Dietrich O, Reiser MF, Schoenberg SO

Artifacts in 3-Tesla MRI

Artifacts in 3-Tesla MRI:
Physical background and reduction strategies
Olaf Dietrich, PhD1, Maximilian F. Reiser, MD1, and Stefan O. Schoenberg, MD2
1

Department of Clinical Radiology – Grosshadern, Ludwig Maximilian University of Munich, Germany

2

Institute of Clinical Radiology and Nuclear Medicine, University Hospital Mannheim,
Medical Faculty Mannheim – University of Heidelberg, Mannheim, Germany

ELECTRONIC PREPRINT VERSION:
Not for commercial sale or for any systematic external distribution by a third party

Final version: Eur J Radiol 2008; 65(1): 29–35. <URL:http://dx.doi.org/10.1016/j.ejrad.2007.11.005>

Abstract
Magnetic resonance imaging (MRI) at a field
strength of 3 Tesla has become more and more frequently used in recent years. In an increasing number of radiological sites, 3-Tesla MRI now starts to
play the same role for clinical imaging that was
occupied by 1.5-Tesla systems in the past. Because
of physical limitations related to the higher field
strength and because of protocols transferred from
1.5-Tesla MRI that are not yet fully optimized for
3 Tesla, radiologists and technicians working at
these systems are relatively often confronted with
image artifacts related to 3-Tesla MRI. The purpose of this review article is to present the most
relevant artifacts that arise in 3-Tesla MRI, to provide some physical background on the formation of
artifacts, and to suggest strategies to reduce or
avoid these artifacts. The discussed artifacts are
classified and ordered according to the physical
mechanism or property of the MRI system responsible for their occurrence: artifacts caused by B0
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mogeneity and wavelength effects, chemical-shift
effects, blood flow and magnetohydrodynamics,
and artifacts related to SNR.
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chemical-shift effects, blood flow and magnetohydrodynamics, and artifacts related to SNR.

Introduction
Magnetic resonance imaging (MRI) systems working
at a field strength, B0, of 3 Tesla have become more
and more frequent in recent years. In an increasing
number of radiological sites, 3-Tesla MRI starts to
play the same role for clinical imaging that was occu1–
pied by 1.5-Tesla systems for about the last 10 years
10

. The main motivation for the transition from 1.5Tesla to 3-Tesla MRI systems is the improved signalto-noise ratio (SNR), which is approximately propor11
tional to the field strength , B0; thus, under ideal conditions and with optimized acquisition techniques a
doubled SNR can be expected at 3 Tesla in comparison
to 1.5 Tesla. The growing availability of 3-Tesla MRI
systems is for instance demonstrated by the number of
publications on 3-Tesla MRI listed in the Medline
database, which increased from around 30 in the year
2000 to more than 400 in 2006.
In the 1990s, 3-Tesla MRI was available predominantly in a small number of specialized neuroradiological or neuropsychiatric research sites. Typical
12
applications included functional MRI or spectroscopy studies of the brain, which were performed with
optimized protocols and under attendance of specialized engineers or physicists. Today, the availability of
3-Tesla MRI systems has substantially broadened and
these systems are applied for imaging of all anatomical
7, 8
4, 9
areas including e.g. musculoskeletal , abdominal ,
5

1, 2

3, 6

cardiac , angiographic , and whole-body imaging .
This development leads to an increasing diversity of
applied pulse sequences and protocols, which are not
always fully optimized for 3-Tesla MRI. Consequently,
the radiologist or technician working with such 3-Tesla
protocols will comparatively frequently be confronted
13, 14
with image artifacts related to 3-Tesla MRI
.
The purpose of this review article is to present the
most relevant artifacts that arise in 3-Tesla MRI, to
provide some physical background on the formation of
artifacts, and to suggest strategies to reduce or avoid
these artifacts. The discussed artifacts are classified
and ordered according to the physical mechanism or
property of the MRI system responsible for their occurrence: In the following sections, we distinguish
artifacts caused by B0 inhomogeneity and susceptibility
effects, B1 inhomogeneity and wavelength effects,
Eur J Radiol 2008; 65(1): 29–35 (accepted 5 Nov 2007)

