shot fast spin echo (SSFSE) image
shows large B1 inhomogeneity artifact (drop in signal intensity;
arrows).

In areas of high signal intensity constructive interfer-
ence occurs and areas of signal drop coincide with
areas of destructive interference (Figure 10.1). In add-
ition, conductivity effects also tend to increase Bl
field inhomogeneity. In regions of highly conductive
tissue such as ascites current can be induced by the
rapidly changing RF field. The induced current tends
to oppose the RF field therefore causing local signal
drops in the image. Presently multi-transmit systems
are becoming available that largely reduce the effects
of Bl homogeneity by use of sophisticated methods
for Bl shimming. Several RF transmit coils can be
combined whereby the phase and amplitude of the
signal emitted by each coil are adjusted in order to
obtain a homogeneous B1 field.

Fast three-dimensional (3D) imaging sequences
with very short TRs below 10 ms are frequently being
used in abdominal imaging because of their imaging
speed while still maintaining high SNR and spatial
resolution. Pulse sequences falling under the classifi-
cation of balanced (b)SSFP sequences such as bFFE
(balanced fast field echo), TrueFISP (true fast imaging
with steady state free precession) and FIESTA (fast
imaging employing steady-state acquisition) are very
attractive for discrimination between lumen and
bowel wall. However, bSSFP sequences suffer from
banding artifacts that become more prominent with
increasing field strength (Figure 10.2). The bands in
the image originate from the dephasing of the trans-
versal magnetization in each TR due to magnetic field
inhomogeneities. Furthermore, the combination of
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bSSFP with fat suppression can be problematic in
terms of SAR, since bSSFP sequences require high
flip angles (~45°) to generate the typical contrast
between lumen and wall. At present no straightfor-
ward solution for the banding artifact is available.

Patient preparation
Oral contrast agents

Bowel pathology can only be accurately assessed when
there is adequate luminal distension. Only large masses
can be identified without distension. Collapsed bowel
segments hamper adequate assessment of bowel wall
pathology, as they can imitate or conceal wall-related
lesions [2]. Small bowel distension can be achieved
either by naso-duodenal intubation (MR enteroclysis)
or oral contrast (MR enterography). Both have some
drawbacks; enteroclysis is more burdensome and
exposes the patient to radiation (during the naso-
duodenal intubation under fluoroscopic guidance),
whereas enterography is less accurate in showing prox-
imal small bowel lesions. Therefore the authors recom-
mend MR enteroclysis in all new patients and MR
enterography for Crohn’s disease follow-up.
Distension of the large bowel can be obtained either
by rectal insufflation of gas, administration of water-
based enemas, or oral contrast agents. Important features
of a bowel contrast agent are a high contrast resolution
between the bowel wall (and pathology) and the bowel
lumen and homogeneous signal intensity of the lumen.
There are three types of contrast agents; positive
(bright lumen), negative (dark lumen) and biphasic
(bright on one sequence, dark on the other). Bright
lumen contrast agents are contrast agents which are
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Figure 10.2 bSSFP scan of a patient
(left) and a combined image (right) with
different phase cycling, i.e, in each
acquisition the location of the banding
pattern changes. Patient preparation
consisted of fasting for 4 hours before the
scan followed by drinking 1600 mL
mannitol 2.5% in 1 hour before the scan.
Scan parameters were: TR/TE=54ms/
1.8 ms, Flip angle =409; 20 sagittal slices;
FOV =350 x 350 mm?; voxel

size = 2.0 x 2.0 x 2.0 mm?. Courtesy Sonia
. Gongalves, AMC, Amsterdam, The
Netherlands.

gadolinium-based. Gadolinium causes both T1 and T2
shortening. When applying “normal” concentrations,
the T1-shortening effect predominates causing high
signal intensity on both T1- and T2-weighted images.
However, when the gadolinium concentration is much
higher, T2 shortening occurs as well, causing signal
intensity loss in all sequences. Nevertheless, T2-weighted
sequences are more sensitive for this effect, which causes
dark-appearing lumen on T2-weighted images (thus
making this type of contrast biphasic). With the bright
lumen technique, intraluminal lesions (polyps) can be
seen as dark-appearing filling defects.

When using negative contrast agents (the dark
lumen approach), the lumen of the bowel appears
hypointense on both T1- and T2-weighted images.
This is caused by local field inhomogeneity induced
by the contrast agent causing a signal drop on both
T1- and T2-weighted images. When a paramagnetic
contrast agent is given intravenously, this causes the
bowel wall/lesion to enhance, thus improving the
contrast between the bowel wall and lumen.

Biphasic contrast agents differ from bright and
dark lumen agents because they appear bright on
one sequence, usually T2, and dark on the other,
usually T1. Biphasic contrast agents are most com-
monly applied in small bowel MR imaging. Water is
the most easily available biphasic contrast agent, but
as water is fast absorbed by the gut, an osmotic agent
is often added to improve luminal distension.

For small bowel imaging, the authors prefer to use a
biphasic contrast agent (mannitol, 2.5%, 1600 mL) as
this results in optimal contrast between bowel wall and
lumen at both T1-weighted and T2-weighted sequences.
For MR enterography the patient starts to drink the
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Figure 10.3 (A) Dark lumen MR colonography in a 64-year-old patient. Rectal CO, insufflation was used to distend the colon and fecal
tagging with an iodinated contrast agent was used to homogeneously label the stool. The coronal 3D T1-weighted gradient echo sequence
shows a dark colonic lumen. (B) Bright lumen MR colonography in a 62-year-old male patient. The colon was distended by an oral contrast
agent that contained 10 mL gadolinium (0.5 mmol/mL) and rectal administration with a mixture of water and gadolinium-based contrast agent
(10 mmol/L). The coronal 3D T1-weighted FFE sequence demonstrates high signal intensity of the colonic lumen.

contrast agent 1 hour before the examination, in ali-
quots of 1 cup per 5 minutes [3]. When using mannitol,
colonoscopy with electrocoagulation should be avoided
after the MR imaging, because methane and hydrogen
are formed when mannitol dissociates. As an alterna-
tive, the sugar alcohol sorbitol (2.5% in 1500 mL water)
can be used. For MR enteroclysis, the contrast medium
is infused through a naso-duodenal tube at 80-120 mL/
min. During the infusion of the contrast, thick-slab
SSFSE images are acquired to assess if the contrast has
reached the cecum. When this is the case, the MR
examination can be performed.

Bowel preparation schemes for 1.5T can also be
implemented at 3T. For the same contrast agent con-
centration, the change in T1 parameter is larger at 3T
than at 1.5T, due to the increase of T1 relaxation times
at 3T by roughly a factor of 1.5. To obtain images at 3T
equivalent to 1.5T less contrast has to be administered.
In general one should be aware that increased uptake at
3T should not be straightforwardly interpreted as
pathologic [3].

MR colonography is used for diagnostic evalu-
ation of the large bowel and differs from routine
abdominal imaging first in the way that it uses colonic
distension for optimal visualization of bowel lesions

and second it uses either cleansing or fecal tagging for
preparation of the bowel [2].

Room air, water, or a barium-containing mixture
are generally used as bowel distension agents. Carbon
dioxide (CO,) or room air have been studied as
gaseous distending agents in rectal insufflation for
MR colonography and result in low signal intensity
on T1- and T2-weighted sequences [2] (Figure 10.3).
Although most studies report on room-air insuffla-
tion, CO, has the advantage of less discomfort after
the examination, due to faster reabsorption by the
gastrointestinal tract than room air. Studies on colo-
noscopy demonstrated better acceptance by patients
of CO, than room air [2]. Both automated and
manual insufflation is used in gaseous distension,
although automated insufflation benefits from moni-
toring and regulating constant intracolonic pressure
as this might vary due to ileocecal reflux and gas
incontinence. Up to now, diagnostic performance of
MR colonography with gaseous distension varies [2].

Susceptibility artifacts, due to field heterogene-
ities, are more prone at soft tissue—air interfaces and
increase with the increase of the magnetic field
strength. As colonic distension by air-based and
water-based contrast agents is one of the prerequisites
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(A)

(8)

Figure 10.4 Bright lumen MR colonography with supine (A) and prone (B) positioning. The transverse 3D T1-weighted FFE demonstrates that
the stool is affected by gravity as the patient changes position; supine and prone.

of MR colonography, the latter is prone to suscepti-
bility artifacts at the interface of gas and bowel wall.
The use of fast imaging 3D sequences with very short
TEs (3-4 ms) decreases susceptibility artifacts in MR
colonography with CO, distension. Consequently,
susceptibility artifacts at 3T are most pronounced in
two-dimensional (2D) gradient echo sequences with
TEs in the range of 50-80 ms, therefore the use of 3D
sequences is recommended.

Although gaseous distension is akin to colonogra-
phy with CT (CT-colonography), most studies until
now concerned water-based enemas. Bowel distension
with water-based enemas consisting of tap water or a
mixture of water and gadolinium have been used [2].
Generally a volume of 1 to 3 liters of water-based dis-
tension agent is used to maintain constant intracolonic
distension. Signal intensity of water is high on T2-
weighted images and low on T1-weighted sequences.
When labeled with gadolinium, T1-weighted images
appear high in signal (bright lumen) (Figure 10.3).

Chemical shift artifacts are increased at high-field
imaging due to the increased difference in resonant
frequency of water and fat. This artifact has implications
for MR colonography which uses water-based enemas
for bowel distension. In MR colonography the appear-
ance of dark boundaries due to chemical shift artifacts at
fat-water interfaces can hinder visualization of the
bowel wall. To overcome these artifacts the bandwidth
can be increased, although this reduces SNR. When
using effective fat suppression techniques the conse-
quences of this artifact will however be minor.

Fecal tagging

Fecal residue can mimic or obscure bowel pathology
and therefore hamper adequate diagnostic assessment
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of the large bowel. To overcome this impediment, the
colon can be cleansed by purgative solutions as in con-
ventional colonoscopy. In general, sodium phosphate
solutions and polyethylene glycol (PEG) electrolyte
solutions are used for cleansing.

Fecal tagging as a bowel preparation method was
introduced similar to its use in CT-colonography [2].
Fecal tagging refers to consistently labeling stool by
oral intake of a contrast agent with a regular meal, in
that way providing for sufficient contrast between the
colonic wall and the colonic lumen with its fecal
content. Furthermore, as bowel purgation was con-
sidered burdensome, fecal tagging was also intro-
duced to avoid extensive cleansing of the colon.

Several fecal tagging strategies have been proposed in
MR colonography research. Tagging agents containing
high concentrations of barium sulfate were studied. Ini-
tial results were promising as differentiation of colonic
wall and lumen was exceptional, yet subsequent research
demonstrated less encouraging results regarding patient
acceptance and image quality [2]. Following these
results, different solutions containing barium were
studied concerning diagnostic accuracy and patient
acceptance resulting in improved outcomes [2].

Furthermore, gadolinium-based fecal tagging
agents were studied; however, in preliminary research
high costs of the tagging agent hindered extensive
application [2].

Diagnostic accuracy of bright lumen MR colono-
graphy is influenced by false-positive findings caused
by residual air and feces. As most lesions are not
affected by gravity as opposed to residual air and
feces, the examination is performed in both supine
and prone position [2] (Figure 10.4). In the dark
lumen approach dual positioning is not required to
avoid false-positive findings due to air/feces residue as
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Figure 10.5 Dark lumen MR colonography in a 60-year-old male patient. (A) Coronal 3D T1-weighted gradient echo image in supine
position. The transverse colon is well distended. (B) This is contrary to the coronal 3D T1-weighted image in prone position where the colon is

not well distended.

Figure 10.6 Dark lumen MR colonography in a 79-year-old female patient with symptoms of abdominal pain and weight loss. CO,
insufflation was used for colonic distension and an iodinated oral contrast agent was used for fecal tagging. (A) Coronal 3D T1-weighted
gradient echo sequence with fat saturation after intravenously administered paramagnetic contrast agent demonstrates a polyp in the sigmoid
(arrow). (B) The presence of a hyperplastic polyp of 12 mm was confirmed at conventional colonoscopy and pathology.

lesions of the bowel wall are enhanced; nevertheless
dual positioning is in fact essential for optimal bowel
distension (Figure 10.5). To avoid false-positive find-
ings in dark lumen MR colonography, pre-and post-
contrast imaging is performed.

For MR colonography, the authors prefer to use
the dark lumen approach using automated CO,

insufflation for bowel distension as this improves
adequate colonic distension and patient acceptance
(Figures 10.6 and 10.7). As in CT-colonography, fecal
tagging with an iodinated contrast agent is applied for
adequately labeling the stool, causing high signal inten-
sity of the stool at T1- and T2-weighted sequences.
Furthermore, the laxative effect of the iodine provides
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Figure 10.7 Coronal 3D T1-weighted gradient echo, dark lumen MR colonography, in a 79-year-old female patient with symptoms of
abdominal pain and weight loss. (A and B) Coronal T1-weighted image with fat saturation demonstrates two sessile polyps in the sigmoid
close to each other (arrow). (C) Both polyps were confirmed at conventional colonoscopy, the size was 4 and 5mm, respectively.
Histopathology demonstrated one hyperplastic polyp and one adenoma with low-grade dysplasia.

for liquid stool with a good mixture of stool and con-
trast. To ensure sufficient colonic distension of all bowel
segments, prior to data acquisition, the insufflation is
performed while changing the patient’s position from
his/her right lateral side to the left lateral side. The
intracolonic pressure is monitored by an automated
insufflator. To our knowledge, no MR imaging compat-
ible insufflator exists; therefore long tubing is used for
insufflation with the insufflator outside the MR suite.

Sequences at 3T

When transferring bowel imaging MR sequence
protocols from 1.5T to 3T, modifications are manda-
tory because of differences in tissue T1 and T2
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relaxation parameters (longer T1 and shorter T2
relaxation times at 3T) and SAR limitations (see spe-
cific sequence for details).

All sequences must be performed in 15- to 25-second
breath-holds. If the breath-hold is over 15 seconds
hyperventilation directly prior to the sequence is recom-
mended. Careful explanation of the procedure and
length of the breath-hold is mandatory (see Table 10.1
for recommended scan parameters).

Single-shot fast spin echo (SSFSE)

This sequence is recommended as the initial sequence
as it gives an overview of the abdomen. Both coronal
and axial sequences must be performed. Since one
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Table 10.1 Recommended scan parameters for 3T MR imaging of the bowel

Sequence SSFSE SSFSE

coronal axial fat saturation
Repetition time (ms) 800 800 1450
Echo time (ms) 65 65 70
Flip angle (degrees) 90 90 90
Slice thickness (mm) 4 4 7
Number of signal 1 1 1
averages
Fat saturation No No yes
Gap (mm) 1 1 1
Matrix 256 x 200 256 x 200 288 x 233
Field of view (mm?) 400 x 400 375 x 300 375 x 300

slice is acquired per shot, this sequence is relatively
insensitive to motion artifacts although intraluminal
flow artifacts can occur. The normal bowel wall has
uniform low signal intensity on this sequence; wall
edema (e.g., in active inflammation) and mural fat
(e.g., in patients with longstanding inflammatory
bowel disease) have high signal intensity. To differen-
tiate between edema and intestinal fat, a fat-
suppressed sequence is recommended.

Theoretically, 3T MR imaging scanners have twice
the SNR compared with a 1.5T scanner. One study
has assessed that for SSFSE the ultimate gain in SNR
is only 1.7 [4]. This is due to specific problems at 3T,
such as SAR limitations. In comparison to 1.5T, the
TE of this sequence needs to be shortened. The 180°-
refocusing pulses need to be reduced because of SAR
limitations, which will lower the SNR. When
shortening the TE, the SNR improves but this causes
some loss in T2 contrast. In addition, standing wave
artifacts can be present in patients with ascites (see
Artifacts at 3T).

Three-dimensional T1-weighted
gradient echo

The overall enhancement and the enhancement pat-
tern of the bowel wall after intravenous contrast injec-
tion is best assessed on this sequence. The authors
recommend administering intravenous gadolinium
(0.1 mL/kg) and start the scan after 60 seconds. This
is specifically important in patients with inflamma-
tory bowel disease where enhancement is one of the

SSFSE axial with

3D T1-weighted
gradient echo coronal

3D T1-weighted
gradient echo axial

2.2 2.2

1.0 1.0

10 10

2 2

1 1

yes yes

200 x 200 200 x 200
400 x 400 375 x 300

features used for determining disease activity. The
sequences should be performed in coronal and axial
plane if isotropic voxel sizes are not available. Also,
the use of fat saturation is recommended to optimize
the contrast between enhancing bowel wall and mesen-
teric fat. Because this sequence is very sensitive to
(peristaltic) motion, it is advised to give an antiperistal-
tic drug, such as N-butyl scopolamine bromide or
glucagon. In the USA N-butyl scopolamine bromide is
not Food and Drug Administration (FDA) approved
for this application and cannot be used.

Three-dimensional spoiled gradient echo sequences
(e.g, THRIVE [T1-weighted high-resolution isotropic
volume examination], VIBE [volume interpolated
breath-hold examination], or FAME [fast acquisition
multiecho]) are robust sequences that can be imple-
mented without much adaptation on 3T, with a good
SNR and contrast-to-noise ratio [5].

Balanced steady-state free
precession (bSSFP)

bSSFP sequences combine their contrast from both
T1 and T2 in a ratio (T2/T1). This sequence is often
used at 1.5T for assessment of the small bowel wall as
it provides a high contrast anatomical overview.
Thereby, this breath-hold sequence is not sensitive
to motion. At 3T, banding artifacts (appearing as
bright and dark stripes in the image) and low SNR
substantially degrade the usefulness of this sequence
(see Artifacts at 3T). When increasing BO homogen-
eity the banding pattern migrates to the borders of the
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field of view. However, this solution is not very prac-
tical at 3T, since the effectiveness of shimming is
limited at 3T. Another solution is to vary the location
of the banding pattern in consecutive acquisitions [6],
as illustrated in Figure 10.2. This can give good
results, but the imaging time is increased and the final
image is prone to blurring due to differing breath-
hold positions. A satisfactory solution to reduce the
banding artifact has not been proposed so far.

Diffusion-weighted imaging (DWI)

DWI reflects the changes in water mobility caused by
interactions with macromolecules and cell mem-
branes. This can be measured by the apparent diffu-
sion coefficient (ADC value). DWI at 3T can benefit
from increased SNR, but also image quality can suffer
because of increased magnetic susceptibility. These
artifacts can be limited using parallel imaging tech-
niques, thus shortening imaging time and TE.

At 1.5T for detection of active Crohn’s disease,
DWI showed decreased ADC values in patients with
active disease with a sensitivity of 95% and a specifi-
city of 82% [7]. To our knowledge, no study has been
performed at 3T.

Developments in DWI demonstrated valuable
potential in the field of oncology for detection of
cancer and response prediction to therapy. However,
to our knowledge, all studies in DWI of the bowel
have been performed at 1.5T or lower field strength
MR imaging.

Cine imaging

To obtain information about small bowel motion and
peristalsis, it can be useful to add a cine MR imaging
sequence. Especially, adhesions can be visualized by
fixation of bowel loops and lack of normal peristalsis.
On 1.5T, this is usually done with the bSSFP
sequence. On 3T, SSFSE can be used instead, acquir-
ing two slices per second.

Imaging indications
Inflammatory bowel disease

Crohn’s disease and ulcerative colitis are the two main
diseases that comprise inflammatory bowel disease
(IBD). IBD is characterized by disease remissions
and exacerbations. Crohn’s disease can be present
in the whole gastrointestinal tract, but is most
commonly located in the terminal ileum. Colonic
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involvement is also often present. Specific for Crohn’s
disease is the presence of skip lesions where patholo-
gic bowel wall lesions are separated from normal
bowel wall. Crohn’s disease is a transmural disease,
so all bowel wall layers can be involved and extra-
intestinal manifestations (fistulas, abscesses) can occur.

Ulcerative colitis is a mucosal inflammatory dis-
ease and is confined to the colon and rectum with a
predilection for the distal colon and rectum, though
“backwash ileitis” can mimic terminal ileitis. Because
the inflammation occurs only in the mucosal layer
of the large bowel, extra-enteric manifestations are
very rare.

Diagnosis or follow-up (therapy monitoring) for
Crohn’s disease is the most important indication for
MR imaging of the small bowel. MR imaging is
capable of diagnosing Crohn’s disease and monitor-
ing therapy response. In a meta-analysis, sensitivity
was 93.0% and specificity was 92.8% for detection of
Crohn’s disease [8]. All studies in this meta-analysis
were performed at 1.5T or less. Only one study has
been performed that focused on evaluating Crohn’s
disease activity at 3T [9]. This study demonstrated the
feasibility of 3T MR enterography in a small cohort of
20 Crohn’s disease patients. Two MR parameters were
assessed; correlations were found between the
Crohn’s disease severity index (CDEIS) and bowel
wall thickness and enhancement. As of yet, to our
knowledge, no studies have been performed that com-
pared 1.5T with 3T for the accuracy of diagnosing
Crohn’s disease.

A recent meta-analysis determined the accuracy
of MR imaging in grading disease activity. Seven
studies were included (one at 3T), of which six
examined both the small and the large bowel. MR
imaging correctly graded 91% of frank disease and
62% of patients in remission or with mild disease
[10]. This low accuracy in grading of mild disease
activity (presented often as small mucosal ulcer-
ations) might be due to low spatial resolution in
MR imaging or the inability of MR imaging to detect
small lesions.

The role of MR colonography in Crohn’s disease
patients is limited. It has been studied in a few studies
and only at 1.5T. Sensitivity for segment-based
inflammation was 32% and specificity was 88% [11].
Rimola and colleagues have published an educational
exhibit about 50 IBD patients in whom they per-
formed MR colonography, but did not report statis-
tical evidence [12].
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The place of MR imaging in ulcerative colitis
patients is limited to MR colonography, as ulcerative
colitis is limited to the colon. Only the mucosa is
affected and especially in mild disease, where only
mucosal edema and hyperemia are present, spatial
resolution is too low to detect this. When there is
severe disease, the colonic wall changes can show
ulcerations, wall thickening, and enhancement but
less than in Crohn’s disease because the inflammation
is not transmural [12].

