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OBJECTIVE. The purpose of this article is to review some of the basic principles of imag-
ing and how metal-induced susceptibility artifacts originate in MR images. We will describe
common ways to reduce or modify artifacts using readily available imaging techniques, and we
will discuss some advanced methods to correct readout-direction and slice-direction artifacts.

CONCLUSION. The presence of metallic implants in MRI can cause substantial im-
age artifacts, including signal loss, failure of fat suppression, geometric distortion, and bright
pile-up artifacts. These cause large resonant frequency changes and failure of many MRI
mechanisms. Careful parameter and pulse sequence selections can avoid or reduce artifacts,
although more advanced imaging methods offer further imaging improvements.

RIis widely used for clinical eval-

uation in neurology, oncology, car-

diology, and orthopedics to name

a few. However, the presence of

implanted metallic objects may either render
MRI unsafe or greatly limit its diagnostic util-
ity. This presents a tremendous clinical chal-
lenge because many of the subjects with im-
planted devices are precisely the population
who may require imaging evaluation. For ex-
ample, more than 300,000 spinal fusions were
performed in 2007 [1], with complications in
as many as 30-40% of subjects [2—4]. In 2005,
there were 80,000 revision surgeries for total
knee and total hip replacements [5]. Metallic
implants are also used in surgical reconstruc-
tion procedures in which patients may require
follow-up imaging. In addition, there are many
other smaller devices, such as surgical clips,
dental fillings, fixation screws, or surgical pins
that alone can complicate imaging techniques.
Many implanted devices are unsafe for
MRI. First, ferromagnetic objects can expe-
rience strong forces that originate from the
static magnetic field [6]. The forces are stron-
gest in regions near the magnet where the
field strength changes rapidly over a small
distance. Unfortunately, over a small distance
(tens of centimeters), forces can change from
negligible to strong enough to project an ob-
ject. Second, some implants can cause heating
because of interaction with radiofrequency
fields. The most common example is guide-

wires [7, 8]. Although extensive research has
characterized device safety and in some cas-
es improved the ability to detect unsafe devic-
es, no current methods exist to alter the MRI
safety of ferromagnetic objects that may expe-
rience significant forces or implants that may
cause heating.

Although numerous metals are deemed
MRI safe, they can still significantly impede
imaging for several reasons. First, fundamen-
tally, there is no MRI signal from the metal,
so the metal is dark on MR images. This is in
contrast to radiographic images in which radi-
opaque metal is bright. Second, the presence
of metal can result in severe variations in the
static magnetic field because of susceptibility
variations between metal and surrounding tis-
sue [9]. These field variations depend on the
size, shape, and type of metal as well as orien-
tation in the magnetic field.

The magnetic field variations cause large
resonant frequency variations, resulting in a
variety of artifacts in MRI. When the field
changes rapidly with position, there is sig-
nificant dephasing of the signal, resulting in
signal loss. This static effect can be avoided
by using spin-echo sequences or sometimes
by using very short echo-time gradient-echo
sequences. The frequency variations can
also prevent successful use of fat-suppres-
sion techniques that are based on the chemi-
cal shift, or frequency difference between fat
and water tissues. In both the slice selection
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and readout directions, frequency variations
result in displacement of signal. Because
the frequency varies spatially, signal can be
shifted away from regions, resulting in sig-
nal loss, or can accumulate in one region, re-
sulting in a pile-up artifact. In less-extreme
situations, the varying displacements result
in geometric distortion of the image. Several
of these artifacts are illustrated in Figure 1.
In this article, we review some of the ba-
sic principles of imaging, and how metal-
induced susceptibility artifacts originate in
images. We describe common ways to re-
duce or modify artifacts using readily avail-
able imaging techniques. Next we describe
advanced methods to correct readout-direc-
tion artifacts and slice-direction artifacts.
Although technical, this article focuses on
practical methods and techniques of artifact
reduction. More advanced methods as well
as thorough physical explanations of the ori-
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gin of susceptibility artifacts have been re-
cently described [10].