Artifacts
B0 inhomogeneity and susceptibility effects
An extremely homogeneous static magnetic field, B0,
is required around the isocenter of the magnet for
magnetic resonance imaging. The homogeneity of the
static magnetic field influences the distribution of the
Larmor frequencies of the protons and also the linearity of the magnetic field gradients required for spatial
encoding. If the static magnetic field is disturbed, different effects of reduced B0 homogeneity can be observed: Variations of the Larmor frequency within a
single voxel result in dephasing of the spins and, thus,
in signal loss in acquired gradient echoes. This effect is
quantified by the relaxation time, T2*, which becomes
shorter with increasing microscopic field inhomogene15, 16
ity
. Medium-scale or large-scale variations of the
Larmor frequency result in geometric distortion artifacts or mismatch of the excitation frequency of
chemically selective radio-frequency (RF) pulses and
the resonance frequency of the protons. The latter may
lead, e.g., to incomplete fat saturation after the application of frequency-selective fat-saturation pulses.
Generally, the B0 homogeneity of the (empty)
magnet itself is very high; a typical value specified by
the magnet manufacturers is a homogeneity of 1 ppm
(i.e. 0.001 ‰) in a 50-cm-diameter spherical volume
around the isocenter. Unfortunately, the originally very
high homogeneity of the magnetic field is substantially
reduced by the patient (or any phantom) inside the
magnet because of a physical property called susceptibility. The magnetic susceptibility describes the extent
to which a material placed in an external magnetic
field becomes magnetized itself. The susceptibility
varies substantially for different materials such as air,
water, or different biological tissues. As a consequence,
the additional magnetic fields of the materials inside
the magnet are superposed to the originally homogeneous B0 field resulting in decreased overall field homogeneity. While large-scale variations of the field
can be partly compensated by the shimming of the
field, all other inhomogeneities are inevitable and result in artifacts depending on the pulse sequence and
acquisition parameters.
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Unfortunately, the effects of susceptibility variations are proportional to the field strength, B0; i.e.,
twice as large frequency variations are found at 3 Tesla
13, 14, 17, 18
. Therefore, all kind of susthan at 1.5 Tesla
ceptibility artifacts appear much more pronounced in
19
3-Tesla MRI than at lower field strengths . An important manifestation of a susceptibility-related artifact is
the signal loss in gradient-echo images around metallic
implants or surgical clips such as clips from prior
20
cholecystectomy . To reduce these artifacts, the echo
21

time, TE, of the pulse sequence should be decreased
and the receiver bandwidth increased. Although these
artifacts are more pronounced at 3 Tesla and may obscure visualization of important anatomic structures,
such as the biliary ductal system, Merkle et al. conclude that biliary pseudo-obstructions due to susceptibility artifacts from cholecystectomy surgical clips are
not substantially more common on 3-T MR cholan20
giography in clinical practice than at 1.5 Tesla .

Another consequence of susceptibility variations
are geometric distortions in echo-planar imaging (EPI)
at interfaces between soft tissue and bone or air as, e.g.,
in the base of the skull or in the head-and-neck region
(Fig. 1). These distortions can be reduced by decreasing the echo spacing of the readout train (e.g. by increasing the receiver bandwidth) or by applying parallel-imaging techniques to reduce the echo-train length
(Fig. 1c).
As mentioned above, the efficacy of frequencyselective fat-saturation pulses can also be decreased
due to B0 inhomogeneities as demonstrated in Fig. 2. In
some cases, these artifacts can be mitigated by improved field shimming e.g. by repeating the automatic
shim with a more specific shim volume. Generally,
these effects are more pronounced the further the image slice is positioned from the isocenter of the magnet; thus, optimal positioning of the patient in zdirection is recommendable to reduce these artifacts.

Figure 1: Geometric distortions of 3-Tesla EPI acquisitions in the head-and-neck region at interfaces between soft tissue and
bone or air. (a) Reference fast-spin-echo acquisition without distortions; (b) EPI acquisition of the same slice without parallel
imaging, severe distortion artifacts are visible (arrows); (c) EPI acquisition with acceleration factor 2, distortion artifacts are still
present but considerably reduced (arrows).