In Crohn’s disease patients, current guidelines
from the European Crohn’s and Colitis Organisation
(ECCO) recommend performing ileocolonoscopy for
initial diagnosis and to assess the extent of the disease,
either by small bowel MR imaging or CT. They add
that because of the radiation risk in young patients,
MR should be considered where possible. The Ameri-
can College of Radiology recommends performing an
abdominal CT, though they indicate that MR imaging
may have the same sensitivity and specificity. The
choice of examination therefore depends on institu-
tional resources and preferences. For ulcerative
colitis, ECCO guidelines do not recommend MR
imaging as a routine imaging technique.

Imaging features for IBD

Several imaging features are known to reflect active
Crohn’s disease activity.

Bowel wall thickening has been used as one of the
most important parameters to assess disease activity for
a long time [10]. Traditionally, this is best assessed on
bSSFP images, but if these are not available, SSFSE can
also be used for this purpose (Figure 10.8). There is no
consensus in the literature on the exact upper limit of
normal bowel wall, however, often a bowel wall > 3 mm
is considered as thickened. The thickening can be due
either to fibrosis or edema of the bowel wall. In a
previous study on a 3T scanner, a significant correlation
was found for bowel wall thickness and the CDEIS [9].
False-positive findings mimicking thickened bowel wall
can occur when the bowel is not optimally distended;
therefore all sequences have to be scrutinized for the
images with the most optimal distension. This primarily
concerns MR enterography; bowel loop distension is
optimized at MR enteroclysis.

Enhancement of the bowel wall. One of the most
important findings for disease activity is the enhance-
ment of the bowel wall by intravenous contrast injec-
tion. In a meta-analysis, enhancement was one of
the most important parameters for Crohn’s disease

activity [10]. To our knowledge, only one study
assessed enhancement of bowel wall at 3T. In that
study, a significant correlation was found between
CDEIS and mural enhancement (Figure 10.8) [9].

T1 stratification (layered appearance of bowel
wall) can be seen when the bowel wall enhances after
intravenous contrast injection. Enhancement can
be mucosal (innermost layer of bowel enhancing),
homogeneous (all bowel wall enhancing equally) and
layered (both mucosal and serosal bowel wall layers
enhancing with a central band of relatively reduced
enhancement). At 1.5T a multilayered appearance of
the bowel wall was associated with inflammatory
activity measured at histology [13] (Figure 10.9).

High T?2 signal intensity of the bowel wall is most
often present when there is inflammation/edema of
the bowel wall, such as in active Crohn’s disease. Fat
suppression is recommended to distinguish edema
from fat. At 1.5T, the signal intensity of the bowel
wall compared with the signal intensity of cerebro-
spinal fluid was positively correlated with disease
activity measured at histology [13] (Figure 10.9).

Stenosis. A stenosis can be defined as a luminal
narrowing of the bowel wall of more than 50%. This
can be evaluated on all sequences. If a pre-stenotic
dilation is present, this indicates (partial) obstruction.
A stenosis can be caused by either fibrosis or inflam-
mation. If the stenosis is due to inflammatory activity,
medical therapeutic options should be considered.
Therefore it is important to differentiate between
fibrosis and inflammation. After intravenous con-
trast, active Crohn’s disease does enhance whereas a
fibrotic stenosis does not enhance.

Verification of the degree of obstruction on the
different sequences performed during the MR entero-
graphy procedure gives important information on the
degree of obstruction. The sensitivity of detecting a
stenosis with MR enterography at 1.5T is 86% versus
100% for MR enteroclysis [14]. The higher accuracy
with MR enteroclysis is due to the better distension,
but in daily practice enterography can also be per-
formed because the obstructed flow due to the sten-
osis gives rise to a pre-stenotic dilation. Also cine
imaging can be performed to assess the motility of
the bowel wall (see Sequences at 3T).

The presence of the comb sign indicates increased
blood flow in the vasa recta of a bowel segment.
The mesenteric vessels are arranged like the teeth of
a comb, hence the name comb sign. This can be
seen on bSSFP images or on T1-weighted images.
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(A)

©) (D)

Figure 10.8 (A, B) 3T scan versus 1.5T scan of female Crohn’s disease patient. (A) Coronal 3T T2-weighted SSFSE image shows thickened
terminal ileum (arrows), with a large ulceration (curved arrow). (B) Coronal 3T T1-weighted gradient echo image with fat suppression after
intravenous contrast shows stratified enhancement: enhancing serosa and (sub)mucosa (arrows) of the ileal loop, indicating inflammation.
(C, D) Follow-up 1.5T scan of the same patient after 8 months of infliximab therapy. (C) Coronal bSSFP image with fat saturation at 1.5T
shows thickened bowel wall (arrow) and the presence of the comb sign (open arrow). (D) Coronal T1-weighted gradient echo image with
fat saturation at 1.5T shows homogeneous enhancing bowel wall (arrow).

It is considered to indicate the presence of active  can be seen in patients with a past episode of active

disease (Figure 10.8). inflammatory bowel disease. The presence of creeping
Creeping fat or fibro fatty proliferation is the  fat can best be assessed on SSFSE images.
stranding and retracting of mesenteric fat around Traditionally, the presence of ulcerations can best

affected bowel segments. Most often, this phenomenon  be assessed on bSSFP images, but also on SSFSE. Deep
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Figure 10.9 A 47-year-old female patient with Crohn's disease. (A) Coronal SSFSE image at 3T shows thickened terminal ileum. The wall is
two-layered (arrow), a hypointense mucosa and submucosa and a hyperintense muscularis, which is caused either by edema or intramural
fat. (B) Coronal T1-weighted gradient echo image with fat saturation after intravenous contrast shows a layered appearance of the bowel
wall (arrow) with enhancement of (sub)mucosa and serosa, which indicates inflammation.

Figure 10.10 A 27-year-old female patient with Crohn’s disease.
Transverse SSFSE image with fat saturation shows a thickened
terminal ileum with an ulceration (arrow).

linear ulcers appear as thin lines of high signal inten-
sity, longitudinally or transversely (fissure ulcers)
orientated within the thickened bowel wall (Figure
10.10). On T1-weighted images, ulcerations can be
seen as a focal defect in the enhancing bowel wall.
Lymph nodes. Patients with Crohn’s disease often
have enlarged mesenteric lymph nodes (>1cm).
These can best be visualized on bSSFP sequences. At
3T, these can best be seen on a T1-weighted sequence

(Figure 10.11). Lymph nodes may enhance, although
the relevance of this finding for determining disease
activity is disputed.

Fistula and abscess. Fistulas and abscesses are
extraluminal manifestations of Crohn’s disease that
can best be seen on post-contrast T1-weighted images,
because of their enhancement after intravenous contrast
due to inflammation (Figure 10.12). A nonactive
fibrotic track will not enhance. In abscesses, the center
will have a hypointense signal intensity because of the
fluid content, whereas the wall of the abscess enhances.

Detection of colorectal polyps and
colorectal cancer

Colorectal cancer (CRC) is the second leading cause of
cancer-related death in most Western societies. Colo-
rectal adenomas are considered to be the benign pre-
cursors in the majority of cases of CRC. Efforts have
been made to reduce mortality and incidence by
screening and surveillance. CT-colonography has
gained clinical acceptance as it is less invasive and
burdensome compared with conventional colonoscopy
and has proven its role as an alternative to colonoscopy
in symptomatic patients. Importantly, it has also been
demonstrated to have good accuracy for screening [15].

145



‘ Chapter 10: MR imaging of small and large bowel

Figure 10.11 Coronal T1-weighted gradient echo image at 3T
with fat saturation shows two enlarged lymph nodes (arrows). Also,
a thickened pre-terminal ileum loop is visible (open arrow).

The drawback of CT-colonography is ionizing radi-
ation exposure, which could be prevented by using
MR colonography. MR colonography has been stud-
ied over the last decade for detection of CRC and the
precursor of CRC, colorectal adenomas [16].

Large colorectal lesions are highly suspicious for
CRC at MR colonography, especially obstructing
masses. For polypoid lesions malignancy cannot be
determined at MR colonography. However, the risk
of CRC within an adenoma is size-related and there-
fore polyps are categorized in three categories: large
polyps of 10mm and larger, intermediate polyps of
6-9 mm, and small polyps of 5 mm and smaller. In large
polyps a prevalence of advanced histology was demon-
strated to be 30.6% and malignancy in approximately
10%. The prevalence of advanced histology in polyps of
intermediate size (6-9 mm) was 6.6% with a range of
4.6-11.7% while the chance of malignancy was smaller
than 1%. For polyps of <5 mm advanced neoplasia was
demonstrated to be present in 1.7% (range 1.2-2.0%)
and the risk of malignancy was demonstrated to be very
small (0.06%). In CT-colonography there is consensus
that patients are referred for colonoscopy when polyps
of 6 mm and larger are demonstrated [2].

Primarily, research has focused on dark lumen
MR colonography with the use of bowel cleansing and
a water-based enema; the results were encouraging as
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Figure 10.12 Patient with Crohn's disease. Coronal T1-weighted
gradient echo image after intravenous contrast with fat saturation
shows a fistula between two ileal loops (arrow).

no false-negative findings were demonstrated. Initial
research using the bright lumen method for MR colo-
nography demonstrated high diagnostic accuracy for
large lesion detection, though diagnostic performance
for smaller lesions varied. Most research was per-
formed at 1.5T or less.

The majority of studies have been performed in
patients with symptoms of CRC or patients under
surveillance. A systematic review on diagnostic accur-
acy of detection of (precursors of) CRC with MR
colonography showed encouraging results [16]. Thir-
teen studies, both bright and dark lumen MR colono-
graphy studies, were evaluated. Furthermore, two
study groups performed MR colonography at 3T
MR scanners, however, one study was executed on
both 1.5T and 3T MR systems. In this study, unfortu-
nately, differences in diagnostic accuracy, image qual-
ity, and patient acceptance were not mentioned. The
systematic review on CRC detection with MR colono-
graphy showed excellent results as sensitivity was
100%. For the detection of large polyps (10 mm or
larger) the per-patient sensitivity was 88% (95% con-
fidence internal [CI]. 63-97%) and specificity 99%
(95% CI: 95-100%) and the per-polyp sensitivity was
84% (95% CI: 66-94). No conclusions could be drawn
for polyps of intermediate size and smaller than
6 mm, due to heterogeneous data [16].
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Although this systematic review demonstrates
promising results, it has to be taken into account that
data on diagnostic accuracy of MR colonography in
detection of CRC and colorectal polyps are heteroge-
neous and to date, no consensus has been reached on
patient preparation method and technique.

The results of MR colonography in symptomatic
patients cannot be extrapolated to screening. One
prospective study, performed on a 1.5T MR system,
has focused on asymptomatic patients with a normal
risk profile for CRC [2, 16]. The prevalence for polyps
of 10mm and larger was demonstrated to be 6.3%.
Although the overall patient-based sensitivity and
specificity was 36.4% and 90.2%, for intermediate-
sized lesions and lesions of 10 mm and larger, sensi-
tivity was 60% and 70% respectively and 100% speci-
ficity was demonstrated.

Other indications

As of yet, only few studies have been performed that
assessed the accuracy of 3T MR imaging of Crohn’s
disease or colorectal polyp and CRC detection. For
other indications for small or large bowel MR
imaging discussed here, there are no data on the
use of 3T.

As MR imaging permits superior soft tissue reso-
lution, MR imaging is able to detect complications of
diverticular disease like abscesses, fistulas, and free
abdominal fluid. To date, MR colonography has
shown promising results in evaluation of acute diver-
ticulitis; sensitivity was 86% and specificity 92% for
detecting diverticular disease with the dark lumen
method at 1.5T [17]. The role of 3T MR imaging is
not yet established.

MR imaging for acute abdominal pain, specifically
appendicitis, was not often used because of long scan
times and logistical problems. As faster sequences
were developed, more interest has developed for MR
imaging for this indication. Most studies have been
performed on 1.5T or less and many concern preg-
nant patients. A systematic review has shown that
sensitivity of MR imaging for diagnosing appendicitis
is 80% and specificity is 99% [18]. As of yet no data
exist on 3T MR imaging for appendicitis.

Peutz-Jeghers syndrome is characterized by the
occurrence of hamartomatous small and large polyps
and these patients require frequent monitoring
because these polyps can degenerate to a malignancy
and therefore need to be resected. No studies have

been performed to test the accuracy for polyp detec-
tion at 3T MR imaging. For 1.5T, polyps < 5mm are
not detected because of low spatial resolution.

Celiac disease is a gluten-sensitive enteropathy of
the small bowel. Because of the lack of specific symp-
toms, diagnosis can be difficult. Patients whom are
referred for small bowel MR for nonspecific gastro-
intestinal complaints can have celiac disease as their
underlying pathology. The most specific sign for
celiac disease on MR are fold pattern abnormalities.
Ileal jejunization denotes an increase in ileal folds,
whereas the folds in the jejunum decrease or com-
pletely flatten.

Small bowel malignancies are relatively uncom-
mon. Carcinoid is the most common primary small
bowel tumor. At 1.5T carcinoid presents either as a
concrete mass that enhanced after intravenous con-
trast or as a uniform bowel wall thickening which also
showed enhancement. Small bowel lymphomas are
usually of the non-Hodgkin type. They are mostly
located within the bowel wall and enhance after intra-
venous contrast is given.

1.5T versus 3T

Theoretically, 3T MR imaging scanners have twice the
SNR compared with a 1.5T scanner. However, due to
specific problems (such as SAR) the ultimate gain in
SNR is often less, e.g., 1.7 for SSFSE sequences [4].
The gain in SNR at 3T is used in other fields such as
neurovascular imaging to obtain a better imaging
quality. In these fields, 3T has become superior to
1.5T imaging.

For bowel imaging, however, imaging at 1.5T is
still the standard in most hospitals. In Crohn’s disease
patients, abdominal MR imaging at 3T is feasible but
future research will have to point out if diagnostic
accuracy rates are actually higher than at 1.5T.

To our knowledge, the only comparative studies of
3T versus 1.5T for bowel diseases reporting data con-
cern the detection of colorectal polyps and cancer.
Wessling et al. demonstrated no significant difference
in detection of polyps larger than 6 mm in a phantom
(ten sessile polyps: 4 x 2mm, 3 X 3mm, 1 x 4mm,
1 x 6mm, 1 x 8 mm) [19]. This study demonstrated
overall sensitivity for polyp detection of 56% at 1.5T
and 55% at 3T.

Moreover, a study in 40 patients carried out by
Rottgen and coworkers demonstrated no overall sig-
nificant difference in image quality at 3T compared
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with 1.5T [20]. Two-dimensional bSSFP images were
found to be superior at 1.5T, but there were no signifi-
cant differences in 3D T1-weighted fat-suppressed
gradient echo and SSFSE. Furthermore, a phantom
model with polypoid lesions was studied both at 1.5T
and 3T. The study demonstrated significantly better
visualization of the polyps at 1.5T and visualization
of artificial polyps [20]. However, Saar et al. demon-
strated a sensitivity of 100% for colorectal lesions larger
than 6 mm as all carcinomas (4/4) and polyps (16/16)
were identified at 3T using two different T1-weighted
3D gradient echo sequences [5]. Diagnostic quality
was reported to be excellent in 94% and 92% respect-
ively for the two sequences.

It can be expected that in the future the advantage of
3T MR imaging will be further exploited in techniques
such as very fast dynamic contrast-enhanced sequences.
In Crohn’s disease, it is known that bowel wall enhance-
ment is a marker of disease activity. Dynamic contrast-
enhanced MR imaging is a technique that acquires
images during the delivery of contrast in the tissue of
interest (in this case the bowel), thus highlighting the
dynamic response of the tissue to the inflow of blood
and the subsequent distribution in the extracellular fluid
space. Analysis of the time-dependent changes of signal
intensity on dynamic contrast-enhanced MR images
might provide valuable information about disease activ-
ity in Crohn’s disease patients.

Conclusion

The use of abdominal protocols for 3T has increased
over the last few years. Although it is feasible to perform
MR of the small bowel and MR colonography at 3T,
further research has to be performed to determine
whether 3T performs better than 1.5T. At this moment,
there is no compelling evidence that favors the use of 3T
MR imaging over 1.5T MR imaging for imaging bowel
diseases. Technologic advances like Bl shimming and
increased BO homogeneity in the z-direction of modern
3T scanners, will contribute largely to the clinical accept-
ance of 3T MR imaging scanners for abdominal imaging.
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Background

Colorectal cancer is the third most common cancer
in men and the second most common cancer in
women, with an age-adjusted incidence rate of
46.1 per 100000 per year in the United Kingdom
[1]. The estimated number of deaths in the United
States in 2009 was 49 920 [2]. Therefore, colorectal
cancer has a high impact on health and society.
Until now the precise etiology of rectal cancer has
not been clarified. It is currently believed that
the etiology is multifactorial, with genetic factors
on the one hand and environmental factors, such
as diet, smoking, and exercise, on the other hand.
Patients usually present with rectal bleeding, weight
loss, or abdominal complaints. Based on these
symptoms a colonoscopy with biopsy is performed,
where a tumor is found. Patients then undergo local
staging with MR imaging, which has been proven to
be the most accurate modality for staging of rectal
cancer [3]. Distant staging is performed with com-
puted tomography (CT) of the abdomen and thorax
or a combination of a chest X-ray and an ultra-
sound of the liver. After staging, the patient is
discussed in a multidisciplinary team (MDT) meet-
ing, where the risk profile for recurrence is evalu-
ated. A colorectal MDT consists of surgeons,
radiation oncologists, medical oncologists, patho-
logists, gastroenterologists, and radiologists. Over
the years, the role of the radiologist in the MDT
has evolved from a reporting role to a full sparring
partner in clinical decision-making. Because the aim
of imaging of rectal cancer is to determine the risk
profile of the patient, which defines the type of
treatment the patient will undergo, the radiologist
nowadays has a crucial influence on the treatment
of the patient.

MR imaging of the rectum, 3T vs. 1.5T

Monique Maas, Doenja M. J. Lambregts, and Regina G. H. Beets-Tan

Local recurrence has been one of the main prob-
lems after treatment of rectal cancer. The risk profile
for local recurrence is based on risk factors, which can
be assessed with MR imaging: (1) tumor stage, (2)
nodal stage, (3) involvement of the mesorectal fascia
or circumferential resection margin (CRM), and (4)
tumor height.

The risk for local recurrence has been reported to
be as high as 40%, which was mainly due to a sub-
optimal surgical technique, with which the mesorectal
envelope was bluntly resected, leading to incomplete
resections and tumor spill [4]. With the introduction
of the total mesorectal excision (TME), which pro-
vides an accurate dissection of the whole mesorectal
envelope (with the enclosed lymph nodes) along the
mesorectal fascia or “the holy plane,” the local recur-
rence rate reduced substantially to 10% in some
expert centers [5].

The Swedish rectal cancer trial and Dutch TME
trial assessed the influence of neoadjuvant (preopera-
tive) 5 x 5 gray (Gy) radiation additional to surgery
on local recurrence and found that preoperative radi-
ation significantly reduced local recurrence rates from
26%-27% in the nonirradiated group to 9%-11% in
the irradiated group [6, 7] Subgroup analyses in the
Dutch TME trial revealed that patients with stage
I disease (T1-2N0) did not benefit from neoadjuvant
5 x 5 Gy radiation, because their risk for local recur-
rence is already very low. Furthermore, patients with
stage III disease (TxN+) benefited from preoperative
radiation, but still had a relatively high risk for local
recurrence in spite of the radiation (11.2%) [7]. For
these high-risk patients more intensive neoadjuvant
treatment could be considered, such as combined
chemo- and radiotherapy (chemoradiation [CRT]).
Sauer et al. randomized patients between preoperative
and postoperative CRT and found that preoperative
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CRT reduced the risk for local recurrence signifi-
cantly from 13% in the postoperative group to 6% in
the preoperative group [8]. In summary, these studies
showed that preoperative (chemo)radiation signifi-
cantly reduces the risk for local recurrence in patients
with intermediate- and high-risk tumors.

Based on the results of the aforementioned stud-
ies patients can be stratified into three risk groups:
(1) the low-risk tumors, which are confined to the
bowel wall (T1-2) without nodal metastases (NO), (2)
the intermediate-risk tumors, which are T3 tumors
without CRM involvement and maximally three
nodal metastases (N1) or very distal T2-3Nx tumors,
and (3) the high-risk or locally advanced T3-4Nx
tumors, which threaten or involve the CRM and/or
tumors with more than three nodal metastases
(N2). The low-risk patients undergo immediate
TME without any neoadjuvant treatment. The
patients with an intermediate risk for local recur-
rence undergo neoadjuvant 5x5Gy radiation with
subsequent TME, and the high-risk group undergoes
a long course of CRT followed by TME after an
interval of 6-8 weeks. Worldwide there is some
variation in the type of neoadjuvant therapy and thus
in the risk factors that influence treatment decision-
making. In the United States all patients with inter-
mediate and high risk undergo a long course of
neoadjuvant CRT and decision-making is mainly
based on the T and N stage (T3N+ being stratified
for a long course of CRT). In Europe, this neoadju-
vant therapy regimen is given to those patients who
are at high risk for local recurrence: patients with T3
tumors with a threatened and/or involved mesorectal
fascia or with a T4 tumor and/or nodal involvement,
for whom surgery only or 5 x 5Gy radiation with
surgery may not be sufficient. In the latter case,
besides the T- and N-stage, involvement of the
mesorectal fascia is an important landmark for treat-
ment stratification.