Imaging Mechanisms

We will briefly review the physics of MRI
to explain why the presence of metal causes
artifacts in imaging. MRI is enabled by first
polarizing nuclear spins, typically in a stat-
ic magnetic field. At macroscopic levels, the
nuclear spins are collectively referred to as
magnetization, which is a vector quantity.
The magnetization can be excited or actively
rotated away from the direction of the stat-
ic magnetic field to point in a transverse di-
rection by a radiofrequency magnetic field.
The transverse magnetization then precesses
or resonates around the direction of the stat-
ic field, which can generate a radiofrequen-
cy signal in a receive coil. The use of gradi-
ent fields can change the precession rate as a
function of position in an arbitrary direction,

Fig. 1—Examples of artifacts due to presence of
stainless steel screws in healthy 37-year-old man.
A and B, In gradient-echo image with + 62.5 kHz
receive bandwidth (A) and spin-echo image with
+16 kHz receive bandwidth (B), solid arrows show
signal loss that can be due to dephasing or from
signal being shifted away from region. Dotted arrow
in B shows geometric distortion of femoral condyle,
and dashed arrows show signal pile-up, which

can be combination of in-plane and through-slice
displacement of signal from multiple locations to one
location.

Fig. 2—Magnetization dynamics for selective
excitation and imaging readout.

A and B, Drawings show magnetization dynamics
during slice selection (A) and imaging readout

(B). Magnetization precession rate or frequency
isindicated by black arrows showing different
amounts of phase (rotation). To excite orange slice
(A), gradientis turned on in slice-select direction
(superior-inferior) to impose frequency variation.
Radiofrequency pulse is played at frequency of
desired slice. Once slice has been excited (B), slice-
select gradient is turned off, and gradientis turned on
inreadout or frequency-encode direction (anterior-
posterior). This imposes frequency variation with
position. Received signal then consists of multiple
frequencies, strength of which depends on amount of
signal at corresponding position.

allowing image formation in arbitrary scan-
ning orientations.

Most MRI methods consist of exciting the
magnetization in slices and forming 2D im-
ages of each slice. Excitation is achieved by
first using a slice-select gradient that im-
poses a variation of precession rate (or reso-
nance frequency) in the slice direction (Fig.
2A). Next, a radiofrequency magnetic field is
generated, with a limited bandwidth around a
center frequency that is chosen so as to excite
magnetization at a particular position. This is
analogous to setting the dial on an amplitude-
modulation (AM) radio to tune to a particular
radio station. In MRI, after the spins within
the slice have been excited, the excitation gra-
dient is turned off and the variation of preces-
sion rate in the slice direction is removed.

To form 2D images, a gradient field can be
turned on in a direction within the plane of the
slice, causing a variation of the precession rate
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Fig. 3—Samples in k-space.
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C

A, In conventional MRI, samples of data are acquired in k-space. On each excitation, samples are taken along a line of locations in frequency-encode direction over time
(solid and dashed arrows). On different excitations, location of these samples in phase-encode direction is changed.
B and C, Sampled data in k-space (B) consists of signal strengths at each location and can be Fourier transformed to obtain corresponding image (C).

(Fig. 2B). The received signal is acquired dur-
ing this time. The individual frequencies
(or tones) can be assigned to specific im-
age locations using a method called a Fou-
rier transform, with the amplitude of each
frequency corresponding to the strength of
the magnetization at a particular position.
This process, called frequency encoding, is
analogous to hearing a piano sound: If sev-
eral keys are pressed on a piano with differ-
ent strength, the strings cause a vibration in
your ear, analogous to the MRI signal that is
recorded. Your ear is able to deduce the indi-
vidual tones as well as the strength of each,
much like the Fourier transform process de-
duces signal from different locations.
During frequency encoding, the received
signal is actually sampled at discrete time
points, with the change between points due
only to the position of the sample points and
the area of the gradient waveform between
them. Unlike frequency encoding, phase en-
coding switches on a gradient for a finite time,
then switches it off before acquiring samples.
On successive excitations, the amplitude of
the gradient can be changed. This allows sam-
pling of the 2D data space, k-space, as shown
in Figure 3. The Fourier transform can be ap-
plied in two directions, leading to a 2D image.
A key distinction between phase encoding
and frequency encoding is that the excitation-
to-acquisition time for a data sample depends
only on its position in the readout direction.
Although the raster scanning of k-space us-
ing frequency and phase encoding (Fig. 3) is
by far the most common method of acquiring
MR images, other options exist. Just as phase
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encoding moves to a different sample posi-
tion in k-space, any combination of gradients
can be used to move to any position. Sampling
several lines of k-space on one excitation us-
ing echo-planar imaging is a common option
[11]. Alternatively, sampling with a radial [12]
or spiral [13] pattern is also used for certain
applications. These “non-Cartesian” sampling
methods have advantages and disadvantag-
es compared with raster scanning, and the ar-
tifacts due to the presence of metal may dif-
fer substantially from those discussed here for
Cartesian scanning methods.