Figure 2: Reduced efficacy of frequency-selective fat-saturation pulses due to B0 inhomogeneities at 3 Tesla. (a) Acquisition at
off-center position with insufficient fat suppression (arrows), (b) identical acquisition at isocenter.
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Figure 3: Band-shaped signal losses (arrows) in steady-state free-precession (SSFP) sequences due to B0 inhomogeneities.
(a) Banding artifacts compromising liver imaging. (b) Acquisition with identical parameters but with optimized frequency offset to
shift artifacts out of region of interest. (c) Series of frequency-scout images demonstrating frequency-depending artifact positions.

Steady-state free-precession (SSFP) sequences are
also very sensitive to B0 inhomogeneities as shown in
Fig. 3a. Relatively small frequency shifts lead to substantial reduction of the transversal steady-state magnetization and, thus, to band-shaped signal losses in the
22
image . In many cases, these off-resonance or banding artifacts cannot be fully avoided, but it may be
possible to move the artifacts out of the current region
23–25
of interest, e.g. in cardiac or abdominal MRI
(Fig. 3b). This is done by applying a frequency offset
to the nominal resonance frequency; the optimal offset
frequency can be determined by a so-called frequency
scout, i.e. a series of SSFP images acquired with several different offset frequencies (Fig. 3c).
B1 inhomogeneity and wavelength effects
The term “(electromagnetic) B1 field” is frequently
used to refer to the radio-frequency fields involved in
MR imaging and in particular to the field of the transmitted RF excitation pulses. Spatial inhomogeneity of
the B1 field results in flip-angle deviations depending
on the spatial position, i.e. instead of a nominal 90°
excitation pulse of a spin-echo sequence or a 10° flip
Eur J Radiol 2008; 65(1): 29–35 (accepted 5 Nov 2007)

angle of a gradient-echo sequence, the actual flip angle
can be substantially lower in certain areas of the acquired volume. This often leads to reduced signal intensity in these areas or to altered contrast particularly
in FLASH sequences whose T1-weighting depends on
26
the flip angle . Further effects of B1 inhomogeneity
are locally insufficient magnetization preparation with
inversion and saturation pulses if the actual flip angles
27
deviate from 180° and 90°, respectively . The same
mechanism can also influence frequency-selective fat
saturation resulting in insufficient suppression of the
fat signal similarly as described above in the presence
of B0 inhomogeneities.
The B1 homogeneity depends on the design of the
transmit coils as well as on the relation of the imaged
object and the RF wavelength. While well-designed
transmit coils should provide sufficiently homogeneous B1 fields in both 1.5-Tesla and 3-Tesla MRI, the
influence of the wavelength becomes much more rele28
vant at 3 Tesla . The wavelength of the RF field in air
is about 468 cm and 234 cm at 1.5 T and 3 T, respec13, 14
tively
. However, the wavelength in tissue is substantially reduced because of the much higher dielecPage 4 of 9
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tric constant of tissue compared to air. The dielectric
constant in biological tissue ranges between 10 and
100, resulting in wavelengths reduced by a factor calculated as the inverse of the dielectric constant, i.e., of
0.1 to 0.01. If the wavelength of the RF field is in the
same order of magnitude as the geometric dimensions
of the imaged object then constructive or destructive
interferences of the transmitted RF field may be observed resulting in either regional (e.g. central) brightening or regional signal loss, respectively. These effects appear much more frequently at 3 Tesla than at
1.5 Tesla because the RF wavelength at 3 Tesla is only
half as large as at 1.5 Tesla and, thus, is more frequently of the same size as the imaged anatomic structures. In the past, these effects have sometimes been
called “dielectric resonance effects”, but recent publications favor the terms “standing-wave effects” or “RF
29
interferences” .

Artifacts in 3-Tesla MRI

The signal loss due to wavelength effects at 3Tesla MRI is demonstrated in Fig. 4a; as in this example, relatively slim or athletic patients are more often
affected by this artifact than more obese patients. Often
these effects can be mitigated by an additional dielectric pad or cushion positioned on the abdomen of the
patient (Fig. 4b). These simple devices modify the
geometry of the imaged volume and thus can reduce
RF interference effects. It can also be helpful to manually modify the RF-transmitter amplitude in order to
reduce B1-inhomogeneity -induced signal loss. The
automatic calibration of the RF-transmitter amplitude
may be biased by B1 inhomogeneity effects and an
improved flip-angle distribution can sometimes be
obtained by manually increasing the transmitter amplitude. In combination with post-processing filters that
provide a more uniform signal distribution, image
quality can be considerably improved (Fig. 5).