Currently, MR imaging is therefore recommended
mostly in European countries while endorectal ultra-
sound (EUS) is used in the USA. Most widely avail-
able and most intensively validated for rectal cancer
staging is MR imaging at 1.5T. However, with the
introduction of 3T MR units the question whether
3T MR imaging would be more accurate than 1.5T
MR imaging is rising. In this chapter rectal MR
imaging at 3T, its evidence, the MR anatomy, proto-
col, and its ability for predicting the risk factors in
rectal cancer staging are described.

3T imaging of the pelvis

The increased signal-to-noise ratio (SNR), which can
be achieved with 3T MR imaging, can be traded for
reduced acquisition time, higher resolution, or both.
Until now, much experience has been gained with 3T
MR imaging for the brain and skeletal imaging, but in
pelvic imaging it has not been widely implemented.
Usage of 3T MR imaging in the abdomen and pelvis
brings about some high field strength-related chal-
lenges, such as more movement and susceptibility
artifacts, the latter which also occur next to the gas-
filled rectum [9].

Standard MR rectal protocol at 3T

In standard clinical practice phased-array MR
imaging is sufficient for rectal cancer staging. Endo-
rectal filling or coils are not recommended, because
the rectal distension leads to a smaller distance
between the tumor and mesorectal fascia, resulting
in an overestimation of CRM involvement [10].
Moreover, the compression of the mesorectum with
endorectal filling or coils leads to reduced visibility
and more difficult evaluation of lymph nodes.
Spasmolytics or bowel preparation are not routinely
administered, but in proximal tumors spasmolytics
can sometimes be of help in reducing bowel move-
ment artifacts.

A standard MR protocol for rectal cancer
imaging at 1.5T consists of two-dimensional (2D)
T2-weighted (T2W) fast spin echo (FSE) sequences
in three orthogonal directions: axial, coronal, and
sagittal. Total examination time is approximately 25
minutes. Based on the sagittal images, the axial
sequence is angulated exactly perpendicular to the
tumor axis and the coronal sequence is angulated
parallel to the tumor axis. These angulations lead to
optimal depiction of the relation between the rectal
wall, the tumor, and surrounding structures. T2W
MR imaging offers a good contrast between the
rectal wall and tumor on the one hand and the
mesorectal fat and mesorectal fascia on the other
hand. Therefore, fat suppression is not recom-
mended. Fat suppression decreases the visibility of
the mesorectal fascia and the tumor border, leading
to hampered evaluation of the T-stage and of the
CRM (Figure 11.1). The recommended slice
thickness is generally 3mm and the field of view
should include the anal canal distally, the level of
the promontory proximally, and the symphysis and
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Figure 11.1 (3) An axial T2W image is shown with the mesorectal fascia indicated with the arrowheads. (b) A fat-suppressed image is shown

and it is obvious that the mesorectal fascia can no longer be discerned.

Figure 11.2 Sagittal T2W image showing the field of view which is
necessary for rectal cancer staging with MR imaging.

sacrum anteriorly and posteriorly, respectively
(Figure 11.2). Some studies have reported the use
of TIW with or without gadolinium contrast. At
3T MR imaging Zhang et al. have studied a
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gadolinium-enhanced T1W three-dimensional (3D)
FSE sequence and found that this sequence provided
the best depiction of the proximal and distal border
between the rectal tumor and the rectal wall com-
pared with the T2W and unenhanced TIW images
[11]. Winter et al. have reported that a contrast-
enhanced (CE) TIW (with gadopentate dimeglu-
mine) sequence provides insufficient depiction of
the rectal wall layers and the mesorectal fascia [12].

For rectal cancer imaging at 3T a similar protocol
as at 1.5T is recommended. Because 3T MR imaging
is known to be more susceptible to artifacts, it is
important to keep that in mind whilst developing a
sequence at 3T. Long acquisition times increase the
risk for movement artifacts, so it is advisable to have
sequences with short acquisition times.

Table 11.1 shows the most frequently used scan
parameters at 3T MR imaging for rectal cancer in the
literature.

Image quality at 3T MR imaging
Several studies have looked into the image quality of
3T MR imaging in rectal cancer.

Zhang et al. found that at 3T coronal and axial
T2W FSE MR imaging sequences provided the best
depiction of tumor margins and had fewer artifacts
compared with TIW FSE images (p < 0.0001) [11].
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Table 11.1 Most commonly applied scan parameters at 3T MR imaging for rectal cancer

Parameter T2W FSE
Sagittal
TR 2500-5000
TE 100
Echo train length 6-16
Slice thickness (mm) 4-5
Matrix 256 x 256 t0 512 x 224
FOV (mm) 200-240
NSA 2
Duration (min) 3-5

Axial Coronal

2500-5000 2500-5000

100 100

6-16 6-16

3-5 3-5

256 x 256 t0 512 x 224 312 x 312 t0 512 x 224
140-240 180-240

2-4 2-4

3-4 3-4

TR =repetition time, TE =echo time, FOV =field of view, NSA =number of signal averages.

Winter et al. [12], Chun et al. [15], Kim et al. [27], Kim et al. [53].

Winter et al. confirmed these findings and showed
that image quality at 3T is usually rated as good to
very good. Axial T2W FSE images provided the best
visualization of the tumor, mesorectal fascia, and
rectal wall layers [12].

Anatomy of the rectum at 3T MR
imaging

The rectum

The rectum is the part of the bowel between the
anorectal and rectosigmoid junction. The rectosig-
moid junction is usually defined 15cm from the
anorectal junction, which is approximately situated
at the level of the third sacral vertebra. The rectal wall
consists of three layers: (1) mucosal layer, (2) submu-
cosal layer, and (3) muscularis propria, of which
normally only layer 1 and 3 are visible on T2W MR
images (Figure 11.3). In case of edema (for example
due to radiation) the submucosal layer can become
visible on MR imaging.

The mesorectum and mesorectal fascia

The mesorectum is the compartment which sur-
rounds the rectum and contains lymph nodes and
vascular structures. The outer structure of the meso-
rectum is the mesorectal fascia, which is a thin layer
of connective tissue. On T2W MR imaging it can be
visualized as a thin hypointense line (Figure 11.4).
Anteriorly, the mesorectal fascia is thinner and

therefore the relation with prostate and seminal ves-
icles in men and cervix and vagina in women is very
close. The mesorectal compartment narrows towards
the distal end of the compartment, which leads to a
very close relation between the sphincter complex
and the mesorectal fascia in the distal mesorectum
(Figure 11.5). Therefore, tumors that are situated
more distally in the rectum have a higher risk to
have an involved mesorectal fascia and thus an
involved CRM. The proximal part of the mesorec-
tum is surrounded by peritoneum. The mesorectal
fascia merges with the peritoneum at the level of the
seminal vesicles or posterior vaginal wall and cervix,
which is called the peritoneal reflection (Figure 11.6).
In anteriorly situated tumors the relation between
the peritoneal reflection and tumor is very important
for surgical treatment planning. Involvement of the
peritoneal reflection will lead to more extensive sur-
gery than standard TME.

Blood supply

The rectum’s blood supply originates from the super-
ior rectal artery, which branches from the inferior
mesenteric artery. The superior rectal artery can be
seen as a hypointense structure in the presacral region
on T2W images. The superior rectal vein runs lateral
and dorsal from the artery. The distal part of the
rectum can be supplied additionally by the middle
rectal artery, which usually originates from the
internal iliac artery.
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Figure 11.4 Mesorectal fascia at T2W is visible as a thin hypo-

Figure 11.3 The rectal wall with the two visible layers on T2W MR intense layer surrounding the mesorectum (arrowheads).

imaging: mucosa (white arrowheads) and muscularis propria
(black arrow).

Figure 11.5 Distal tapering of the mesorectum and the mesorectal
fascia (arrows). Note the small distance between the fascia and

the rectum distally, making prediction of involvement of the Figure 11.6 Peritoneal reflection (arrow), which is located
mesorectal fascia in distal tumors more difficult than in proximal anteriorly at the level of the seminal vesicles in men or posterior
tumors. vaginal wall and cervix in women.
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Staging of rectal cancer
T-stage

The tumor stage is divided in six categories: T1, the
tumor is limited to the submucosa; T2, the tumor is
limited to the muscularis propria; T3a, the tumor
penetrates the muscularis propria; T3b, the tumor
does not penetrate the muscularis propria but has
tumor deposits or satellite nodules in the mesorectal
soft tissue; T4a, the tumor has a distance of <2 mm
from the mesorectal fascia; and T4b, the tumor
invades another organ (e.g., uterus, sacrum, or pro-
state) [13]. The overall accuracy of T-staging with
phased-array MR imaging at 1.5T is 67-83% [14].
At 3T MR imaging accuracies vary between 63% and
95% [15-17]. This wide range of accuracies can be
explained by the fact that the T-stage is often over-
staged with MR imaging. First, MR imaging does not
have the capacity to discriminate T1 from T2 tumors
because not all three layers of the rectal wall are
visualized with MR imaging: therefore, T1 and T2
tumors have the same appearance on MR imaging.
Second, the distinction between T2 and borderline T3
tumors is very difficult, because benign desmoplasia
in a T2 tumor cannot be discerned from malignant
desmoplasia in a T3 tumor (Figure 11.7). In a T2
tumor the muscularis propria is intact, which is
depicted at MR imaging as an intact hypointense line

Figure 11.7 Peritumoral stranding (arrows). With MR imaging it
is not possible to discriminate stranding with tumor cells from
stranding without tumor cells.

(Figure 11.8). When a radiologist sees this intact
hypointense line, he or she can be sure that the tumor
is limited to the bowel wall and is therefore a T1-T2
tumor. However, when this hypointense line is not
sharply delineated due to desmoplasia, it is difficult to
stage the tumor correctly as a T2 tumor. Overstaging
rates have been reported from 25% to 86% at 3T
compared with 25-57% at 1.5T, indicating that 3T
does not help in the distinction between T2 and
borderline T3 tumors [18, 19].

At the time of writing, there is no consensus in the
literature as to whether 3T is beneficial for T-staging
in rectal cancer. Controversial results of studies with
restricted numbers of patients make it difficult to
draw any conclusions. This controversy is reflected
in the huge variety of the reported accuracies for
T-staging with 3T MR imaging. In addition, no pub-
lished data have compared 3T with 1.5T within one
patient group.

In conclusion, the main issue in T-staging of
rectal cancer is to distinguish the tumors which are
limited to the bowel wall (T1-T2) from tumors
outgrowing the bowel wall (T3-T4). Overstaging
errors are often encountered in the differentiation
between T2 and early T3 (borderline tumors), because
desmoplastic benign reactions from T2 tumors are

Figure 11.8 The arrows show the hypointense line surrounding
the tumor (¥), which is the muscularis propria. When this line is
visible the tumor is limited to the bowel wall and thus a T1 or T2
tumor.
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often erroneously interpreted as that of early T3
tumors, wherein the desmoplasia contains tumor
cells. There is no consensus in the literature yet as to
whether 3T would help to solve this problem and
reports show controversial results.

Circumferential resection margin (CRM)

Involvement of the CRM is very important for treat-
ment planning because an involved resection margin
leads to increased recurrence rates. When a free CRM
is predicted, a standard TME can be performed, but
when the CRM is threatened (tumor within 2 mm
from the mesorectal fascia) or involved (tumor inva-
sion into or through the mesorectal fascia) the sur-
geon will have to perform more extensive surgery to
ensure that the resection margins will be free from
tumor.

MR imaging at 1.5T has proven to be very accur-
ate in the prediction of involvement of the CRM with
a specificity of 98% for prediction of a negative CRM,
which could be reproduced in a general setting [14,
20]. Evidence also shows that contrast-enhanced MR
imaging is not helpful for T-staging or for CRM
prediction. Vliegen et al. investigated the use of gado-
linium-enhanced TIW images for the accuracy of
predicting an involved CRM at 1.5T MR imaging.
They compared T2W MR imaging with T2W MR
imaging combined with CE-T1W images and found
that gadolinium CE-T1W images did not improve its
accuracy: 87-93% with T2W FSE versus 87% after the
addition of the CE-T1W sequence [21]. It is plausible
to assume that T2W FSE MR imaging sequences at 3T
would be as accurate as at 1.5T in identifying this thin
hypointense fascia within the highly intense fat and
predicting an involved fascia, because the contrast
difference between the fascia and the surrounding
fat does not alter at 3T. So far, however, no literature
exists focusing on the value of 3T for predicting CRM.

The N-stage

Nodal staging is important because the decision
whether or not to administer neoadjuvant therapy is
in part based on the nodal status. Nodal stage can be
classified into five categories: NO, no involved lymph
nodes; Nla, solitary metastasis in a regional lymph
node; N1b, metastases in 2-3 regional nodes; N2a,
metastases in 4-6 regional nodes; and N2b, metasta-
ses in 7 or more regional nodes [13]. Lymph nodes
which are located outside the mesorectum, e.g., in the
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Figure 11.9 The arrowheads show suspicious lymph nodes in the
left and right obturator areas.

obturator, para-aortic, or iliacal regions, are called
extramesorectal lymph nodes and are also important
for treatment planning and prognosis. When there
are suspicious extramesorectal nodes (Figure 11.9) at
primary staging, they are irradiated and usually also
removed with surgery later on. None of the currently
available imaging techniques is sufficiently accurate
for nodal prediction. Two meta-analyses have shown
that accuracies for nodal staging with 1.5T MR
imaging range from 55% to 78%, which is comparable
to accuracies found with EUS and CT [22, 23]. This
low accuracy can be attributed to the criterion which
is used for nodal staging: size. Traditionally, a cutoff
of 8mm has been used, leading to many false nega-
tives in nodes smaller than 8 mm, because up to 50%
of nodal metastases occur in small nodes (< 5mm).
On the other hand, not all nodes larger than 8 mm are
malignant [24]. Therefore, understaging of the small
nodes and overstaging of the large nodes occurs,
leading to only moderate accuracies. Other criteria
have been proposed, such as regularity of nodal
border and homogeneity of the nodal signal, which
have led to reported sensitivities of 36-85% and spe-
cificities of 95-100% [25, 26]. However, these criteria
are difficult to evaluate in the smallest 2-3 mm nodes.

For 3T MR imaging the same criteria for nodal
staging apply as for 1.5T MR imaging. Accuracies
from 64% to 95% have been reported, with most
sensitivities in the range of 64-80%. When using 3D
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Figure 11.10 Mesorectal nodes (arrowheads) in a patient with locally advanced rectal cancer at 1.5T (a) and 3T (b) MR imaging. Both nodes
were predicted malignant and the patient underwent neoadjuvant chemoradiation which sterilized the nodes.

3T images, accuracy for nodal staging was reported to
be lower, ranging from 58% to 62% [17]. The number
of false-negative findings is relatively high due to
understaging of involved nodes based on the afore-
mentioned size criterion. On the other hand, the
specificities range from 91% to 98% at 3T MR
imaging, indicating that only few patients are over-
staged. Kim et al. suggest that the criteria for nodal
involvement other than size might be more accurately
visible at 3T due to enhanced image quality, i.e.,
improved visibility of the nodal border and signal
homogeneity, resulting in fewer false positives [27].
Figure 11.10 shows examples of suspicious mesorectal
nodes at 1.5T and 3T MR imaging.

Still, nodal staging with MR imaging remains
insufficiently accurate, regardless of the field strength.
Some promising results were reported for MR
imaging at 1.5T enhanced with ultrasmall superpara-
magnetic particles of iron oxide (USPIO) for nodal
staging [28]. However, no studies have focused on
USPIO MR imaging at 3T and moreover USPIO has
not been US Food and Drug Administration (FDA)
approved for clinical use.

Extramesorectal lymph nodes

In general the same criteria apply for the evaluation of
the extramesorectal lymph nodes as for mesorectal
lymph nodes. A study by Matsuoka et al. in surgical

specimens of nodes retrieved from obturator dissec-
tions has shown that the short-axis diameter is the
best size criterion for prediction of these lateral lymph
nodes with the best cutoff value being 4 mm [29].
Unfortunately, validation studies on extramesorectal
lymph node prediction with MR imaging at any field
strength are lacking.

In summary, nodal staging with MR imaging is
important for treatment planning and prognosis.
Unfortunately, no currently available technique is
sufficiently accurate, because size criteria have been
proven unreliable in rectal cancer nodes. Current
evidence suggests no benefit for 3T MR imaging
above 1.5T MR imaging for predicting nodal stage.

Restaging after chemoradiation

As mentioned in the Background section, the locally
advanced rectal tumors are treated with a long
course of neoadjuvant CRT, which usually consists
of 28 fractions of 1.8 Gy with 5-fluorouracil-based
chemotherapy. After completion of the CRT there is
an interval of 6-8 weeks before surgery, at the end
of which restaging is often performed with MR
imaging to evaluate the response to CRT. The same
risk factors as mentioned in the Background section
are then evaluated. At restaging MR imaging down-
sizing (i.e., shrinkage of the tumor and nodes) and/

157



Chapter 11: MR imaging of the rectum, 3T vs. 1.5T

>/

]
Figure 11.11 A rectal tumor before (a) and after (b) chemoradiation. The tumor (T) is not visible anymore at the restaging MR imaging.
This patient was staged as a complete reponse and followed a ‘wait-and-see policy’.

or downstaging (a lower T/N-stage compared with
primary staging) are assessed. Accurate evaluation
of the response to CRT can have important thera-
peutic consequences. Tumor regression from the
resection margins may alter surgical planning. Also,
it has been suggested that less extensive surgery
(e.g., local excision) could be performed in patients
who show a good response to CRT [30]. For patients
who have a complete response (no residual tumor
cells found at histology [yTONO], Figure 11.11) it
has been suggested to even omit surgery and per-
form follow-up: the so-called “wait-and-see policy”
[31]. Given these recent trends towards less invasive
treatment for rectal cancer after CRT, it is import-
ant to have imaging techniques which can select
these good and complete responders accurately.
Predicting the T-stage after CRT (the yT-stage) is
difficult. Tumor regression due to CRT leads to
fibrotic tissue at the former tumor location, which
often results in a diffuse hypointense thickened
rectal wall on T2W images (Figure 11.12). MR
imaging cannot identify areas with residual tumor
in these hypointense areas and therefore radiolo-
gists will tend to overstage the hypointense areas
as residual tumor to be on the safe side. Because all
sites of former tumor often become fibrotic, over-
staging rates after CRT are higher than at primary
staging [32-34].
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Figure 11.12 Fibrosis (arrowheads) at the former tumor location,
which is depicted as a hypointense area on T2W images.

High negative predictive values (NPVs) of 91-100%
can be obtained for prediction of tumor regression
from the mesorectal fascia at 1.5T MR imaging, but
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the positive predictive values range from 44% to 68%,
again reflecting the difficulty in discriminating fibrosis
with malignant cells from fibrosis without malignant
cells at the border of the mesorectal fascia [33, 35].

Restaging of nodal involvement is particularly
important when minimal invasive treatment for good
and complete responders to CRT is considered,
because the mesorectum and the lymph nodes are
then left in situ. If any malignant nodes are left
behind, this can lead to recurrences. Nodal restaging
with T2W MR imaging is sufficiently accurate with
NPVs of 93-100% for MR imaging in predicting
nodal metastases [36-38]. The hypothesis for this
increased NPV after CRT is that the earlier-
mentioned size and morphologic criteria are more
reliable after CRT. The small nodes, which are the
most difficult to evaluate with T2W MR imaging,
disappear after CRT. All nodes shrink after CRT
and up to 81% of the malignant nodes sterilize after
CRT [39]. Therefore, when nodes are still of large size
after CRT, the probability of these relatively larger
nodes being malignant will be higher.

To summarize, restaging MR imaging after CRT is
important when surgical treatment may be altered in
the case of a good response. The great challenge for
radiologists in restaging of rectal cancer after CRT is
thus to distinguish residual tumor in fibrotic areas. No
evidence so far exists for restaging after CRT with 3T
MR imaging, so at present 1.5T MR imaging remains
the standard technique for restaging after CRT.

Endorectal ultrasound (EUS)

EUS is widely used for rectal cancer staging. Its
strength lies mainly in the discrimination between
tumors limited to the submucosa (T1) and tumors
invading the muscularis propria (T2). Although the
initial reports from single-center studies showed high
sensitivity, specificity, and accuracy, more recent large
single-center and multicenter studies with sonogra-
phers with different skills could not confirm these
results. Furthermore, regardless of the expertise of
the sonographer, EUS, like MR imaging or other
imaging modalities, lacks the ability to discriminate
between desmoplasia with or without tumor cells and
therefore between T2 and T3 tumors [22]. EUS thus
shows high sensitivity, but low specificity for predic-
tion of tumor penetration through the rectal wall (T3).
Furthermore, because of its limited field of view, EUS
is not suitable for the evaluation of larger tumors that

extend to the dorsal pelvic wall. In up to 13% of
patients with stenosing tumors the lesion cannot be
analyzed accurately with EUS, due to difficulties with
insertion of the probe and/or the limited field of view
[40]. A major limitation of EUS in rectal cancer is that
nodal staging, in specific of the nodes high in the
mesorectum and outside the mesorectum in the iliac
and obturator loges, is inaccurate. So far, there is only
one small study on EUS versus 3T MR imaging [15].
This one study in 24 patients with rectal cancer (T1-
T3) found a slightly higher sensitivity of 100% for
perirectal invasion for EUS versus 91% for 3T MR
imaging. However, specificity for perirectal invasion
at 3T MR imaging was higher (93%) compared to EUS
(82%). The diagnostic performance for nodal staging
was comparable for both modalities, with low sensitiv-
ities of 58-63% and high specificities of 82-92%.

In conclusion, EUS is most suitable to distinguish
T1 from T2 tumors, where MR imaging has a small role.

Whole-body MR imaging at 3T in
colorectal cancer

Distant staging in patients with colorectal cancer
requires a multimodality approach, consisting of chest
X-ray (or chest CT) and CT, MR imaging, or ultra-
sound of the liver and abdomen. Recently, whole-body
imaging techniques have been promoted as an alterna-
tive to such a multimodality approach. Since all infor-
mation can be obtained within one single examination,
awhole-body strategy is potentially more cost-effective
and less cumbersome for the patient. So far, fluorode-
soxyglucose positron emission tomography (FDG-
PET)/CT has most frequently been investigated for
whole-body staging in colorectal cancer, although its
clinical role is mainly limited to rule out extrahepatic
lesions in patients scheduled for resection of their liver
metastases and in the follow-up. MR imaging could be
an attractive candidate for whole-body screening in
rectal cancer, because — unlike CT and FDG-PET -
MR imaging does not require the use of ionizing radi-
ation. Moreover, MR imaging is already widely
adapted as the standard imaging technique for local
tumor staging in rectal cancer. Especially the use of
diffusion-weighted MR imaging (DWI) has revealed
great potential for detection of malignant tumors
throughout the body [41]. DWI adds functional infor-
mation reflecting tissue cellular structure and can
complement the data from standard anatomical MR
imaging within one single examination. Clinical
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Figure 11.13 Coronal whole-body diffusion-weighted image (a) and corresponding CT image (b) of a male patient with several large
malignant lesions in the liver (arrowheads). The lesions are visible as high-signal-intensity nodules on diffusion MR imaging (arrows). The image

display of whole-body DWI resembles that of FDG-PET.

studies have already shown that whole-body MR
imaging including DWI could be useful for the
screening of metastatic bone lesions [42, 43],
metastatic lung cancer [44, 45], and malignant lymph-
oma [46]. Interestingly, the limited number of studies
that investigated the use of MR imaging for whole-
body screening in rectal cancer were mainly conducted
at 3T. These studies mainly focused on detection of
recurrent tumor and did not investigate MR imaging
for primary tumor staging. Squillaci et al. performed
whole-body MR imaging at 3T in 20 patients with
suspected locally recurrent colorectal cancer or distant
metastases [47]. MR imaging was compared to FDG-
PET/CT, which - together with clinical follow-up -
served as the reference standard. MR imaging showed
good results for the detection of liver and bone metas-
tases, but was inferior to FDG-PET for the evaluation
of lymph nodes and lung lesions. Schmidt ef al. com-
pared FDG-PET/CT to whole-body MR imaging at
either 1.5T (n=14) or 3T (n= 10), using clinical and
radiologic follow-up as the reference standard [48].
They confirmed the finding of Squillaci et al. that MR
imaging was inferior to FDG-PET for evaluation of
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nodal disease (sensitivity 63% versus 93%). Further-
more, FDG-PET/CT outperformed whole-body MR
imaging in the detection of lung metastases and peri-
toneal tumor metastases. MR imaging, however,
revealed more metastases in the liver and bone than
could be detected with FDG-PET. Results were com-
parable for 1.5T and 3T MR imaging, although exam-
ination time was considerably shorter at 3T. Since
whole-body imaging using MR imaging is fairly
time-consuming, a potential benefit of using higher
field strengths would be that the higher SNR could be
traded for more acceptable acquisition times. Further-
more, use of the built-in quadrature body coil at 3T
may already result in acceptable diagnostic quality, so
that patient repositioning and the use of multiple sur-
face coils can be avoided.

Figure 11.13 shows an example of whole-body
DWTI and the corresponding liver CT from a patient
with colorectal liver metastases. So far, no studies
have specifically focused on DWI for whole-body
staging in patients with colorectal cancer. Neverthe-
less, several studies have shown that DWI might be
helpful for the detection of small hepatic lesions [49].
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DWI is also known to be a very sensitive technique
for the detection of lymph nodes, which could aid
in improving the suboptimal results reported with
MR imaging [50]. It should, however, be noted that
benign and metastatic nodes may have an equal
appearance on DWI, making DWI prone to staging
errors [51]. So far, only one study by Miirtz et al. has
compared 1.5T and 3T for whole-body DWI [52].
DWI will generally be more challenging at 3T, since
at higher field strengths the technique is more prone
to susceptibility artifacts. Miirtz et al. reported that at
3T MR imaging the contrast between lesions and
background was better, but significantly more image
distortions and motion artifacts were observed.

In conclusion, the evidence on whole-body imaging
for rectal cancer with MR imaging is limited and future
studies will have to determine the clinical value of MR
imaging, both at 1.5T and 3T. Functional imaging tech-
niques, such as DWI, will likely prove to be valuable to
complement the information derived from anatomical
MR imaging.

Conclusion and recommendations

Preliminary results have shown that 3T MR imaging is
feasible for staging of rectal cancer patients. However,
based on the currently available literature there is no
evidence (yet) that 3T MR imaging can improve
staging of rectal cancer. Only small studies exist, from
which we cannot draw any strong conclusions on its
benefit. It is unclear whether the main difficulties in
discriminating T2 tumors from small T3 tumors can
be solved with 3T MR imaging. Nodal staging with 3T
MR imaging remains difficult, because of the unreli-
able criteria which are currently applied with morpho-
logic imaging. Some factors have not been studied
yet at 3T MR imaging, such as CRM involvement
and restaging MR imaging after CRT for the locally
advanced tumors. In short, at the time of writing it is
unclear what the benefits of 3T MR imaging are for
staging of rectal cancer patients. Therefore, it is justi-
fied to continue staging with 1.5T MR imaging.
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urography at 3T

John R. Leyendecker

Introduction

The use of MR imaging for assessment of the urinary
tract is not a new concept. However, MR imaging of
the kidneys, ureters, and bladder remains a seldom
performed technique at many medical centers, in part
due to the dominant role computed tomography (CT)
has played for the evaluation of urinary tract neo-
plasms and stone disease. Growing interest in medical
radiation dose reduction coupled with advances in
MR imaging technology has stimulated interest in
renal MR imaging and MR urography. While contrast
resolution has been a major advantage of MR imaging
over other imaging modalities for many body appli-
cations, the limited temporal and spatial resolution of
MR imaging, in addition to its relative insensitivity
for detecting calcifications, have impeded the wide-
spread adoption of MR imaging for urinary tract
imaging.

Three Tesla MR imaging systems provide a sig-
nificant improvement in signal-to-noise ratio (SNR)
compared with 1.5T systems that translates readily
into improvements in spatial resolution, making
high-resolution imaging of structures such as the
kidneys, renal collecting systems, and bladder pos-
sible. Alternatively, imaging times can be reduced
while maintaining acceptable SNR. While such
improvements in spatial and temporal resolution
should portend a bright future for 3T MR imaging
of the urinary tract, challenges such as artifact sup-
pression and limited coil technology must be
addressed prior to widespread implementation of
urinary tract imaging at 3T. Furthermore, data assess-
ing the efficacy of urinary tract imaging at 3T are
sparse, and direct comparisons between urinary tract
imaging at 1.5T and 3T in humans are currently
lacking. This necessitates some degree of speculation

Imaging of the kidneys and MR

based on theory mixed with anecdotal experience
when discussing this topic.

Current indications for MR imaging of the urin-
ary tract include the characterization of focal renal
lesions, staging of renal cell carcinoma, follow-up
after ablative therapy for renal neoplasms, diag-
nosis and evaluation of urothelial tumors and con-
genital anomalies (Figures 12.1 and 12.2), and the
staging of bladder carcinoma. In this chapter, we
will focus our discussion primarily on renal mass
characterization and the technique of MR urography
at 3T.

MR imaging of the kidney

Kidney protocol

A sample 3T kidney protocol is shown in Table 12.1.
Despite the increased SNR available at 3T compared
with 1.5T, a phased-array torso coil should be used
when possible to optimize SNR and to allow use of
parallel imaging. Parallel imaging is important, not
only to improve efficiency, but also to lower specific
absorption rate (SAR) levels. The use of parallel
imaging can also reduce the image blurring intrinsic
to very long echo-train spin-echo sequences. If renal
imaging is to be performed with bladder imaging
(such as in the case of MR urography), a large field-
of-view torso coil should be utilized. Unfortunately,
coil technology for 3T systems has lagged behind such
technology for 1.5T systems, although this gap is
narrowing.

Any renal MR imaging protocol should include a
minimum of a T1-weighted opposed-phase and in-
phase gradient echo sequence(s) (discussed in more
detail below), a fat-suppressed T2-weighted sequence,
and a multiphase, contrast-enhanced, fat-suppressed

Body MR Imaging at 3 Tesla, ed. IThab R. Kamel and Elmar M. Merkle. Published by Cambridge University Press.

© Cambridge University Press 2011.
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Figure 12.1 Urothelial carcinoma of the left distal ureter imaged at 3T. (a) Transaxial fast spin echo T2-weighted image through the left
distal ureter demonstrates a small mass at the ureterovesical junction (arrow). (b) The mass (arrow) demonstrates high signal intensity

on diffusion-weighted imaging (b-value = 800 s/mm?).

Figure 12.2 Horseshoe kidney imaged at 3T using an excretory MR
urography technique (three-dimensional, fat-suppressed,
T1-weighted gradient echo sequence; 0.05 mmol/kg intravenous
gadobenate dimeglumine; 5 mg intravenous furosemide and

250 mL intravenous normal saline). Left hydronephrosis is present
due to a left ureteropelvic junction stricture.

T1-weighted sequence (usually performed as a three-
dimensional (3D) gradient echo sequence). Fat
suppression is important for T2-weighted imaging,

as it improves conspicuity of cystic lesions as well
as inflammation and edema. Many individuals
augment the fat-suppressed images with nonsuppressed
images performed using a single-shot echo-train spin-
echo-type sequence. Fat-suppressed T1-weighted
imaging prior to contrast administration is useful for
the identification of blood products, which typically
appear bright in the subacute phase. For gadolinium-
enhanced sequences, the addition of fat suppres-
sion improves the conspicuity of enhancing structures
by eliminating competing high signal intensity from fat.
The role of diffusion-weighted imaging is under investi-
gation, but some form of single-shot spin-echo echo
planar diffusion-weighted sequence is available on most
MR systems and can be performed if desired.

Renal mass characterization

MR imaging offers significant advantages over ultra-
sound and CT for the characterization of solid and
cystic renal masses. Specifically, a sonographic window
is not required, and MR imaging provides superior
tissue contrast resolution. Furthermore, MR imaging
is exquisitely sensitive to contrast enhancement with
gadolinium-based contrast agents (GBCAs), aiding the
detection of enhancing septa and nodules. Unfortu-
nately, MR imaging has typically lagged behind these
other modalities in spatial resolution. High-resolution
imaging of the kidneys requires a sufficient level
of signal relative to noise while compensating for
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Table 12.1 Sample generic 3T kidney protocol

Sequence Comments

Single-shot echo-train spin-echo
T2W
- Coronal

Opposed-phase and in-phase T1W

- Axial possible

- Maintaining a relatively short TE will improve SNR

- Parallel imaging reduces SAR and blurring

- If feasible, use a dual-echo sequence with TEs as close to 1.1 ms and 2.2 ms as

- Opposed-phase and in-phase images can be obtained as separate acquisitions

if necessary.

- Reducing flip angle, increasing bandwidth, and shortening TR help get TE as
low as possible for opposed-phase image.

Fat-suppressed T2W
- Axial

- Diffusion-weighted SE-EPI
- Axial

- b-value = 1000 s/mm? contrast

- Multiphase, fat-suppressed,
contrast-enhanced gradient echo

- Can perform as respiratory-triggered or breath-hold sequence

- Optional. The role of diffusion-weighted imaging of the kidneys is still
being defined, but may be of benefit in patients who cannot receive

- Pre-contrast, corticomedullary phase, and nephrographic phase
- For preoperative imaging, coronal arterial phase images can be helpful to

TIW define vascular anatomy

- Axial or coronal

Consider fat-suppressed T1W
imaging in additional planes

TIW =T1-weighted, T2W = T2-weighted, SE-EPI = spin-echo echo planar imaging, TE = echo time, SNR = signal-to-noise ratio, SAR = specific

absorption rate, TR = repetition time.

respiratory motion of the kidneys. These requirements
limit the spatial resolution achievable on many MR
systems. The 3T systems provide additional signal
necessary to advance the limits of spatial resolution,
making the potential benefits of MR imaging more
compelling.

Spatial resolution is particularly important for
characterization of cystic renal neoplasms, as one
of the primary goals of imaging is to detect septa
and enhancing components that might elevate the
likelihood that a mass is malignant. At the present
time, the most widely used classification system of
cystic renal lesions remains some permutation of
the system proposed by Bosniak [1]. While initially
applied primarily to CT, this system translates rea-
sonably well to MR imaging. The successful imple-
mentation of this classification system requires
accurate assessment of such features as the cyst
wall, internal septa, and nodules for thickness,
irregularity, and enhancement. It has been shown
that MR imaging can detect additional features
compared with CT that may result in an upgrade
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in lesion classification [2]. As a result, one might
expect that the improvements in spatial resolution
afforded by imaging at 3T will aid in even more
accurate lesion characterization, potentially redu-
cing the number of indeterminate masses and
patients subjected to indefinite imaging follow-up
(Figure 12.3). Unfortunately, such potential benefits
remain theoretical.

The characterization of renal lesions involves
more than simply delineating morphology. Other
features of a renal mass, such as signal intensity, the
presence of intracellular lipid and macroscopic fat,
and enhancement and diffusion characteristics, can
also influence the differential diagnosis. When ana-
lyzing a renal lesion, one often begins with the
signal intensity on T1- and T2-weighted images,
which when combined with enhancement charac-
teristics, often provides valuable information
regarding the diagnosis. A unilocular lesion that is
uniformly hyperintense (similar to cerebrospinal
fluid) on T2-weighted images, uniformly hypoin-
tense (relative to renal cortex) on TI1-weighted
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Figure 12.3 Bosniak class 3 lesion imaged at 3T. (a) Coronal T2-weighted single-shot fast spin echo image through the left kidney
demonstrates a cystic lesion with fine internal septa (arrow). (b) Coronal excretory phase, fat-suppressed, T1-weighted 3D gradient echo image
shows enhancing internal septa (arrow). Note that the lesion bulges into the renal pelvis (arrowhead), allowing a presumptive diagnosis of
multilocular cystic nephroma.

images, and nonenhancing is, for all practical pur-
poses, a simple cyst. A unilocular lesion that is
uniformly hyperintense (relative to renal cortex)
on T1-weighted images, variable on T2-weighted
images, and nonenhancing is either a hemorrhagic
or proteinaceous cyst. Hemorrhagic cysts often
demonstrate a type of “hematocrit” effect, with
higher signal intensity material layering depend-
ently on T1-weighted images. Many papillary renal
cell carcinomas are hypointense or isointense to
renal parenchyma on T2-weighted images, enhance
less than renal cortex, and demonstrate restricted dif-
fusion on high b-value diffusion-weighted images
(Figure 12.4).

Because tissue relaxation rates differ at 1.5T and
3T, transitioning to higher field strength might be
expected to affect the relative signal characteristics
of renal lesions. This is of particular concern, because
the change in T1 value from 1.5T to 3T is tissue
dependent, with renal parenchyma experiencing as
much as a 73% increase in T1 value [3]. The T1 of
lipids, on the other hand, increases by approximately
20%. As a result, there is a very real difference
in image contrast on a T1-weighted image

performed at 3T compared with a similar type of
image performed at 1.5T. While these differences
affect how the image looks, they do not appear to
significantly affect renal lesion characterization.
Because the T1 relaxation times of cortex and
medulla do not change by the same relative amount
between 1.5T and 3T, a slightly lower degree of
corticomedullary differentiation might be noticed
at 3T compared with 1.5T if imaging parameters
are similar (Figure 12.5) [4]. T2 values do not vary
sufficiently between 1.5T and 3T to be of clinical
concern for renal mass characterization.

The presence of macroscopic fat is an important
discriminator when characterizing renal lesions.
The presence of macroscopic fat within a renal mass
virtually assures a diagnosis of angiomyolipoma,
with exceptions being extremely rare. Large foci of
macroscopic fat can be readily identified by com-
paring T1-weighted images performed with and
without the application of fat suppression. The
improved spectral resolution provided at 3T com-
pared with lower field strengths means that chem-
ically selective fat suppression techniques work very
well at 3T.
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(b)

Figure 12.4 Papillary renal cell carcinoma imaged at 3T. (a) Transaxial fat-suppressed T2-weighted image of the left kidney shows a
predominately low-signal-intensity mass (arrow). Multiple renal cysts are also present in this dialysis patient. (b) Diffusion-weighted image
(b-value = 500 s/mm?) at the same level shows the mass (arrow) to have intermediate to high signal intensity relative to the normal renal
parenchyma. In general, b-values higher than 500 s/mm? are recommended for renal imaging to reduce the signal intensity of normal renal
parenchyma and simple cysts.

(@)

Figure 12.5 Renal corticomedullary differentiation on T1-weighted images performed at 1.5T and 3T. (a) Transaxial gradient echo
T1-weighted image of the right kidney performed at 1.5T shows reasonably good corticomedullary differentiation. (b) Image performed at
3T in the same patient using similar imaging parameters (image is no longer in phase due to similar echo time [TE]) shows poor distinction
between cortex and medulla.

Of greater implication for 3T imaging is the  sequence with opposed-phase and in-phase echo
dependence of opposed-phase and in-phase echo  times of approximately 2.2 ms and 4.4 ms is a stand-
times on field strength. At 1.5T, a dual gradient echo  ard part of most renal mass protocols. The purpose of
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o RN

Figure 12.6 Clear cell carcinoma imaged at 3T with in-phase and opposed-phase echo times during separate breath-holds. (a) Transaxial
in-phase T1-weighted gradient echo image of the left kidney shows a large renal mass (arrow). The first in-phase echo was collected at a TE
of approximately 2.1 ms. (b) Opposed-phase image (TE was approximately 3.2 ms) shows subtle signal loss in the mass (arrow) due to the
presence of intracellular lipid. The adjacent spleen serves as a useful reference standard. Note that breath-holding was consistent between

acquisitions.

this type of sequence is to provide breath-hold
T1-weighted images and to detect intracellular lipid
in renal and adrenal masses. The presence of intracel-
lular lipid in a renal mass is implied at 1.5T when
areas of signal loss are identified on opposed-phase
images relative to in-phase. Subtle areas of ill-defined
signal loss are highly correlated with clear cell subtype
of renal cell carcinoma, while more profound signal
loss (typically greater than 25% on 1.5T systems) is
associated with some angiomyolipomas. Dual-echo
imaging can be performed as a stand-alone sequence
or with fat-only and water-only Dixon reconstruc-
tions, the latter of which can serve as fat-suppressed
T1-weighted images. At 3T, the first opposed-phase
echo time shortens to approximately 1.1 ms, while the
first in-phase echo time occurs at approximately
2.2 ms. At first glance, this may be seen as an advan-
tage, as the shorter echo times reduce the effects of
T2* decay. Unfortunately, some 3T MR systems in
use are not capable of obtaining images at the first
opposed-phase and in-phase echo times as part of a
dual-echo sequence. Obtaining opposed-phase and
in-phase images as separate breath-hold acquisitions
can help alleviate this problem, but spatial misregis-
tration between data sets can make direct compari-
sons between images difficult (Figure 12.6). Some
manufacturers have dealt with this issue by designing
a dual-echo sequence that collects the first in-phase

echo followed by the third opposed-phase echo. This
approach has two major limitations. First, the distinc-
tion between lipid and hemosiderin becomes difficult,
as the opposed-phase image also has a longer echo
time (Figure 12.7). Second, it may be difficult to
distinguish between signal loss resulting from the
intermixture of water and lipid and signal loss related
to T2* decay (which occurs even in the absence of
hemosiderin). In addition, signal loss thresholds
established for opposed-phase and in-phase imaging
at 1.5T to distinguish between renal cell carcinoma
and lipid-poor angiomyolipoma may not be directly
applicable to renal imaging at 3T. To prevent confu-
sion caused by obtaining an opposed-phase image
with a relatively long echo time, the first opposed-
phase echo time can be approximated on older plat-
forms by decreasing the flip angle, increasing the
bandwidth, and reducing the TR [5].

Contrast enhancement remains a critical element
in the characterization of renal masses. The presence
of enhancement within a renal lesion excludes the
diagnosis of simple or hemorrhagic cyst. The pres-
ence of enhancing nodules within a cystic lesion
greatly increases the likelihood that the lesion is
malignant. The pattern of enhancement is also of
importance. For example, papillary renal cell carcin-
omas typically demonstrate significantly less enhance-
ment than other subtypes of renal cell carcinoma [6].
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Figure 12.7 Hemosiderin-containing papillary renal cell carcinoma imaged with a dual-echo T1-weighted gradient echo sequence at 3T.
This is a second tumor in the same patient as Figure 12.4. (a) Transaxial in-phase image acquired at TE of 2.4 ms shows a mass in the

upper pole of the left kidney (arrow) that contains multiple small foci of low signal intensity (hemosiderin). (b) Opposed-phase image acquired
as part of the same dual-echo sequence (TE = 5.8ms) shows signal loss in the mass (arrow) relative to (a). By acquiring the opposed-phase
image with a longer TE, the distinction between signal loss from lipid and hemosiderin becomes difficult. (c) Diffusion-weighted image
shows profound signal loss within the mass (arrow) caused by iron-related susceptibility artifact.

While the relaxivity of GBCAs decreases as field
strength increases, this is not a major source of con-
cern for renal imaging. While absolute GBCA relax-
ivity is lower at 3T than at 1.5T, the conspicuity of
enhancement (contrast-to-noise ratio, CNR) may
actually be better at 3T based on data obtained in
the central nervous and vascular systems. In the abdo-
men, relative renal enhancement has been shown to
be significantly higher at 3T compared with 1.5T
during the hepatic arterial phase using an identical
contrast agent and injection protocol [7]. As a result,
the difference in contrast agent relaxivity between
1.5T and 3T does not appear to be problematic for
renal imaging.