Figure 4: Signal loss due to wavelength effects at 3 Tesla. (a) Destructive RF interference results in reduced signal intensity in
the abdomen (arrow), particularly in slim or athletic patients. (b) This effect can be mitigated by positioning a dielectric cushion
on the abdomen of the patient. Images courtesy of W. Horger, Siemens Medical Solutions, Germany.

Figure 5: Signal loss due to inhomogeneous flip-angle distribution at 3 Tesla. (a) Wavelength effects result in reduced signal
intensity in the abdomen (arrows). (b) This effect can in some cases be reduced by manually increasing the RF-transmitter
amplitude (here by 50 %) and by applying image post-processing filters to obtain more uniform image intensities. Images courtesy of W. Horger, Siemens Medical Solutions, Germany.
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Figure 6: (a) Chemical-shift artifact of the first kind resulting in a geometrical shift of fat-containing bone marrow relative to cartilage (arrow head) and the image-compromising superposition of bone marrow onto cartilage (arrow); receiver bandwidth:
70 Hz/pixel. (b) Identical acquisition with increased receiver bandwidth of 350 Hz/pixel in order to reduce the chemical-shift
artifact at the cost of a reduced SNR.

More advanced techniques for B1-field homogenization are currently under development. If RF pulses
are appropriately modulated in amplitude and phase
during the application of time-varying gradients, RF
excitation can be spatially tailored in order to compen30
sate for B1 inhomogeneity . Currently the combination
of this approach with RF transmit-coil arrays and par31–33
allel-excitation techniques is investigated
.
Chemical-shift effects
Protons in different molecules have specific characteristic Larmor frequencies; this property is called
“chemical shift” and is exploited in magnetic resonance spectroscopy in order to differentiate the molecules in a sample. For magnetic resonance imaging in
vivo, there are essentially only two important groups
of molecules with differing Larmor frequencies: protons in water and protons in fat tissue. The difference
of the Larmor frequencies of these protons is approximately 3.5 ppm. Since the spatial position in MRI is
encoded using varying Larmor frequencies induced by
the applied magnetic gradient pulses, the chemical
shift leads to a slight geometric shift of the relative
position of water and fat protons in readout direction.
This effect is called chemical-shift artifact of the first
14
kind . The extent of this shift depends on the receiver
Eur J Radiol 2008; 65(1): 29–35 (accepted 5 Nov 2007)

bandwidth and is, for a fixed receiver bandwidth, pro34
portional to the field strength , B0. Thus, the observed
chemical shift at 3 Tesla is twice as large as at
1.5 Tesla and can result in the image-compromising
superposition of fat tissue onto other tissues next to it
as demonstrated in Fig. 6a.
There are several possibilities to avoid or reduce
signal superposition due to the chemical-shift effect.
Depending on the anatomical situation it may be possible either to switch readout and phase-encoding direction or to inverse the polarity of the readout gradient in order to obtain a less compromising signal superposition. To reduce the chemical-shift artifact to the
same level as in 1.5-Tesla MRI, the receiver bandwidth
35
of the pulse sequence can be doubled . This will decrease the SNR of the acquisition by about 30 % (to