Additional challenges of renal

imaging at 3T

Several additional imaging artifacts that can interfere
with renal lesion characterization are exacerbated at
3T. Susceptibility artifacts are increased at 3T, and
when severe, can obscure focal lesions or large areas
of the kidney and interfere with some forms of fat
suppression. Potential sources of susceptibility arti-
fact include surgical clips (including clips dropped at
the time of cholecystectomy, which often settle in
the hepatorenal fossa), bowel gas, spinal orthopedic
hardware, and concentrated gadolinium. This latter
source can be eliminated by imaging prior to the
excretory phase, but the former sources cannot be
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easily removed. The deleterious effects of bowel gas
can be ameliorated by having the patient fast in
advance of the examination, although this is rarely
done for purposes of renal imaging. At the time of
imaging, susceptibility artifact can be reduced by opti-
mizing shimming and using a higher receiver band-
width (at the expense of SNR) and a short echo time.
Techniques that fill k-space in a radial and partially
overlapping manner can also reduce susceptibility
artifact and may be useful for diffusion-weighted
imaging. Most currently available diffusion-weighted
imaging sequences are echo planar-based, making
them particularly sensitive to susceptibility differ-
ences. This commonly results in signal loss or geomet-
ric distortion in the kidney when gas-filled colon or
metallic artifacts are nearby. The use of parallel
imaging can reduce this effect. Additionally, the pres-
ence of hemosiderin within a renal neoplasm can inter-
fere with diffusion-weighted imaging and calculation
of apparent diffusion coefficient (ADC) values (Figure
12.7). Diftusion-weighted imaging at 3T also suffers
from more pronounced motion and blurring artifacts
than similar sequences at 1.5T [8].

The precessional frequency difference between fat
and water protons increases from 1.5T to 3T, exacer-
bating chemical shift artifact of the first kind resulting
from spatial misregistration of fat protons relative to
water protons. This manifests as bands of high or low
signal intensity along fat-water interfaces in the fre-
quency-encoding direction. This artifact could potentially
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Figure 12.8 Chemical shift artifact (arrows) manifesting in the
frequency-encoding direction along the left kidney on a coronal
single-shot fast spin echo sequence at 3T. This artifact could simulate
perinephric fluid/edema at the upper pole or obscure small
abnormalities along the renal capsule.

obscure small abnormalities along the renal capsule,
simulate perinephric fluid, or create artificial cyst or
bladder wall thickening (Figures 12.8 and 12.9). We
have also seen this artifact interfere with chemical
shift artifact of the second kind (“India ink” artifact)
(Figure 12.10). Increasing receiver bandwidth
reduces the severity of chemical shift artifact (of the
first kind) at the expense of reduced SNR. Fortu-
nately, fat-suppressed sequences are routinely per-
formed for characterization of renal masses,
reducing the diagnostic impact of this artifact.
Whole-body MR systems at 3T are notorious for
producing “shading” artifacts related to Bl inhomo-
geneity. Long echo train sequences such as fast/turbo
spin echo and single-shot fast/turbo spin echo seem to
be particularly susceptible to shading artifacts that
manifest as spatial variations in signal intensity across
the image. When mild, such artifacts can simply be an
annoyance. However, if present at the site of a renal
cyst, misclassification of a simple cyst as a compli-
cated cyst might result or thin septa might be
obscured (Figure 12.11). When severe, shading arti-
facts can obscure lesions or regions of interest. Fortu-
nately, MR system manufacturers are well aware of

Figure 12.9 Chemical shift artifact causing spurious bladder wall
thickening on a transaxial T2-weighted image through the pelvis
(arrow). Note that the opposite bladder wall has a high-signal-
intensity band running alongside (arrowhead). The receiver
bandwidth was intentionally set low to help with localization of
fiducial markers in the prostate gland (not shown).

this limitation of abdominal imaging at 3T, resulting
in improved image quality on newer systems.

Future opportunities for renal

imaging at 3T

Many advanced MR applications have been shown to
benefit from the shift from 1.5T to 3T. The potential
for increased SNR at 3T provides for opportunities to
image less abundant nuclei such as sodium and map
their distribution in the kidney [9]. Improved spec-
tral resolution may enhance interest in MR spectros-
copy of the kidney. Blood oxygen level-dependent
MR imaging has also been shown to benefit from
the shift from 1.5T to 3T, with improvements in
discrimination of R2* values between cortex and
medulla [10]. Improvements in SNR and CNR
during diffusion tensor imaging of the kidney at 3T
have been demonstrated without changes in ADC
values compared with 1.5T [11]. Maximum signal
intensity during gadolinium-enhanced perfusion
imaging of the kidney is increased at 3T compared
with 1.5T without a change in mean transit time or
time to peak [12].
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Figure 12.10 Chemical shift artifact of the first kind interfering with chemical shift artifact of the second kind at 3T. (a) Transaxial
opposed-phase T1-weighted gradient echo image through the left kidney acquired at 1.5T shows an angiomyolipoma (arrow) clearly outlined
by “India ink” artifact. This artifact is helpful in identifying the composition of the mass as fat-containing. (b) The same kidney imaged at an
opposed-phase echo time at 3T fails to demonstrate the “India ink” artifact as clearly surrounding the mass (arrow) due to the presence of
enhanced chemical shift artifact of the first kind.

Figure 12.11 Shading artifact at 3T due to B1 inhomogeneity. (a) Transaxial single-shot fast spin echo image acquired at 1.5T shows
two adjacent simple cysts in the left kidney (arrow). Mild shading is present in the central portions of the image, but the cysts are
homogeneously very bright. (b) Single-shot fast spin echo image of the same patient acquired at 3T shows considerable shading in the
central portions of the image. Note that the renal cysts (arrow) are not as conspicuously high in signal intensity on this image.

MR urography performed at lower field strengths. The additional signal

provided by the higher field strength can be used to
MR urography prOtOCO| obtain high-resolution images of the renal collecting
With a few exceptions, MR urography can be per-  systems and bladder. For most indications, we perform

formed at 3T in a manner similar to MR urography  a comprehensive protocol designed to evaluate the
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Table 12.2 Sample comprehensive 3T MR urography protocol

Sequence Comments

Intravenous hydration - Optional. 250 mL normal saline if no contraindication

exists

Single-shot echo-train spin-echo T2W
- Coronal
- Abdomen and pelvis

- Maintaining a relatively short TE will improve SNR
- Parallel imaging reduces SAR and blurring

Opposed-phase and in-phase T1W
- Axial
- Abdomen and pelvis

- If possible, use a dual-echo sequence with TEs as close to
1.1 ms and 2.2 ms as possible

- Opposed-phase and in-phase images can be obtained as
separate acquisitions if necessary

- Reducing flip angle, increasing bandwidth, and shortening
TR help get TE as low as possible for opposed-phase
image

Fat-suppressed T2W
- Axial
- Abdomen and pelvis

- Can perform as respiratory-triggered or breath-hold sequence
- For bladder cancer staging, perform without fat
suppression

Administer furosemide
Thick-slab T2W MR urogram

- 5 to 10 mg intravenously for adults if no contraindication exists
- Repeat multiple times to visualize all of ureters

Fat-suppressed, unenhanced gradient echo - Will likely need to perform abdomen and pelvis as separate
TIW acquisitions if imaging in the transaxial plane
- Axial (can do coronal for abdomen
if desired)
- Abdomen and pelvis

Fat-suppressed, contrast-enhanced gradient echo TTW
- Axial (can do coronal for abdomen if desired)

- Two breath-hold acquisitions with brief time to breath
between. This can provide arterial and corticomedullary phase

- Abdomen images

Fat-suppressed, contrast-enhanced gradient echo - Perform immediately after preceding sequence before urine
TIW within bladder enhances and causes mixing artifact

- Axial

- Pelvis

Fat-suppressed, excretory phase gradient echo - Additional high-resolution images can be obtained through
TIW limited regions if desired

- Axial, coronal, and/or sagittal

- Abdomen and pelvis

TIW =T1-weighted, T2W = T2-weighted, TE = echo time, SNR = signal-to-noise ratio, SAR = specific absorption rate, TR = repetition time.

kidneys, ureters, and bladder sufficiently to detect and
stage renal and urothelial neoplasms, evaluate congenital
anomalies, or assess the location and cause of obstructive
uropathy (Table 12.2). As with renal imaging, a phased
array torso coil should be used. Ideally, the coil should be
capable of including the kidneys, ureters, and bladder

within a single coronal field-of-view. As we have already
discussed the characterization of renal masses, we will
focus the following discussion on dedicated MR uro-
graphic techniques.

T2-weighted MR urography involves the use
of long echo train, heavily T2-weighted sequences
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(b)

similar to those used for MR cholangiopancreatogra-
phy (Figure 12.12). Long effective echo times and fat
suppression are used to improve conspicuity of fluid-
containing structures relative to background tissues.
A T2-weighted MR urography study can be per-
formed as a thin-section 3D respiratory-triggered
sequence that can be manipulated to create volume-
rendered or maximum-intensity-projection images in
multiple projections. Alternatively, images can be
obtained as single thick slabs acquired in multiple
projections as separate acquisitions. Images are typi-
cally obtained in the coronal plane with a field of view
that includes the kidneys, ureters, and bladder. As
with conventional intravenous urography, oblique
imaging or multiplanar reconstructions of the intra-
renal collecting systems can be helpful to better define
anatomy. Ureteral and collecting system distension
can be improved by hydrating the patient before the
examination and administering a low dose (5-10 mg
IV for adults) of furosemide (Figure 12.12). A full
urinary bladder can also improve distension of the
upper tracts, provided the patient can tolerate such an
approach [13]. For T2-weighted urography, intraven-
ous hydration is preferable to oral hydration to pre-
vent the obscuring effects of fluid within bowel.
Advanced administration of a negative oral con-
trast agent can aid in reducing unwanted signal from
bowel, but the use of iron-based agents is discouraged
due to the enhanced susceptibility effects at 3T. To
reduce the susceptibility-related effects of bowel gas,
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Figure 12.12 T2-weighted MR
urography at 3T. (a) Coronal heavily
T2-weighted image through the kidneys,
ureters, and bladder performed
immediately after intravenous
administration of furosemide (5 mg)
shows relatively poor distension of the
renal collecting systems and bladder. The
upper pigtail of a ureteral stent is seen
(thin arrow). (b) Repeat image performed
several minutes after furosemide
administration shows improved
distension of the renal collecting systems
(arrow), improved visualization of the
ureters, and persistent narrowing of the
left ureteropelvic junction (arrowhead).
Note that the stent is still visible (thin
arrow).

which are also enhanced at 3T, it might be preferable
to have patients fast in advance of the examination.
Bowel-related susceptibility effects are most problem-
atic in the regions of the distal ureters and bladder
dome (Figure 12.13).

A thick-slab T2-weighted MR urogram can be
performed in a few seconds or less. Repeat imaging
is easily performed and effective at visualizing the
ureters in varying degrees of distension to confirm
the presence of fixed narrowings, obstructions, and
filling defects. When using this technique, time
must be provided between acquisitions to permit
tissues to recover longitudinal magnetization
between excitations and to prevent saturation of
signal. Because T2-weighted MR urography is quick
and easy to perform and does not require adminis-
tration of intravenous contrast material or ionizing
radiation, it is ideally suited for imaging pregnant
women. However, there is not proven benefit to
imaging pregnant women at field strengths higher
than 1.5T, and the safety of imaging at 3T in such a
setting has not been carefully studied. Furthermore,
satisfactory images might be more difficult to obtain
in the setting of pregnancy due to standing wave
and conductivity effects [14]. Therefore, we do not
currently recommend performing MR urography on
pregnant women at 3T.

As with MR urography performed at 1.5T, when
T2-weighted techniques are combined with gadolinium-
enhanced imaging, the T2-weighted images must be
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Figure 12.13 Susceptibility artifact related to bowel. This coronal,
fat-suppressed T1-weighted gradient echo excretory phase image
shows severe susceptibility artifact along the bladder dome (arrows)
due to adjacent bowel. The patient had been given an oral iron-
based MR contrast agent to eliminate signal in the bowel. Because
of artifacts such as this, we no longer use such agents for MR
urography at 3T.

obtained before concentrated excreted contrast
material accumulates within the collecting systems,
significantly diminishing signal from urine. Excretory
MR urography is not recommended in patients with
severe renal insufficiency due to the risk of nephro-
genic systemic fibrosis (NSF) and the inability of
severely impaired kidneys to adequately excrete
administered contrast material.

Excretory MR urography using an intravenous
GBCA is usually better at demonstrating nonob-
structed ureters or a communication between the
renal collecting system and a fluid collection than
T2-weighted techniques. However, the administration
of a standard 0.1-mmol/kg dose of an extracellular
GBCA eventually lowers the signal intensity of urine
due to the T2* effects of concentrated excreted con-
trast. Hydrating the patient and/or administering a low
dose of diuretic such as furosemide prevents excessive
concentration of the contrast material within the
urinary tract while improving contrast distribution
and ureteral distension in patients without urinary
tract obstruction [15, 16]. T1-weighted 3D gradient
echo sequences, with or without fat suppression, pro-
vide high-resolution MR urographic images follow-
ing gadolinium-based contrast administration. The

coronal plane provides the greatest anatomical cover-
age in the shortest time, although additional planes can
occasionally be useful. Coronal imaging is facilitated
by use of a multichannel torso coil that can simultan-
eously image the abdomen and pelvis while employing
parallel imaging to shorten acquisition times. Ata field
strength of 3T using parallel imaging, the entire col-
lecting system can be imaged with 1-mm to 2-mm
through-plane resolution in the coronal plane
during a single breath-hold (Figure 12.14). The ability
to improve spatial resolution remains the biggest
advantage of higher field strength imaging for MR
urography. Unfortunately, ureteral peristalsis, which
contributes to blurring of the ureter, remains a prob-
lem for imaging with a 3D sequence, and there is
currently no evidence to suggest that imaging at 3T
can provide sufficient temporal resolution to eliminate
peristalsis-related artifacts while preserving spatial
resolution. Ultimately, it can be expected that this issue
will be addressed by T1-weighted sequences with higher
temporal resolution or use of two-dimensional (2D)
sequences. Nonetheless, a comparison of T1-weighted
excretory MR urography performed at 1.5T with that
performed at 3T in an animal model using a 3D gradient
echo sequence showed that image quality and SNR
were improved at the higher field strength [17].

Clinical applications

MR urography is highly accurate for determining the
level of urinary tract obstruction. GBCA-enhanced
3D gradient echo (excretory) MR urography com-
bined with T2-weighted techniques can detect up to
90% of ureteral stones [18]. Signs of acute calculus
urinary tract obstruction include persistent ureteral
dilation above a filling defect and high-signal-
intensity perinephric edema on T2-weighted images.
Persistence of the corticomedullary phase of enhance-
ment and delayed excretion of contrast media can be
present when obstruction is severe. At the time of this
writing, it is unknown whether imaging at 3T can
improve detection of ureteral calculi, although the
improved spatial resolution and enhanced suscepti-
bility artifact associated with higher field strength
should be expected to provide some benefit.
Obstructing urothelial carcinoma is well demon-
strated with T2-weighted and excretory MR urogra-
phy techniques. The site of obstruction is often
readily visible on T2-weighted images, although
specificity is enhanced with the addition of contrast
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material. Intravenous GBCA can also aid in dem-

onstrating the extent of the tumor. When urothelial
carcinoma is discovered, additional foci of tumor
should be sought. Fat-suppressed contrast-enhanced
sequences are also helpful for assessing extrinsic
processes that involve the ureter, such as prostate
or uterine carcinoma or retroperitoneal fibrosis.
The feasibility of using MR urography to detect
small urothelial carcinomas has been demonstrated,
although data comparing sensitivity between 1.5T
and 3T are currently lacking [19]. As with detection
of calculi, the higher spatial resolution and/or SNR
of 3T should be beneficial for urothelial tumor
detection.

CT urography will likely continue to be the test
of choice for evaluation of patients with hematuria,
although MR urography may play a role in young
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Figure 12.14 Excretory MR urography
at 1.5T and 3T in the same patient with
prior cystectomy and ileal conduit
formation for bladder carcinoma. In each
case, images were acquired using a
coronal 3D fat-suppressed T1-weighted
sequence after intravenous hydration and
administration of 0.05 mmol/kg
gadobenate dimeglumine. Partition
thickness was 2 mm for each. (A)
Maximum-intensity-projection
reconstruction of images obtained at
1.5T. (B) Coronal source image obtained
at 1.5T. (O) Maximum intensity projection
of images obtained at 3T. (D) Coronal
source image obtained at 3T.

S = superior.

patients or patients with mild to moderate renal
insufficiency. MR imaging is sensitive and specific
for blood clots, which typically appear bright on
T1-weighted images and fail to enhance after
administration of intravenous contrast agents. This
appearance is not significantly altered at a field
strength of 3T. MR urography has been shown to
have a high negative predictive value for urothelial
neoplasms and compares favorably with retrograde
pyelography [20]. However, there have been no
published data assessing the sensitivity and specifi-
city of 3T MR urography in the evaluation of
patients with hematuria.

MR urography can accurately assess congenital
urinary tract anomalies. In such cases, high spatial
resolution can be critical to demonstrating small cross-
ing vessels in the setting of ureteropelvic junction
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obstruction or determining the precise site of insertion
of an ectopic ureter. In these cases, higher field strength
can potentially be of benefit.

Conclusion

Imaging of the urinary tract benefits from the
increased SNR afforded by 3T MR systems, primarily
by leveraging the gain in SNR for higher spatial reso-
lution. However, with this added SNR comes an array
of challenges that require minor pulse sequence modi-
fications and familiarity with new or exacerbated arti-
facts. While many urinary tract abnormalities will
continue to be adequately assessed at 1.5T, as 3T tech-
nology matures, it is likely that 3T imaging will become
the standard for detection and characterization of
small renal and urothelial lesions. Furthermore,
advanced MR applications, such as spectroscopy, mul-
tinuclear imaging, and perfusion imaging and diffu-
sion tensor imaging appear to benefit from increases
in field strength, providing additional potential for
urinary tract imaging at 3T.
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Introduction

Prostate cancer is a major public health and socio-
economic problem throughout the world. Prostate
cancer is the most frequently diagnosed cancer in
men. The 2009 report from the American Cancer
Society projected 192280 new cases of prostate
cancer in the USA in 2009. With an estimated
27360 deaths in the USA in 2009, prostate cancer is
the second-leading cause of cancer death in men [1].
The high incidence of prostate cancer, combined with
earlier detection and stage migration towards the
smaller cancer volumes at the time of diagnosis, and
the slow natural progression and heterogeneous bio-
logic behavior of the disease make the management of
prostate cancer a very complex and controversial
issue. There is a wide discrepancy between the
number of men diagnosed and those dying from
prostate cancer. Incidence rates for prostate cancer
have increased substantially over the past 20 years,
in large part reflecting changes in prostate cancer
screening with the prostate-specific antigen (PSA)
blood test. In addition to PSA, screening for prostate
cancer involves digital rectal examination (DRE) and
transrectal ultrasonography (TRUS) with biopsy.
Although elevated PSA levels can be suggestive of
malignancy, benign conditions such as benign pro-
static hyperplasia or prostatitis can also lead to PSA
elevation [2]. It was demonstrated that only 25-40%
of men with PSA above the 4 ng/ml threshold will be
diagnosed with cancer, leading to about 60-75% of
men in the PSA range 4-10ng/ml undergoing an
unnecessary biopsy [3]. In about 14% of men with
prostate cancer, diagnosis can be established on the
basis of DRE alone [4]. About 15% of men over the
age of 60 have prostate cancer that is clinically silent,
i.e., not detectable on DRE or with a PSA level of less

MR imaging and MR-guided biopsy
of the prostate at 3T

Katarzyna J. Macura and Jurgen J. Fiitterer

than 4ng/ml [5]. Thus, TRUS-guided core prostate
biopsies are being used routinely to systematically
sample the entire gland in patients with abnormal
DRE and/or elevated PSA in the search for prostate
cancer. Since prostate cancer is an age-related disease,
the increasing life expectancy will result in further
increase of both the incidence of and the deaths
related to prostate cancer [6].

To date, the histopathologic examination of
biopsy tissue remains the gold standard for diagnos-
ing prostate cancer. The widely used TRUS provides
real-time visualization of the prostate gland, but most
prostate cancers are isoechoic and therefore invisible,
resulting in TRUS having a positive predictive value
(PPV) of only 15.2% [7]. Although the systematic
sextant biopsy approach has improved the detection
of prostate cancer, the sensitivity and specificity of
TRUS in diagnosing impalpable prostate cancer still
remains low: the number of false negatives in a single
sextant biopsy session reported ranges between 30%
and 45% [8, 9]. Current clinical standards for TRUS-
guided prostate biopsy include systematic minimum
12-core sampling to yield higher accuracy in prostate
cancer detection. Prostate cancer has multiple foci in
more than 85% of cases [10]. Additionally, the intra-
glandular anatomical localization of prostate cancer is
often incorrect on sextant biopsy, when compared to
final prostatectomy results, likely due to a combination
of sampling error and technical problems in localizing
the specimen site during biopsy [11, 12]. About 65% of
the biopsy-positive cores predict the correct Gleason
score found at radical prostatectomy. This poses a
serious challenge in patients’ management, because
accurate tumor detection, localization, and staging
may critically influence the choice of treatment.
Currently available treatment options include radical
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(prostatectomy, hormone ablation, radiotherapy) and
local/focal, minimally invasive therapies (cryosurgery,
radiofrequency ablation, focused ultrasound). As long
as prostate cancer is confined to the prostate (there is no
extracapsular tumor extension, no seminal vesicle inva-
sion, or no metastatic spread to lymph nodes or bones)
treatment of the disease has a curative intent. Some
patients with low-volume, low-risk prostate cancer
may also be candidates for active surveillance. There is
growing demand for patient-specific therapies that can
minimize treatment morbidity while maximizing treat-
ment benefit. Therefore, emerging imaging techniques
that can aid safer and more individualized management
of patients with prostate cancer have become the focus
of intense research and have been rapidly transitioning
into the clinical care.

Magnetic resonance (MR) imaging of the prostate
is such a technique, as due to its superior soft tissue
contrast resolution, high spatial resolution, multiplanar
capability it allows detailed assessment of the prostate
morphology together with the functional assessment of
prostate tissue biochemical profile, perfusion, and
intracellular and intercellular environments. MR
imaging at a standard magnetic field strength of 1.5T
has been shown to add incremental value to the man-
agement of prostate cancer to improve cancer staging,
to assess biologic tumor potential, to aid treatment
planning, to evaluate therapy response, to diagnose
local recurrence, and to guide targeted biopsies [13].

With the growing availability of 3T whole-body
MR scanners, imaging of the prostate at 3T benefits
from the increased signal-to-noise ratio (SNR) and
the potential for significant improvements in spatial,
spectral, and temporal resolution. The typical imaging
sequences used for morphologic evaluation of the
prostate include T2-weighted (T2W) imaging and
T1-weighted (T1W) imaging. For functional molecu-
lar evaluation of the prostatic tissue, newer MR
imaging sequences are used for the assessment of:
(1) Brownian motion of water molecules by diffu-
sion-weighted imaging (DWI), (2) biochemical tissue
composition by MR spectroscopic imaging (MRSI),
and (3) prostate tissue perfusion by dynamic contrast-
enhanced MR imaging (DCE-MRI). The ability to
localize prostate cancer with MR imaging provides
an opportunity to utilize MR guidance for prostate
biopsy [14-17]. Accurate characterization of prostate
cancer based on MR imaging findings and MR-
guided tissue sampling may become essential not only
for initial diagnosis and assessment of prognosis, but

also at different times in the course of the disease as
MR imaging can guide biopsy procedures to confirm
cancer presence and to assess tumor biology, can
guide localized treatment procedures to reduce mor-
bidity, and can guide an active surveillance (watchful
waiting) approach, when patients opt to monitor the
disease without treatment.

In this chapter we focus on the high-magnetic-
field MR imaging techniques for morphologic and
functional assessment of the prostate gland when used
for the diagnosis, localization, and staging of prostate
cancer. We also highlight the advancements in MR-
guided prostate biopsy.

Application of endorectal coil: is it
needed at 3T?

The need for using an endorectal coil at 3T has
been controversial. Initially, the imaging of the pro-
state at 3T was performed with the use of only a
pelvic phased-array coil [18]. Sosna et al. found no
significant difference in image quality between
torso phased-array 3T imaging and endorectal 1.5T
imaging of the prostate [19]. Bloch et al. documented
the feasibility of MR imaging of the prostate with a
combination of endorectal and pelvic phased-array
coils [20]. This resulted in excellent anatomical detail
with good T2 contrast and high-quality multiplanar
reconstructions with clear visualization of small ana-
tomical structures. Similar to the diagnostic gains on
imaging at 1.5T, prostate cancer localization and
staging was documented to be significantly improved
at 3T with the use of an endorectal coil as compared
with an external surface array coil [21]. In this study,
the authors found a significant improvement of image
quality and staging accuracy when using an endorec-
tal coil versus a body-array coil in the same group of
patients evaluated at 3T. With endorectal coil
imaging, the area under the receiver operating curve
(AUC) for localization of prostate cancer was signifi-
cantly increased from 0.62 to 0.68. Also, endorectal
imaging significantly increased the AUC for staging;
sensitivity for detection of locally advanced disease by
experienced readers was increased from 7% to a range
of 73-80% whereas a high specificity of 97-100% was
maintained. Extracapsular tumor extension as small
as 0.5mm at histopathologic examination could be
accurately detected only with endorectal imaging.
However, significantly more motion artifacts were
present on endorectal imaging. All other image
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quality characteristics improved significantly with
endorectal imaging. Similar results for endorectal
staging were confirmed in a different study, in which
3T endorectal MR imaging was investigated and the
authors reported a high staging accuracy of 94% and
specificity of 96% [22]. In this study, two of three
histopathology-proven cases of minimal capsular
invasion were only visible on endorectal MR imaging.
Therefore, it has been concluded that when the
imaging of the prostate is ordered for local staging,
it should be performed with an endorectal coil at 3T.

The application of endorectal coil allows imaging
with an increased spatial resolution for morphologic
assessment with T2W and T1W imaging, with
increased temporal resolution for DCE-MRI, and
also with increased spectral resolution for MRSI
[23]. For MR imaging at 3T with an endorectal coil,
the spatial resolution can be increased to 0.18 mm,
compared with 0.55mm at 1.5T, and the pixel size
can be reduced to 0.13mm?’ compared with
1.21mm” at 1.5T [23].

The application of an endorectal coil comes with
many challenges at 3T. The increased susceptibility
and sensitivity to the signal intensity inhomogeneity
due to the nonuniform endorectal coil sensitivity
profile mandates its proper positioning to optimize
the anatomical coverage of the receiving signal from
the prostate gland. Therefore, the accuracy of coil
placement relative to the prostate is an important
aspect in prostate MR imaging to achieve clear visu-
alization of all parts of the prostate, from the gland
base proximally to the apex distally. The evaluation
of the initial scout images is crucial in confirming
the proper positioning of the coil in the rectum, with
the coverage of the prostate base and seminal vesicles
at the proximal aspect of the coil and inferior cover-
age of the prostate apex at the distal end of the coil.
Additionally, proper positioning in the right-to-left
orientation should be confirmed, as rotation of the
coil to one side will adversely affect the signal
received from the noncovered part of the prostate.
To reduce the degradation of images by rectal
motion artifacts, the frequency direction should be
set at anterior-to-posterior instead of right-to-left
direction. For imaging at 1.5T, the endorectal coil
could be filled with air. However, due to the more
pronounced susceptibility artifacts at 3T, the endo-
rectal coil balloon should be filled with liquid per-
fluorocarbon (PFC) [24] or barium [25] instead of
air to improve the homogeneity of the magnetic
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field. A rigid probe can be used as well without the
need for instillation with any filling agent and was
shown at 1.5T to provide approximately 2.5-fold
higher SNR than inflatable coils near the peripheral
zone midline and produced less tissue distortion
[26]. Development of a rigid coil compatible with
3T may prove to provide similar benefits to those
seen at 1.5T.

Morphologic imaging of the prostate:
T2-weighted and T1-weighted imaging

Prior to MR scan, an intramuscular injection of spas-
molytic agent, e.g., 1mg glucagon, is advised to
reduce the bowel peristalsis and motion artifacts. An
endorectal coil is placed following the digital rectal
examination and is insufflated with approximately
60-80mL of a liquid agent, as mentioned above.
Sagittal and axial T2W half-Fourier acquisition
single-shot turbo spin-echo localizer images are
obtained to evaluate the endorectal coil positioning.
It is important to perform the prostate MR imaging at
least 4 and optimally 6 weeks after prostate biopsy,
because the presence of hemorrhage may obscure or
mimic prostate cancer on T2W images and blood
products may interfere with functional imaging [27].
For T2W MR imaging, the following parameters
are suggested: repetition time (TR)/echo time
(TE) 3500-5000 ms/124 ms, 2.5- to 3-mm section
thickness, 18-20 slices, 200-mm field of view (FOV),
and matrix at least 512 X 512. To reduce the radio-
frequency (RF) power deposition, hyperechoes are
used [28]. The spin echoes are obtained with a train
of low-power pulses with modulated flip angles to
produce a full spin echo at the effective TE. At 3T,
the T1 relaxation time increases and T2 relaxation
time decreases compared with those at 1.5T, as docu-
mented by de Bazelaire et al. [29], who found an
increase of 21% for T1 relaxation time and a decrease
of 16% for T2 relaxation time in the prostate. It was
shown that at longer TEs (TE time beyond the T2
relaxation time of the prostate - ie, 74 =9 ms), the
difference between cancer and healthy prostate tissue
was more accentuated, provided the tissue with the
shortest T2 still had adequate SNR [21]. In addition to
T2W images, an axial T1W to intermediate-weighted
sequence is required to detect post-biopsy hemorrhage.
The following parameters for T1W imaging can be
used: TR/TE 20 ms/4.4 ms, flip angle of 8°, and 250-
to 350-mm FOV.
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Prostate cancer detection,

localization, and staging with
T2-weighted imaging

MR imaging findings in prostate cancer were first
described in the early 1980s [30]. Later studies
established that prostate cancer is characterized by
low T2 signal intensity replacing the normally high
T2 signal intensity tissue in the peripheral zone [31]
(Figures 13.1 and 13.2). However, the presence of
reduced T2 signal intensity in the peripheral zone is
of limited sensitivity, because some tumors are iso-
intense. The finding is also of limited specificity,
because there are other possible causes of low T2
signal intensity in the peripheral zone including
hemorrhage; prostatitis; scarring; atrophy; and
effect of radiotherapy, cryosurgery, and hormonal
therapy. Prostate cancer arising in the transition
zone of the prostate gland poses additional imaging
difficulties [32], because of the heterogeneity of
signal in the central gland. Studies at 1.5T, even
when using high-resolution endorectal MR imaging,
documented low sensitivity and specificity, and high
interobserver variability in the detection of prostate
cancer [32-35]. At 3T, Turkbey et al. [36] demon-
strated that conventional T2W sequences had the
highest sensitivity for detection of peripheral zone
tumors and transition zone tumors for all Gleason
scores; however, T2W images were inferior in specifi-
city to functional imaging with MRSI and DCE-MR
imaging. The authors performed multiparametric
imaging of the prostate at 3T with endorectal coil
for detection of prostate cancer by using T2W
imaging, MRSI, and DCE-MRI, using the whole-
mount pathologic findings as reference standard.
In this prospective, single-institution study of 70
patients with biopsy-proven prostate cancer, sensi-
tivity and specificity values obtained for T2W
imaging of the peripheral zone and transition zone,
with stringent approach, were 0.42 (95% confidence
interval [CI]: 0.36, 0.47) and 0.83 (95% CI: 0.81,
0.86), and for the alternative neighboring approach,
sensitivity and specificity values were 0.73 (95%
CL: 0.67, 0.78) and 0.89 (95% CI: 0.85,0.93),
respectively.

Staging prostate cancer

The role of T2W imaging in tumor staging has
been evaluated. MR imaging is being used to detect

the presence and location of extracapsular tumor
extension (ECE) and seminal vesicle invasions
(SVI). On endorectal MR imaging, criteria for ECE
include asymmetry of the neurovascular bundle,
tumor encasement of the neurovascular bundle, bul-
ging prostate gland contour (Figures 13.1 and 13.2),
an irregular or spiculated margin, obliteration of the
rectoprostatic angle, capsular retraction, a tumor-
capsule interface greater than 1cm, and a breach of
the capsule with evidence of direct tumor extension
[32]. Multivariate feature analysis has shown that
the MR imaging findings most predictive of
ECE are: focal irregular capsular bulge, asymmetry
or invasion of the neurovascular bundles,
and obliteration of the rectoprostatic angle [37].
The features of SVI on endorectal MR imaging
include focal low signal intensity within the
seminal vesicle, enlarged low-signal-intensity sem-
inal vesicle, enlarged low-signal-intensity ejacula-
tory ducts, obliteration of the angle between the
prostate and the seminal vesicle, and demonstration
of direct tumor extension from the base of the
prostate into and around the seminal vesicle [32].
In spite of well-defined MR imaging criteria for
organ-confined versus extraglandular tumor exten-
sion, MR imaging has been reported to have a wide
range of sensitivities (13-95%) and specificities (49-
97%) for ECE detection with a similarly wide range
of sensitivities (23-80%) and specificities (81-99%)
for SVI detection [32]. Therefore, the overall accur-
acy of MR imaging in staging prostate cancer has
ranged from 54% to 93% [32, 38-41], concerning
for limitations of conventional morphologic MR
imaging of the prostate. Despite the initial techno-
logic advancements, the accuracy results for staging
prostate cancer for conventional anatomical 1.5T
MR imaging were not optimal as documented in
two meta-analysis studies, where a maximum
pooled sensitivity and specificity were 71-74%
[42, 43]. With introduction of imaging at 3T,
initial results showed improved staging accuracy,
especially with the application of endorectal coil
[22], as discussed above. As reported by Turkbey
et al. [36], for local staging at 3T, the sensiti-
vity, specificity, false-positive and false-negative
rates, and the accuracy of MR imaging for extra-
capsular tumor extension and seminal vesicle inva-
sion were 78.2% and 80%, 80.9% and 97%, 19.1%
and 3.7%, 21.7% and 20%, and 80% and 95.7%,
respectively.
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Figure 13.1 A 55-year-old man with Gleason 9 prostate cancer involving the left posterolateral base and mid gland. MR imaging of the
prostate was performed with body matrix coil at 3.T. (a) Axial T2-weighted image (TR/TE 5660 ms/149 ms) shows hypointense tumor in the left
mid posterolateral peripheral zone (arrow). Note irregularity of the capsule and established extracapsular tumor extension (ECE) on the left.
There is also contralateral tumor present in the peripheral zone. (b) Apparent diffusion coefficient (ADC) map shows significantly restricted
diffusion in the left peripheral zone tumor (arrows), ADC value 0.7 x 10~ mm?/s. (c) DCE-MR imaging computer-aided dectection (CAD) axial
image shows mapping of the highest permeability (K™") corresponding to the left tumor (arrows). (d) MRSI grid overlying the T2-weighted
image shows voxel of interest (arrow) in the region of abnormal decreased T2 signal on the left. (e) Spectrum corresponding to the voxel of
interest in (d) shows elevated choline (Cho) at 3.2 ppm. (f) MRSI grid overlying the T2-weighted image shows voxel adjacent to the tumor
with normal high T2 signal (arrow). (g) Spectrum corresponding to the voxel of interest in (f) shows normal level of choline (Cho) at 3.2 ppm.
Note well-defined creatine (Cr) peak at 3.05 ppm and citrate (Ci) at 2.6 ppm that has a tall central peak doublet split into two smaller peaks
on either side, which are not usually resolved in vivo at 1.5T. At 1.5T citrate resonance appears as a singlet, whereas at 3T the spectral resolution
increases twofold, more clearly revealing the complex shape of the citrate signals that can appear with either positive or negative inner lines
and nonzero satellite peaks. Copyrights Elsevier, Seminars in Roentgenology 2008. Reproduced with permission from Macura KJ.
Multiparametric magnetic resonance imaging of the prostate: current status in prostate cancer detection, localization, and staging. Semin
Roentgenol 2008; 43(4): 303-13.
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Figure 13.1 (cont)

Functional imaging of the prostate:
diffusion-weighted imaging

DWTI provides image contrast through measurement
of the diffusion properties of random thermal
(Brownian) motion of water molecules. The micro-
scopic motion includes both molecular diffusion of
water and microcirculation of blood in the capillary
network. The diffusion properties of tissue are associ-
ated with the amount of interstitial free water and
permeability. Generally, cancer tends to have more

ppm

restricted diffusion than normal tissue because it has
higher cell densities and excesses of intra- and inter-
cellular membranes [44-46] (Figures 13.1-13.4).
Reduced diffusion of water in prostate cancer has
been attributed to increased cellularity of malignant
lesions [47] that restricts water motion in a reduced
extracellular space [48].

The amount of diffusion is determined by the
diffusion coefficient. However, because the measure-
ment of the diffusion coefficient in vivo may be
affected by many factors, such as temperature, blood
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Figure 13.2 A 65-year-old man with PSA 4.5 ng/ml. MR imaging of the prostate was performed with endorectal coil and body matrix coil at
3.T. (a) Axial T2-weighted image (TR/TE 3400 ms/109 ms) of the prostate at mid gland level shows a hypointense lesion in the left lateral
posterior peripheral zone with associated capsular retraction and irregularity suggestive of extracapsular tumor extension (arrow). (b) Coronal
T2-weighted image (TR/TE 3400 ms/109 ms) shows left mid peripheral zone tumor with capsular irregularity (arrow). (c) ADC map shows a
focus of significantly restricted diffusion in the left peripheral zone lesion (arrows), ADC value 0.5 x 107> mm?/s, suggestive of a high-grade
(at least Gleason 7) prostate cancer. (d) DCE-MRI CAD axial image shows increased permeability (K™™) in the left peripheral zone tumor
(arrows). (e) MRSI grid overlying the T2-weighted image shows voxel of interest (arrow) in the region of abnormal decreased T2 signal on
the left. (f) Spectrum corresponding to the voxel of interest in (E) shows significantly elevated choline (Cho) at 3.2 ppm and decreased citrate
(Ci) at 26 ppm, a signature of prostate cancer. (g) MRSI grid overlying the T2-weighted image shows voxel of interest (arrow) on the right
in the region of normal T2 signal. (h) Spectrum corresponding to the voxel of interest in (g) shows normal low choline (Cho) peak at 3.2 ppm,
creatine (Cr) peak at 3.09 ppm and a tall doublet citrate (Ci) peak at 2.6 ppm. Copyrights Elsevier, Seminars in Roentgenology 2008.
Reproduced with permission from Macura KJ. Multiparametric magnetic resonance imaging of the prostate: current status in prostate
cancer detection, localization, and staging. Semin Roentgenol 2008; 43(4): 303-13.
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Figure 13.2 (cont)

perfusion, magnetic susceptibility in the tissue, or
other kinds of motion, apparent diffusion coefficient
(ADC) rather than diffusion coefficient is used clinic-
ally. The ADC quantifies the combined effects of
both diffusion and capillary perfusion. An important
parameter for DWI scanning is the b-value, which
specifies the sensitivity of diffusion. As the b-value
increases, the amount of diffusion weighting increases,
and sensitivity to diffusion increases. At high b-value,
DWI represents the molecular diffusion of water
almost exclusively. However, as the b-value increases,
it prolongs the gradient RF pulse, thus increasing the

®

|- 0900

TE value, and the quality of the diffusion-weighted
images is seriously degraded and the SNR decreases
accordingly [49, 50]. The smaller the b-value, the
higher the quality and SNR of the diffusion-weighted
images, but T2 shine-through effect and perfusion of
the tissue increase their influence on DWI. Tradition-
ally, for prostate MR imaging a b-value of 0 and 1000 s/
mm” or above has been used.

DWI is a challenging technique because as it
measures molecular motion it is also sensitive to bulk
motion and therefore requires ultrafast imaging tech-
niques. With the implementation of fast gradient
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coils, single-shot echo planar imaging (EPI) emerged
as a technique of choice for diffusion measurements
in intra-abdominal organs as well as the prostate
gland. Gibbs et al. successfully investigated T2 relax-
ation rates and diffusion-weighted images of the
human prostate using a pelvic phased-array coil at
1.5T [51]. Another study used a pelvic phased-array
coil to image the prostate gland of patients with
biopsy-proven cancer and demonstrated significant
differences in the ADCs between malignant peripheral
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Figure 13.3 A 65-year-old man with a
PSA level of 28 ng/ml and three previous
negative 10-core transrectal ultrasound-
guided biopsy sessions. (a) Transverse
T2W turbo spin echo MR imaging. Circle
annotates a low-signal-intensity lesion at
the base of the prostate, which is
suspected for prostate cancer. (b) Axial
ADC map of a diffusion-weighted MR
imaging at the corresponding level of (A).
This image was obtained using a
single-shot echo planar imaging
sequence with diffusion module and fat
suppression. The ADC map of the base of
the prostate shows restriction (circle),
which is a suspect for prostate cancer.
(c) Axial parametric map for a DCE-MRI
showing the parameter K", Early
contrast enhancement is shown at the
base of the prostate (circle). (d) Sagittal
slice of a parametric map for a DCE-MRI
showing the parameter washout.
Washout of the contrast material is
shown at the base of the prostate (circle).
Multimodality MR imaging examinations
were interpreted as a T2NOMO cancer.
MR-guided biopsy was performed of the
cancer-suspected region. A Gleason

4+ 3=7 adenocarcinoma was found.
See plate section for color version.

zone tissue and nonmalignant tissue [52]. The study
concluded that prostate cancer causes restricted
diffusion of water relative to that of normal tissue,
resulting in decreased signal of malignant lesions on
ADC maps. Hosseinzadeh et al. showed that DWI of
the prostate was possible with the use of an endorectal
coil [53]. As shown, ADC values of malignant prostate
tissue are lower than in the healthy peripheral zone
[54]. The ADC value of the healthy peripheral zone is
also higher compared with that of the central gland.
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Figure 13.4 A 69-year-old man with a PSA level of 20 ng/ml and five previous negative 12-core transrectal ultrasound-guided biopsy
sessions. (a) Axial T2-weighted turbo spin echo MR imaging. Circle annotates a low signal intensity lesion in the left transition zone of the
prostate, which is suspected for prostate cancer. (b) Axial ADC map of a diffusion-weighted MR imaging at the corresponding level of (A).
This image was obtained using a single-shot echo planar imaging sequence with diffusion module and fat suppression. The ADC map of the
base of the prostate shows restriction (circle), which is suspect for prostate cancer in the left base anteriorly. (c) Axial slice of a parametric
map for a DCE-MR imaging showing the parameter K" Early contrast enhancement (circle) is shown at the left anterior transition zone
of the prostate. Multimodality MR imaging examination was interpreted as a T2NOMO cancer. MR-guided biopsy was performed of the
cancer-suspected region. A Gleason 3 4 3 =6 adenocarcinoma was found. See plate section for color version.