1

2 = 70.7 % of the original SNR), but in compari-

son to 1.5 Tesla, there is still a remaining increase in
SNR by about 40 %. The influence of the receiver
bandwidth on the chemical-shift artifact is demonstrated in Fig. 6b.
The chemical-shift artifact of the second kind is
observed as a hypointense rim, e.g. around organs embedded in fat tissue such as the kidneys when imaged
14
in opposed-phase condition . This artifact is the result
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of signal cancellation of water and fat protons within
the same voxel. It appears identical independent of the
field strength, if the echo time in each case is chosen
correctly for opposed-phase imaging. The different
Larmor frequencies at 1.5 Tesla and 3 Tesla, however,
result in different in-phase and opposed-phase conditions. This means that instead of opposed-phase echo
times of 2.2, 6.7, 11.2 ms, … at 1.5 Tesla, TEs of 1.1,
3.4, 5.6 ms, … fulfill the opposed-phase condition at
3 Tesla.
Blood flow and magnetohydrodynamic effect
The flow of blood ions perpendicular to the strong
static magnetic field, B0, gives rise to induced voltages
and currents; this mechanism is called the magnetohy36
drodynamic effect . The voltages and currents are
proportional to the field strength, B0. Although the
induced voltages are relatively small, they can influ37
ence the ECG signal required e.g. for cardiac gating .
Indeed is the quality of the ECG signal in 3-Tesla
38
scanners generally worse than in 1.5-Tesla scanners ,
and improved algorithms are required to correctly
identify the R wave.
An image artifact that is possibly related to the
magnetohydrodynamic effect is the signal loss in the
pulmonary vessels acquired with a single-shot fastspin-echo sequence without ECG gating at 3 Tesla

Artifacts in 3-Tesla MRI

(Fig. 7a). These vessels are generally visible at 1.5
Tesla without ECG gating (Fig. 7b); however, at
3 Tesla, ECG gating to the diastolic phase is required
to obtain similar images (Fig. 7c). Blood pulsation in
the static magnetic field, B0, induces electric currents
and associated additional magnetic fields that may be
the cause for dephasing of the spins in and around the
pulmonary vessels.
SNR-related artifacts
Certain artifacts at 3 Tesla are observed as a consequence of the improved signal-to-noise ratio in comparison to 1.5-Tesla MRI. In these cases, the artifacts
have relatively low intensity, i.e. the artifact-to-noise
13
ratio (ANR) is low, and the artifacts are masked by
the statistical image noise at 1.5 Tesla. A typical example is the occurrence of Gibbs ringing artifacts
(Fig. 8) at 3 Tesla that has not been visible at lower
field strengths. Gibbs ringing is caused by data clipping at the edges of k-space, i.e. rawdata signal intensities that are still substantially over the noise level at the
39
borders of the acquired k-space . Obviously, this is
more often the case at higher field strengths with proportionally increased signal-to-noise ratio. Gibbs ringing can be reduced by either increasing the spatial
resolution or by applying reconstruction filters such as
the Hanning filter to smoothly reduce the signal at the
edges of k-space.

Figure 7: (a) Signal loss in the pulmonary vessels in non-gated 3-Tesla single-shot fast-spin-echo (FSE) acquisition possibly
related to the magnetohydrodynamic effect. (b) Non-gated 1.5-Tesla single-shot FSE acquisition demonstrating visual signal in
pulmonary vessels. (c) Gated 3-Tesla single-shot FSE acquisition of the same volunteer as in (a) with data acquisition during
diastole; the vessel signal is restored.
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Figure 8: (a) Gibbs ringing artifacts in T2-weighted 3-Tesla FSE acquisition may be observed as a consequence of the improved signal-to-noise ratio in comparison to 1.5-Tesla MRI; (b) magnified detail view of (a).

Conclusions
Generally, a larger number of artifacts must still be
expected in 3-Tesla MRI than in routine 1.5-Tesla
imaging. These artifacts are caused either by physical
limitations related to the higher field strength or by
protocols transferred from 1.5-Tesla MRI that are not
yet fully optimized for the higher field strength. Most
artifacts, however, can be mitigated or avoided by
small modifications of the pulse sequences such as
adapted receiver bandwidths or echo times, by new
techniques such as parallel imaging, by small additional devices such as dielectric cushions, or by improved techniques e.g. for ECG signal analysis or rawdata post-processing. By the combined effort of radiologists and MR physicists or engineers, an artifact
level comparable to 1.5 Tesla can be accomplished
while preserving most of the additional signal-to-noise
ratio (or the corresponding gain in acquisition time)
enabled by 3-Tesla MRI. Our own experience with
whole-body 3-Tesla MR applications is that 3-Tesla
MRI is now fully suitable for clinical routine imaging
Eur J Radiol 2008; 65(1): 29–35 (accepted 5 Nov 2007)

of virtually all anatomic regions providing an image
quality that is at least comparable and frequently superior to 1.5-Tesla MRI.
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