Sato et al. compared the ADC values of normal and
cancerous tissue in both peripheral and transition
zones at 1.5T [55]. The ADC values of prostate cancer
in both zones were significantly lower than those of
benign tissue in the corresponding zone. Average
values of the ADC (10 > mm?/s) calculated from the
DWI data acquired with a single-shot DWI EPI
sequence at 1.5T within normal peripheral zone, cen-
tral gland, and prostate cancer were as follows: periph-
eral zone 1.992 + 0.208, central gland 1.518 4-0.126,
prostate cancer 1.214 4 0.254 [56].

To date, only a few studies have been published on
DWI of the prostate at 3T [57-62]. Pickles et al. were
the first to report the application of DWI of
the prostate at 3T while using a phased-array coil and
parallel imaging, a single-shot DWI EPI technique
with b= 0 and 500 s/mm” to determine the utility of
ADC values in differentiating tumor from normal
peripheral zone tissue [61]. ADC values were signifi-
cantly lower for tumor (1.38+0.32 x 10> mm?®/s)
than for benign peripheral zone (1.95+0.50 x 10>
mm?/s). However, a considerable overlap of ADC
values and variability was noted between tissue types
and among subjects. Kim et al. assessed both the per-
ipheral and transition zones and used whole-mount

section histopathology as the standard of reference
[57]. They imaged patients at 3T using a phased-array
coil, with a single-shot DWI EPI technique with b=10
and b = 1000 s/mm®. They found that the ADC values
of malignant tissues were significantly lower than
those of benign tissues in the peripheral zone and
transition zone. The ADC values of malignant tissues
in the peripheral zone were 1.32 4 0.24 x 10> mm?/s
versus benign tissue 1.97 + 0.25 x 107> mm?/s, and in
the transition zone were 1.37+0.29 x 10> mm?/s
versus 1.79 +0.19 x 10> mm?*/s. For tumor diagno-
sis, cutoff values of 1.67 x 10> mm?/s for peripheral
zone and 1.61 x 10 °mm?/s for transition zone
resulted in sensitivities and specificities of 94% and
91% and 90% and 84%, respectively [57]. The cutoff
values for ADC to differentiate cancer from benign
tissue may vary between different vendors’” hardware
and imaging parameters. However, cancer typically
yields ADC values < 1.0 x 10> mm?*/s. Almost all
studies of DWI focused on ADC measurements as a
biomarker for healthy and cancerous prostate tissue.
However, Manenti et al. performed a feasibility study
for 3T diffusion tensor imaging (DTI) and fiber
tracking in prostate cancer patients and reported good
delineation of the prostate anatomical structures such
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as the capsule outline, peripheral and central gland
borders, prostate cancer extension, and capsule infil-
tration [62].

The advantages of DWI are short acquisition time
and high contrast resolution between tumors and
normal tissue. Studies that investigated combining
T2-weighted and DWI MR imaging for localizing
prostate cancer revealed that sensitivity in the detec-
tion of significant cancer (Gleason score >6 and
diameter >4 mm) suggests that DWI MR imaging
has the potential to increase the specificity of prostate
cancer detection [48], as well as to support prediction
of tumor aggressiveness [63].

Functional imaging of the prostate:
magnetic resonance SpEthOSCOpiC
imaging

MRSI is based on the chemical shift imaging
principle, where the very slight differences in the
Larmor frequencies of protons in different molecules
allow detection of specific metabolites resonating at a
predictable range of frequencies. Proton spectros-
copy ("H MRSI) is the most widely used technique
because it can be implemented with standard MR
systems and clinically used coils. As a three-
dimensional (3D) technique, MRSI can provide spec-
tra from a grid of contiguous volumes, allowing
metabolic information to be obtained from a voxel
corresponding to a specific anatomical area of the
prostate. Therefore, MRSI and conventional MR
imaging can be used together to perform a combined
metabolic and morphologic evaluation of the pro-
state in a single study [64].

In order to be used for evaluating prostate
cancer, MRSI requires good spatial resolution (below
1em®) [65], high SNR, efficient water and fat sup-
pression techniques, and an optimal TE for detection
of metabolites. MRSI studies of the human prostate
at 1.5T have demonstrated that the levels of the
prostate metabolites (polyamines, choline, creatine,
and citrate) are important specific markers for dif-
ferentiating prostate malignancies from healthy per-
ipheral zone [64-70]. Choline resonates at 3.25 ppm
(parts per minute), creatine at 3.05 ppm and citrate
at 2.62 ppm, so the relative concentration of chemical
compounds can be inferred from the metabolite
peaks [65]. On MRSI, the prostate cancer signature
is characterized by elevated levels of choline, related
to high turnover of phospholipid in cell membranes
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during cellular proliferation [65], decrease in poly-
amines [70], and decrease in citrate, a metabolite
which is normally synthesized and released in large
amounts in the healthy prostate tissue [65]. Since
choline and creatine resonances overlap at 1.5T, it
was proposed that a ratio of choline plus creatine
over citrate would be used to diagnose prostate
cancer [65]. Peripheral zone voxels where the ratio
of choline plus creatine over citrate is at least two
standard deviations above the average ratio in the
normal peripheral zone of the prostate are con-
sidered likely representative of cancer at 1.5T. When
the same ratio is more than three standard deviations
above the average (above 0.86), voxels are considered
highly suggestive of cancer [65, 71]. MRSI was
shown to be useful in detecting transitional zone
cancer as well; however, the metabolite ratios vary
due to the overlap between cancer and benign tissue
in the transitional zone [72].

Several studies showed improved performance of
MR imaging when MRSI was combined with the
anatomical information provided by endorectal MR
imaging at 1.5T for the assessment of cancer location
within the prostate and cancer volume [64, 73-79],
extracapsular tumor extension [80, 81], and cancer
aggressiveness [82-83].

At 1.5T, MRSI of the prostate without an endo-
rectal coil is feasible using the spine-array surface coil
at 1.5T [84]. However, spectral quality and SNR are
inferior to those obtained in examinations performed
with endorectal coils.

For MRSI, increased magnetic field strength pro-
vides two advantages, smaller voxel size and
improved separation of metabolite peaks. With the
increased SNR, the spectral voxel size at 3T is
0.15 cm” while the MRSI voxel size at 1.5T is approxi-
mately 0.30 cm® [85]. Smaller voxel size reduces
volume averaging effects with periprostatic fat, sem-
inal vesicles, postbiopsy hemorrhage, and periure-
thral tissues. At 1.5T, the choline, polyamine, and
creatine peaks blend into a single peak. At 3T, the
creatine and the choline peaks are distinct (Figures
13.1 and 13.2) and the ratio of choline to citrate is
easier to measure. The ability to identify a separate
choline peak at 3T may increase the specificity of
MRSI, especially when combined with increased
spatial resolution, allowing differentiation of smaller
tumor foci from normal tissue. The susceptibility
artifacts are more pronounced at 3T, for endorectal
coil imaging the endorectal coil balloon should be
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filled with liquid PFC [24] or barium [25] instead of
air. It has been demonstrated that at 3T, diagnostic
MRSI with good spectral resolution can be performed
with external body coils [86].

An adequate suppression of lipid signals and a
locally homogeneous magnetic field strength are
essential. Scheenen et al. [87] suggested using short
TEs (75 ms); however, problems with lipid contamin-
ation can occur. A short repetition time of 750 ms
partially saturates choline signals but increases the
SNR per unit time for citrate. At 3T, the spectral
shape of citrate is different from that at 1.5T, which
may impair its detection [88]. At 1.5T, the choline,
polyamine, and creatine peaks blend into a single
peak. Therefore, criteria for identifying suspicious
spectra involve qualitative assessment of the peaks’
height and measuring the ratio of choline plus creat-
ine to citrate, because separating the choline peak
from creatine peak can be difficult, and creatine levels
are relatively unchanged between normal and malig-
nant tissue [65]. At 3T, the creatine and the choline
peaks are distinct and the ratio of choline to citrate is
easier to measure and has been used for differentiat-
ing malignant from benign prostate tissue, as
reported by Turkbey et al. [36]. Authors defined the
mean healthy choline-citrate ratio value at 0.13, SD
0.081; voxels were considered abnormal when the
choline-citrate ratio was 3 or more SD above the
mean healthy tissue value.

Challenges with MRSI include acquiring high-
quality spectral data with voxels in which there
is good SNR and no partial volume effects, and
post-processing of the prostatic spectra. While
MRSI shows promise as a problem-solving modality
with high specificity, it suffers from low sensitivity.
False-positive results with MRSI can be seen with
seminal vesicle contamination, when the signal
from seminal vesicles contributes to the voxels
acquired over the prostate, in prostatitis, as well as
in focal prostate atrophy [89]. Significant number
of spectral voxels acquired may contain non-
diagnostic levels of metabolites due to poor SNR
related to suboptimal shimming and artifacts
from motion. Postbiopsy hemorrhage can also
degrade spectral analysis, as demonstrated at 1.5T
by Qayyum et al. [90]. However, it was also
shown at 1.5T that MRSI may improve diagnostic
accuracy of cancer in the presence of postbiopsy
hemorrhage, when findings on T2W images are
non diagnostic [91].

Functional imaging of the prostate:
dynamic contrast-enhanced

MR imaging

Fast TIW DCE-MRI for imaging of the prostate has
gained attention in recent years as it allows monitoring
the uptake of an intravascular contrast with good spatial
resolution and is a powerful technique to study prostate
cancer microvascularity and angiogenesis [92-101].
Three major factors determine the behavior of contrast
media in the prostate: blood perfusion, transport of
contrast agent across vessel walls, and diffusion of con-
trast medium in the interstitial space [101]. Physiologic
processes such as tissue perfusion and microvessel per-
meability, and the extracellular leakage space can be
characterized qualitatively by the evaluation of kinetic
enhancement curves or quantitatively by applying com-
plex compartmental modeling techniques [102]. Quali-
tative assessment is usually based on the gestalt review of
shape of the signal intensity-time curve (i.e., progressive
fill-in, plateau, wash out), semiquantitative curve-fitting
algorithms (calculation of the maximum enhancement
and time-to-peak) or more complicated pharmacoki-
netic modeling approaches that quantify the tumor
blood flow and capillary permeability [103] (Figures
13.1-13.4). Examples of modeling parameters in quan-
titative analysis include the contrast leakage space (ve),
efflux rate constant (kcp), and the influx transfer con-
stant (K"™). These parameters are connected by the
equation: ve=K"™"/k,, [104]. Preliminary results
showed improved accuracy in prostate cancer detection
and localization with DCE-MRI [100, 101]. There has
been limited experience with the use of DCE-MRI in
staging prostate cancer [105, 106] and detection of cap-
sular penetration and SVI. Using DCE-MRI in staging
prostate cancer yielded significant improvement in
staging performance for the less-experienced readers
but had no benefit for the experienced reader according
to the study by Fitterer et al. [106]. Typically, high-
spatial-resolution T2W imaging remains the standard
sequence for staging; however, DCE-MRI may draw the
radiologist’s attention to suspicious regions with abnor-
mal perfusion to facilitate the assessment of T2 images.
Challenges for the DCE-MRI technique include inad-
equate differentiation of prostatitis from prostate cancer
in the peripheral zone and in distinguishing between
benign prostatic hyperplasia and transition zone
tumors, due to lack of validated thresholds for differen-
tiation of cancer from benign tissue.
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At 1.5T, DCE-MRI has limitations in temporal and
spatial resolution; therefore, a tradeoff between the two
has to be considered for optimization of prostate cancer
detection usually by applying a high spatial resolution
and intermediate temporal resolution. The use of 3T MR
imaging enables the increase in temporal resolution up
to 1-2 seconds. The T1 relaxation time of the tissues is
prolonged at 3T compared with 1.5T. The relaxivity
properties of gadolinium chelate are not significantly
different at 1.5 from those at 3T. Longer T1 relaxation
time of tissues and increased SNR improve contrast
between tumor and normal tissue [107]. Kim et al.
described the first localization results of prostate cancer
by DCE-MRI at 3T [108]. They reported superior pro-
state cancer localization results for DCE-MRI compared
with T2W imaging; however, this result did not achieve
statistical significance. The depiction of tumor borders
was statistically superior compared with anatomical MR
images. In a study by Ocak et al. [109], the authors
reported that for prostate MR imaging performed at 3T
using an endorectal coil, pathologically confirmed
cancers in the peripheral zone of the prostate were char-
acterized by their low signal intensity on T2-weighted
scans and by their early enhancement, early washout, or
both on dynamic contrast-enhanced MR images. The
overall sensitivity, specificity, PPV, and negative predict-
ive value (NPV) of T2W imaging were 94%, 37%, 50%,
and 89%, respectively. The sensitivity, specificity, PPV,
and NPV of DCE-MRI were 73%, 88%, 75%, and 75%,
respectively. K™, k,, and AUGC (the area under the
gadolinium concentration curve) in the first 90 seconds
after injection were significantly higher (p < 0.001) in
cancer than in normal peripheral zone. The v, parameter
was not significantly associated with prostate cancer. The
authors concluded that at 3T prostate MR imaging using
an endorectal coil produces high-quality T2W images;
however, specificity for prostate cancer is improved by
also performing DCE-MRI and using pharmacokinetic
parameters, particularly K™ and ke, for analysis. In a
follow-up work, as reported by Turkbey et al. [36], sen-
sitivity for DCE-MRI (0.18) or MRSI (0.13) was lower
than that of T2W imaging. However, specificity for
DCE-MRI (0.96) and MRSI (0.97) was higher than that
for T2W imaging. The addition of DCE-MRI and MRSI
to the prostate imaging protocol increased the accuracy
and predictive value of conventional T2W imaging for
accurately localizing peripheral zone prostate cancers.
The authors concluded that larger tumors with higher
Gleason scores are more reliably detected at 3T imaging.
On DCE-MRI, color-coded parametric maps reflecting
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wash-in K™, k,, (washout) were obtained with a two-
compartmental pharmacokinetic model. Color-coded
maps were assessed qualitatively, as quantitative values
were not used due to significant inter-patient variations.

MR-guided biopsy of the prostate

The advantage of MR imaging lies in the fact that all the
features of prostate cancer described above can be used
in combination in order to localize prostate cancer.
Therefore, contemporary prostate MR imaging proto-
cols are multiparametric. Multiparametric approaches
to MR imaging of the prostate have shown increased
diagnostic accuracy in the detection of prostate cancer.
At 1.5T, combined DWTI and DCE-MRI provided better
sensitivity in detecting prostate cancer, as reported by
Kozlowski et al. [110], and combined DWI and MR
spectroscopy increased the specificity for prostate
cancer detection while retaining the sensitivity com-
pared with MR spectroscopy alone or DWI alone
[111]. Various protocols for a combined MRSI and
DCE-MRI have been evaluated in multiple patient
cohorts [79, 112, 113]. At 3T, Turbey et al. showed the
benefit of adding functional techniques MRSI
and DCE-MRI to the standard T2W imaging in order
to increase MR imaging specificity for the detection and
localization of prostate cancer [36]. With these multi-
modality approaches, an opportunity emerges for pre-
cise targeting of specific regions within the prostate that
are deemed suspicious for harboring cancer.
MR-guided prostate biopsy potentially can
increase prostate cancer detection, as tissue samples
can be obtained from previously determined cancer-
suspicious regions. As has been shown, MR-guided
biopsy is technically feasible and can be performed on
a routine basis. This technique is typically used in
patients with at least one or more previous negative
TRUS-guided prostate biopsy sessions. Transrectal
MR-guided prostate biopsy has shown promising
cancer detection rates of between 38% and 59% [14-
17]. Beyersdorff et al. performed an MR-guided
biopsy in 12 patients with elevated PSA levels and
histologic analysis showed prostate cancer in five
patients and prostatitis in six [14]. Anastasiadis et al.
found prostate cancer in 15 out of 27 (55.5%) patients
who underwent MR-guided biopsy following at least
one prior negative TRUS-guided prostate biopsy [15].
Engelhard et al. studied 37 patients with previous
negative prostate biopsies and concluded that suspi-
cious lesions with a diameter of 10mm could be



Chapter 13: MR imaging of the prostate at 3T

successfully targeted with MR guidance [16]. Prostate
cancer was detected in 14 out of 37 (38%) patients. As
reported by Hambrock et al. [17], the tumor detection
rate of multimodal MR imaging-guided biopsy at 3T
was 59% (40 of 68 cases) using a median of four cores.
The tumor detection rate was significantly higher
than that of TRUS-guided prostate biopsy in all
patient subgroups except in those with PSA greater
than 20 ng/ml, prostate volume greater than 65 cc and
PSA density greater than 0.5 ng/ml/cc, in which simi-
lar rates were achieved. These are promising data and
demonstrate the potential clinical value of MR-guided
biopsies. A limitation of MR-guided biopsy is that
multiparametric MR imaging for localization and
the MR-guided biopsy are performed in two different
sessions, as image analysis and tumor localization
demands post-processing that is time-consuming.
Another disadvantage is the movement of the prostate
during the biopsy procedure. An alternative approach
has been proposed where MR imaging findings have
been used to direct biopsies under TRUS guidance
with the overall success rate of MR imaging-directed
TRUS-guided biopsy of 25%, which was higher
compared with a 9% success rate achieved without
MR guidance [114]. Experimental fusion of high-
resolution endorectal MR images and TRUS data
has been used to perform MR-guided TRUS biopsy
[115] and to perform target-directed transperineal
ultrasound-guided prostate biopsy [116]. Also, new
robotic devices are being implemented for MR-guided
instrumentation to allow precise targeting of specific
areas in the prostate for diagnostic and therapeutic
interventions [117].

Example protocol for MR-quided biopsy at 3T

After the diagnostic multiparametric MR examination
(preferably within 2 weeks), patients undergo an MR-
guided biopsy using a pelvic phased-array coil and
dedicated US Food and Drug Administration (FDA)-
approved MR biopsy device (Invivo, Schwerin,
Germany) [118]. All patients receive oral antibiotics
prophylaxis, 500 mg (CIPROXIN, Bayer, Leverkusen,
Germany) the evening before, on the morning of the
biopsy, as well as 6 hours post biopsy. The prostate
biopsies are performed with the patient in the
prone position. Pelvic phased-array coils are placed
on the patient’s back as well as beneath the hips
and pelvis. Chlorhexidine/lidocaine gel (Instillagel,
FARCO-PHARMA GmbH, Koln, Germany) is used to

facilitate insertion of the needle guider (filled with gado-
linjum) and local anesthesia rectally. The needle guider is
then attached to the arm of the MR biopsy device. The
needle guide can be adjusted in height, rotated, and
moved forward and backward for optimal positioning
depending on the patient’s anatomy (Figure 13.5).

Two sequences T2W (TR 3500 ms/TE 116 ms, flip
angle 180°, slice thickness 3 mm, in-plane resolution
0.7 x 0.7mm?’, number of slices 15) and DWI EPI
(TR/TE 2400ms/81 ms; 3-mm slice thickness;
204 x 204-mm? field of view and 136 x 136 matrix,
b-values of 0, 50, 500, and 800 S/mmz) are used to
relocate the cancer-suspicious regions that were iden-
tified on pre-biopsy MR scan (Figures 13.3 and 13.4).
The axial T2W and DWTI slices have a similar angula-
tion relative to the dorsal surface of the prostate as
during the localization MR session. After relocation
of the desired target - cancer-suspicious region -
adjustments are made to the biopsy device to aim
the needle guide exactly towards this region. In-
between adjustments, fast T2W true FISP (true fast
imaging with steady-state free precession) images
(TR/TE 4.48ms/2.24ms; flip angle 70°; 228 x 228
mm?® field of view, 228 x 228 matrix, slice thickness
3mm) can be obtained. After reaching the correct
position, tissue samples with an 18-gauge MR-
compatible biopsy gun with tissue core sampling
length of 20 mm, are taken. After obtaining a biopsy,
fast T2W axial and sagittal images are obtained with
the needle left in situ to verify correct needle position
relative to the targeted cancer-suspicious region.

Conclusion

For prostate cancer detection and localization the
combined conventional MR imaging, providing ana-
tomical detail, and functional MR imaging approach,
providing additional metabolic/perfusion informa-
tion, have shown promising results. With the increas-
ing experience and standardization of imaging
protocols at 3T, true gains in SNR will be fully trans-
lated into superior diagnostic performance. Imaging
at 3T offers the potential for significant improve-
ments in both spatial and spectral resolution, as well
as in imaging speed. The most significant advantages
of 3T for prostate imaging are likely to become appar-
ent for functional MR imaging techniques, such as
DWI, MRSI, and DCE-MRI. The combination of
diagnostic multiparametric MR imaging and MR-
guided biopsy of the prostate may positively impact
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Figure 13.5 MR-compatible biopsy device placement and planning for MR-guided transrectal biopsy. (a) Sagittal T2-weighted turbo spin
echo MR image shows endorectal placement of the needle guide. (b) Axial oblique T2-weighted MR image displayed in a planning window
shows the biopsy trajectory to reach the right apex abnormality.

patients’ management through increase in tumor
detection rate and precision of cancer localization,
through improvement in cancer staging, and through
guidance in selection of optimal treatment strategies.
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Introduction

Magnetic resonance (MR) imaging is a well-
established modality for the evaluation of the female
pelvis. Accepted clinical applications at 1.5T include
staging of gynecologic malignancies, evaluation of
congenital uterine anomalies, evaluation pre and post
uterine artery embolization, evaluation of adnexal
masses, and problem-solving difficult cases. As 3T
MR imaging systems become increasingly available
for routine clinical use, female pelvic imaging appli-
cations are emerging. This chapter will discuss 3T
female pelvic imaging to include the advantages and
disadvantages, commonly used sequences, and cur-
rent clinical applications.

Advantages and disadvantages
of female pelvicimaging at 3T

There are several advantages of imaging the female
pelvis at 3T, including higher spatial resolution and
increased chemical shift.

The signal-to-noise ratio (SNR) at 3T MR imaging
should theoretically be improved by a factor of 2 over
the SNR at 1.5T. However, tissue characteristics, such
as T1 and T2 relaxation time, and sequence param-
eters, such as receiver bandwidth, affect the intrinsic
SNR. Even given these factors, there is a significant
gain in SNR at 3T compared with 1.5T [1]. This
improvement in SNR contributes to a higher spatial
resolution or, with the use of parallel imaging,
increased temporal resolution and a decrease in
imaging time [2] (Figure 14.1). These improvements
in imaging should theoretically improve the diagnos-
tic accuracy of female pelvic MR imaging.

Chemical shift is more pronounced at 3T than at
1.5T secondary to the increase in proton precessional
frequency. The most clinically relevant benefit of this

Female pelvicimaging at 3T
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is better frequency-selective fat suppression. Fat sup-
pression is important in female pelvic imaging for the
evaluation of ovarian masses; for example, distin-
guishing an ovarian dermoid cyst from an ovarian
endometrioma or hemorrhagic cyst.

Another potential benefit of the increase in chem-
ical shift at 3T is more effective spectroscopy [3].
Better spectral separation may enable better visualiza-
tion of previously described metabolites and may
allow for detection of different metabolites. Spectros-
copy at 3T has been used to evaluate ovarian masses
with promising results, however, more research with
larger sample size is needed [4].

Although MR imaging at 3T does provide distinct
advantages over MR imaging at 1.5T, these advan-
tages come at a price. Increased radiofrequency (RF)
power deposition at 3T must be addressed. Several
artifacts are also of particular concern when imaging
the female pelvis at 3T, including motion artifact and
susceptibility artifact.

RF pulses with four times higher energy (B1) are
needed to excite protons at 3T compared with 1.5T.
Increase in BI results in increased RF heating and
higher specific absorption ratio (SAR). This excessive
heating can lead to tissue damage. Additionally, an
increase in SAR deposition reduces the number of
slices per repetition time (TR) that can be performed
and lengthens examination times at 3T. Currently,
the US Food and Drug Administration (FDA) set
SAR limits of no more than 4 W/kg averaged over
the entire body for a period of 15 minutes or more
and no more than 8 W/kg for any gram of tissue
within the head or torso for 5 minutes or longer [5].
There are multiple solutions to this issue, and a full
discussion is beyond the scope of this chapter. In our
institution, parallel imaging is used to reduce SAR
for female pelvic imaging at 3T.

Body MR Imaging at 3 Tesla, ed. IThab R. Kamel and Elmar M. Merkle. Published by Cambridge University Press.
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Figure 14.1 Normal female pelvis at 3T MR imaging. Sagittal T2-weighted images of a normal uterus in the same patient demonstrate

improved spatial resolution at 3T (a) compared with 1.5T (b).

Susceptibility artifacts are caused by local field dis-
tortions and are increased with increasing magnet field
strength. Thus, these artifacts are more pronounced at
3T compared with 1.5T. Susceptibility artifacts can
cause signal loss with gradient echo (GRE) sequences
and are particularly prominent at gas-soft tissue inter-
faces and with metallic devices and surgical clips. Sus-
ceptibility artifacts can be decreased by local shimming,
decreasing voxel size, using a shorter TE and minimiz-
ing echo train lengths. Again, a full discussion is beyond
the scope of this chapter.

Motion artifact is increased at 3T (Figure 14.2).
When imaging the female pelvis, respiratory motion
is negligible, however, bowel motion is significant.
Several solutions can be used to decrease bowel motion
artifact. When using fast spin echo (FSE) sequences,
the echo acquisition time can be shortened by decreas-
ing the echo train length, increasing the bandwidth,
and using parallel imaging [6]. Alternatively, the SNR
can be increased by increasing the echo train length,
decreasing the bandwidth, and turning off parallel
imaging [7]. Further, placing the frequency direction
in the anterior-posterior direction reduces motion
from the anterior pelvic wall. To decrease bowel
motion, antiperistaltic agents can be administered;
however, we do not routinely administer these agents
for female pelvic imaging at our institution.
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Figure 14.2 Bowel motion artifact at 3T MR imaging. Sagittal
T2-weighted high-resolution image of the uterus with bowel
motion artifact obscuring the endometrium at the uterine
fundus (arrow).
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(b)

Figure 14.3 Improved zonal anatomy at 3T MR imaging. Sagittal T2-weighted high-resolution images of the female pelvis in the same
patient at 3T (a) and 1.5T (b). Note the improved visualization of the cervical zonal anatomy at 3T (white arrow in a).

Sequences for female pelvic

imaging at 3T

Female pelvic MR imaging at 3T should utilize similar
sequences as those used at 1.5T including: (1) single-
shot FSE (SSFSE) T2-weighted sequences, (2) high-
resolution T2-weighted FSE sequence, (3) T1-weighted
two-dimensional (2D) GRE in- and out-of-phase
sequences, and (4) 3D T1-weighted GRE sequence with
fat suppression pre- and post-gadolinium contrast
administration.

At our institution, patient preparation for 3T
female pelvic MR imaging is identical to 1.5T female
pelvic MR imaging. Patients are asked to fast for
4 hours prior to the examination and empty their
bladder immediately prior to imaging. Some centers
routinely use antiperistaltic agents to decrease bowel
motion during female pelvic MR imaging. Endolum-
inal contrast agents, both endovaginal and endorectal,
are useful for specific imaging protocols, such as
dynamic pelvic floor imaging.

T2-weighted sequences provide the foundation
of female pelvic imaging. The SSFSE T2-weighted
sequences should be performed in three orthogonal
planes with a small field of view. The high-

resolution T2-weighted FSE sequence provides
detailed anatomy of the uterus and ovaries and
should be performed in the sagittal plane routinely.
For staging gynecologic malignancies, we add
an orthogonal high-resolution T2-weighted FSE.
Morakkabti-Spitz, et al. showed that MR images of
the female pelvis obtained at 3T are comparable in
diagnostic quality to those at 1.5T with a similar
spatial resolution [8]. High-resolution T2-weighted
images of the female pelvis at 3T have been shown
to provide significantly better delineation of small
anatomical detail and a superior image for the
evaluation of the cervix, ovary, and vagina [9, 10]
(Figure 14.3).

A 3D T2-weighted turbo spin echo (TSE)
sequence with high sampling frequency (SPACE)
has been described at 1.5T as an alternative to the
high-resolution T2-weighted FSE sequence [11].
A volumetric data set is generated allowing for re-
construction of high-resolution T2-weighted images
in any plane. Time of acquisition at 1.5T is over
10 minutes, which can be prohibitive in a clinical
setting. However, acquisition times of 6 minutes
have been reported at 3T, which would make using
this sequence more clinically feasible [12].
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T1-weighted GRE in- and out-of-phase images are
most useful in female pelvic imaging for adnexal
lesion characterization. Because of the increase in
chemical shift at 3T, echo times (TEs) for in- and
out-of-phase imaging are more closely spaced,
making acquisition of both during a single acquisition
difficult. Images are optimized by obtaining the out-
of-phase images at a shorter TE than in-phase images.
T1-weighted GRE sequences also require a longer TR
at 3T than at 1.5T in order to maintain T1 contrast.

Although the increase in chemical shift at 3T
compared with 1.5T causes problems with T1-
weighted GRE in- and out-of-phase imaging, this
same increase in chemical shift allows for improved
fat suppression when using a fat-suppressed T1-
weighted GRE sequence, given sufficient BO
homogeneity.

Diffusion-weighted imaging (DWI) at 3T would
allow for higher b-values and thinner slices than
at 1.5T, potentially improving image quality and
diagnostic value. One study by Namimoto et al.
evaluated the use of DWI at 3T for distinguishing
uterine sarcoma from uterine fibroids with promis-
ing results [13].

Clinical applications of female pelvic
imaging at 3T

Gynecologic malignancy

MR imaging at 1.5T is considered the study of choice
for the staging of cervical, endometrial, and ovarian
cancer. Limited research at 3T has revealed it to be at
least equivalent to imaging at 1.5T MR imaging and
research using new techniques may improve staging
accuracy at 3T compared with 1.5T.

Cervical cancer appears as an iso T2-weighted
signal mass with contrast enhancement greater than
normal cervical stroma. MR imaging at 1.5T has been
shown to be superior to both CT and clinical exam-
ination for the staging of cervical cancer with an
overall staging accuracy of 77-93% [14]. An intact
area of low T2-weighted signal intensity, representing
normal peripheral fibrous cervical stroma, is a reliable
indication that the tumor is confined to the cervix
(stage IB) [15]. Criteria for parametrial tumor inva-
sion (stage IIB) include an irregular cervical margin,
prominent parametrial strands, eccentric parametrial
enlargement, and/or tumor extension through the
fibrocervical stroma into the parametria or cardinal-
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uterosacral ligaments on T2-weighted images; and/or
loss of the parametrial fat planes on T1-weighted
images [16]. Pelvic sidewall extension (stage IIIB) is
diagnosed on T2-weighted images by tumor
extending beyond the lateral margins of the cardinal
ligaments and loss of the normal low signal of the
pyriformis, levator ani, and/or obturator internus
muscles [17]. Hydronephrosis also indicates stage
IIIB disease. Segmental loss of the normal bladder
or rectal wall indicates stage IVA disease and is best
seen on T2-weighted or T1-weighted fat-suppressed
post-contrast images.

The increase in SNR at 3T MR imaging should
theoretically improve the staging accuracy of cer-
vical carcinoma compared with 1.5T MR imaging
(Figure 14.4). Hori et al. demonstrated that 3T MR
imaging had a high accuracy for the diagnosis of
parametrial invasion and vaginal invasion in cer-
vical carcinomas. However, this accuracy was not
significantly better then 1.5T MR imaging [18].
Further research in this area is needed and correl-
ation with the revised International Federation of
Gynecology and Obstetrics (FIGO) staging criteria
for cervical carcinoma is also needed.

Endometrial cancer is most accurately staged with
MR imaging, and MR imaging staging criteria at 1.5T
using the FIGO staging criteria have been well
described. Overall accuracy of staging endometrial
cancer with 1.5T MR imaging ranges from 70% to
94% and is best accomplished with both high-
resolution T2-weighted images and dynamic T1-
weighted fat-suppressed post-contrast images [19].
The tumors themselves have variable appearance,
but most often appear as a homogeneous high T2-
weighted signal intensity mass with increased contrast
enhancement in the arterial phase compared to the
normal endometrium, making identification of even
small lesions possible. Endometrial cancer that is con-
fined to the endometrium (stage IA) respects the
junctional zone, if present, and demonstrates a sharp,
smooth tumor-myometrial interface. Disruption of
the junctional zone and/or an irregular tumor-
myometrial interface indicates myometrial invasion.
If there is less than half myometrial invasion, the
tumor is still staged as IA; with equal to or more than
half myometrial invasion the tumor is stage IB.
Widening and expansion of the cervical canal with
associated heterogeneity of the cervical stroma indi-
cates cervical invasion by the endometrial tumor (stage
II). Tumor involvement of the uterine serosa and/or
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Figure 14.4 Cervical cancer at 3T MR imaging. Sagittal (a), axial (b), and coronal (c) T2-weighted images and sagittal post-contrast
image (d) of the female pelvis demonstrating an iso T2-weighted enhancing cervical mass (white arrows in a, b, ¢, and d). Note the intact
low T2-weighted signal fibrous cervical stroma surrounding the mass (black arrows in b and c). Images courtesy of Oguz Akin, MD,
Department of Radiology, Memorial Sloan-Kettering Cancer Center, New York, USA.
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Figure 14.5 Ovarian cancer at 3T MR imaging. Axial T2-weighted images of the female pelvis demonstrate a primary ovarian mass
(black arrow in a) and multiple peritoneal implants (white arrows in a and b). Images courtesy of Evis Sala, MD, University Department of

Radiology, Addenbrooke’s Hospital, Cambridge, UK.

adnexa indicates stage IIIA disease. Vaginal invasion
with focal disruption of the normal low T2 signal wall
or parametrial involvement is classified as stage IIIB.
Pathologically enlarged pelvic lymph nodes (stage
IIIC1) and para-aortic lymph nodes (stage IIIC2) are
diagnosed in the usual fashion on MR imaging. Focal
disruption of the normally low T2 signal wall of the
bladder or rectum signifies stage IVA disease.

MR imaging at 3T, in theory, may further improve
the accuracy of staging endometrial carcinoma. Recent
work has demonstrated that staging at 3T MR imaging
is highly accurate in the staging of endometrial carcin-
oma, but not significantly improved compared with
1.5T MR imaging [20]. Another study by Lin et al.
evaluated the use of T2-weighted images combined
with DWI at 3T with promising results [21]. More
research in this area is needed.

MR imaging is useful for the staging of ovarian
cancer and, at 1.5T, has an overall accuracy of
75-78%, which is comparable to computed tomog-
raphy (CT), the gold standard [22]. Stage II disease is
defined as direct extension into or implants on the
uterus and/or fallopian tubes (stage IIA) or other
pelvic organs, such as the rectum, bladder, or periton-
eum (stage IIB). This finding is depicted on MR
imaging as a tumor-normal structure interface of
greater than 90% or direct soft tissue extension into
the structure with associated irregular margins.
Tumor spread outside of the pelvis, including capsu-
lar implants on the liver, is stage III disease and is best
identified on MR using dynamic T1-weighted fat-
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suppressed post-contrast images. Using this tech-
nique, lesions as small as 1 cm can be identified [23].

With the improved SNR of 3T MR imaging com-
pared with 1.5T, the staging accuracy of ovarian
cancer may improve. Recently, it was shown that
accurate staging of ovarian cancer at 3T MR imaging
is possible compared with surgical staging [24]
(Figure 14.5) Sala et al. documented the feasibility of
using DWI at 3T MR imaging to aid in the staging of
ovarian cancer [25]. The increase in chemical shift at
3T may allow for better spectroscopy than at 1.5T and
this is of particular interest in ovarian cancer evalu-
ation. A study by Stanwell et al, showed that spec-
troscopy of ovarian masses at 3T can be performed
with acceptable spectral quality and good SNR [26].
More research in this area is needed, but initial results
are promising.

Pelvic floor dysfunction

Functional disorders of the pelvic floor are a common
problem in women and often affect quality of life.
There are three compartments of the pelvic floor in
women, anterior, middle, and posterior. The anterior
compartment is composed of the bladder and urethra;
the middle compartment the vagina and uterus; and
the posterior compartment the anus and rectum.
Dysfunction of the pelvic floor is often a complex
problem involving multiple compartments and pati-
ent symptoms are dependent on the compartments
involved. Dynamic imaging involves evaluation of
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Figure 14.6 Endometrioma at 3T MR imaging. Axial (a) and coronal (b) T2-weighted images, axial T1-weighted fat-suppressed image

(), and axial post-contrast image (d) demonstrating an endometrioma (white arrows). Note the small endometrial implant seen on the
T1-weighted fat-suppressed image (black arrow in C). Images courtesy of Oguz Akin, MD, Department of Radiology, Memorial Sloan-Kettering
Cancer Center, New York, USA.
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the pelvic structures at rest, with squeezing, with
straining, and with defecation. MR imaging at 1.5T
is becoming more frequently used for the evaluation
of pelvic floor disorders because of the multiplanar
imaging capability, lack of ionizing radiation, and
ability to visualize the pelvic floor musculature. Mor-
akkabati-Spitz et al. recently documented the feasibil-
ity of dynamic female pelvic floor imaging at 3T and
showed that the overall image quality and diagnostic
accuracy was comparable to 1.5T [27]. More research
is needed to determine if there is any added benefit to
performing dynamic female pelvic floor imaging at
3T compared with 1.5T.

Adnexal mass

Endometriosis is a benign disease caused by ectopic
endometrial tissue outside of the uterus. Female
pelvic MR imaging is useful for the diagnosis and
staging of endometriosis. The diagnosis of deep endo-
metriosis is especially important for pre-surgical
planning and allows surgeons to plan the most appro-
priate surgery. Hottat ef al. showed that female pelvic
MR imaging at 3T improved the specificity, sensitiv-
ity, negative predictive value (NPV), positive predict-
ive value (PPV), and accuracy for the diagnosis of
deep endometriosis compared with female pelvic
MR imaging at 1.5T [28]. Most importantly, they
showed an improvement in NPV from 89% with
1.5T to 93.3% with 3T for the diagnosis of deep
endometriosis (Figure 14.6).

The combination of improvement in fat
suppression and spatial resolution at 3T should theor-
etically improve the ability to diagnose dermoid cysts,
especially small lesions. Our experience has shown
this to be the case; however, this has yet to be shown
in the literature.

Conclusion

Female pelvic MR imaging at 3T is now routinely
being used in clinical practice and provides for fast
imaging and very high spatial resolution compared
with 1.5T MR imaging. Currently, 3T female pelvic
MR imaging has been shown to be advantageous for
the evaluation of deep endometriosis and comparable
to 1.5T for staging of gynecologic malignancies and
dynamic pelvic floor imaging. Further research holds
promise for future applications in female pelvic
imaging including DWI and spectroscopy.
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Figure 3.3 Comparison of breast MR images acquired at 3T using a standard rectangular volume shim technique (a) and a “patient-adaptive” image-based shim technique (SmartExam
Breast, Philips Healthcare, Best, The Netherlands) (b). Images were acquired using a 3D T1-weighted gradient echo sequence with parallel imaging and active fat suppression,
16-channel coil, and scan time of 2:50 minutes. In this example, improved image quality was obtained at air-tissue interfaces (circled region) using the image-based shim due to
improved BO homogeneity (b).
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Figure 3.4 Improvement in B1 homogeneity using an adaptive parallel RF transmission technique. BT maps acquired with conventional
single source RF transmission (a) and with parallel transmission (Multi-Transmit, Philips Healthcare, Best, The Netherlands) (b) are
compared. Shown below the B1 maps are corresponding flip angle profiles measured across the field of view as indicated by the red
line. Signal intensity relates to the delivered excitation, expressed as percent of intended flip angle or B1. BT maps were calculated using
an interleaved dual-TR T1-weighted gradient echo sequence. Improved bilateral B1 homogeneity can be appreciated on both the parallel
RF transmission B1 map and corresponding plot (b), particularly in the left breast (arrows). Flip angle variation across the image ranged
from 70% to 115% of the intended flip angle with conventional imaging, compared with only 90% to 110% using parallel transmission.



Figure 3.5 Maximum intensity projection (MIP) of dynamic contrast-enhanced breast MR images acquired at 3T. The MIP was created
from subtraction images (post-contrast minus pre-contrast) to demonstrate enhancing structures. Delayed phase contrast kinetics are
represented in color, with red, green, and blue representing washout, plateau, and persistent enhancement, respectively. In this example
case, a lesion with suspicious enhancement characteristics is visible in the left breast (arrow).



Figure 5.1 Coronal thin maximum-intensity-projection (MIP) view of a patient with 50% right-sided renal artery stenosis (arrow). In this
view the stenosis is seen in the diameter view. In the two reformatted views perpendicular to the renal artery at the site of the

stenosis (red frame) and in a normal segment (green frame) the normal vessel area as well as the stenotic vessel area (arrowheads)

can be accurately measured to calculate the area of stenosis.




Figure 5.10 In the coronal thin-volume MIP of the renal arteries (left image) two renal arteries on the patient’s right side can be seen. The upper vessel appears slender and normal
while the lower renal artery cannot be visualized proximally (arrowhead) with post-stenotic dilation. The color-perfusion maps demonstrate normal perfusion on the left side
while the right kidney demonstrates a reduced (lower pole) and almost absent (mid portion) plasma flow in the lower half of the organ.



Figure 13.3 A 65-year-old man with a PSA level of 28 ng/ml and three previous negative 10-core transrectal ultrasound-guided biopsy
sessions. (a) Transverse T2W turbo spin echo MR imaging. Circle annotates a low-signal-intensity lesion at the base of the prostate, which is
suspected for prostate cancer. (b) Axial ADC map of a diffusion-weighted MR imaging at the corresponding level of (A). This image was
obtained using a single-shot echo planar imaging sequence with diffusion module and fat suppression. The ADC map of the base of the
prostate shows restriction (circle), which is a suspect for prostate cancer. (c) Axial parametric map for a DCE-MRI showing the parameter K™,
Early contrast enhancement is shown at the base of the prostate (circle). (d) Sagittal slice of a parametric map for a DCE-MRI showing the
parameter washout. Washout of the contrast material is shown at the base of the prostate (circle). Multimodality MR imaging examinations

were interpreted as a T2NOMO cancer. MR-guided biopsy was performed of the cancer-suspected region. A Gleason 4 + 3 =7 adenocarcinoma
was found.



N
- l-{ i‘

DynallateWash

A Dyna”(fran'f‘ y - BER -7.26 07

osog 150 280 a0

|
n

Figure 13.3 (cont)
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Figure 13.4 A 69-year-old man with a PSA level of 20 ng/ml and
five previous negative 12-core transrectal ultrasound-guided biopsy
sessions. (a) Axial T2-weighted turbo spin echo MR imaging. Circle
annotates a low signal intensity lesion in the left transition zone of
the prostate, which is suspected for prostate cancer. (b) Axial ADC
map of a diffusion-weighted MR imaging at the corresponding level
of (A). This image was obtained using a single-shot echo planar
imaging sequence with diffusion module and fat suppression. The
ADC map of the base of the prostate shows restriction (circle), which
is suspect for prostate cancer in the left base anteriorly. (c) Axial slice
of a parametric map for a DCE-MRI showing the parameter K™,
Early contrast enhancement (circle) is shown at the left anterior
transition zone of the prostate. Multimodality MR imaging
examination was interpreted as a T2NOMO cancer. MR-guided biopsy
was performed of the cancer-suspected region. A Gleason 3+3=6
adenocarcinoma was found.
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