Image Artifacts Near Metal Implants
The most prominent image artifacts that
occur with imaging near metal arise from the
inhomogeneous static magnetic field, which
causes large variations in the precession rate
(or resonant frequency) across the object. The
predominant artifacts that arise in imaging
are signal loss due to dephasing, failure of fat
suppression, and displacement artifacts. Dis-
placement artifacts occur in the slice selection
and readout directions and include geometric
distortion, signal loss, and signal pile-up.
Near metal objects, the magnetic field varia-
tions can be very rapid, such that the magneti-
zation within a single imaged voxel precesses at
varying rates. This leads to dephasing or loss of
coherence and signal loss. In images, this mani-
fests as a black area in which there would oth-
erwise be signal (Fig. 1). Fortunately, dephas-
ing effects can be almost completely avoided by
the use of spin-echo imaging, as described later.
Aside from the distortion and dephasing
artifacts described, an important detrimen-

tal effect of imaging near metal is failure of
fat suppression. Many fat-suppression tech-
niques are far more sensitive to magnetic field
variations than the image-formation methods
themselves. The most common method of fat
suppression is to use chemically selective sat-
uration, often called fat saturation [14]. This
method selectively excites fat, exploiting the
fact that the fat resonance is 220 Hz below
that of water at 1.5 T. The frequency shifts
near metallic implants can range from about
3 to 80 kHz. This can cause large changes in
the fat resonance, easily enough to cause com-
plete failure of fat saturation because the sat-
uration pulse completely misses the resonant
frequency of fat near metal.

As described, the method of selectively
exciting a 2D slice in MRI is to apply a ra-
diofrequency magnetic field of finite band-
width in the presence of a gradient field. Be-
cause the gradient maps position to resonant
frequency, the slice position is determined
by changing the frequency of the radiofre-
quency field. Variations in the static magnet-
ic field cause an error in the position that is
selected. The error can cause a shift in the
excited slice, or a curving or “potato-chip”
effect. It can also cause the slice to be thicker
or thinner than desired and can even result
in splitting of the slice into multiple regions.
The overall result is that the selected region
differs from what was desired, and there-
fore, the desired slice position no longer rep-
resents the location of the image. Although
small shifts or curving of the slice may not
be noticeable, the thinning and thickening
lead to clear signal loss or pile-up effects, the
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Fig. 4—Magnetization dynamics with off-resonsance.

A-C, Effect of offset of resonance frequency or off-resonance on slice selection (A) and imaging readout (B). During slice selection, yellow and green spins resonate
below expected rates. When radiofrequency pulse is centered at rate of gray spins in orange region, green spin is not excited, while yellow spin is excited, resulting in
signal loss (green) and pile-up (yellow). Next, when spins are imaged, yellow spin will again resonate below expected rate (B) and be detected atincorrect position in
anteroposterior direction (C), resulting in in-plane pile-up artifact. Note that although only a few spins are shown here to illustrate concept, there is actually continuous
distribution of magnetization in both directions, and excited slice can show displacement, broadening, thinning, or even splitting depending on off-resonance frequency

distribution.

mechanisms of which are shown in Figure 4.
Using the radio-tuning analogy, the presence
of the metal effectively causes some radio
stations to transmit at the wrong frequency,
so that when you tune to a location you may
miss the station you are seeking, hear the
wrong station, or hear multiple stations that
are transmitting on the same channel.
During image acquisition in the frequency-
encoding direction, a gradient field is gener-
ated to map the position to particular pre-
cession rates of the magnetization. The
reconstruction inverts this process by identi-
fying the tones in the signal, with each tone
corresponding to a position. However, varia-
tions in the static magnetic field cause shifts in
these tones, which again result in an error in
determining the position from which the sig-
nal originates. Like slice distortion, the varia-
tions can result in bulk shifts that can distort

the image or, in more extreme cases, signal
loss or pile-up effects when the signal is shift-
ed away from a position or when signal from
multiple positions is shifted to one position.
The mechanisms of slice-select and frequen-
cy-encode distortion are shown in Figure 4.
Note that the frequency-encode-direction and
slice-direction artifacts are difficult to sepa-
rate because both result in geometric distor-
tion, signal loss, and signal pile-up effects.
Using the piano analogy, the static field varia-
tions simply cause the piano to be grossly out
of tune and generate the wrong sounds for cer-
tain keys. A listener trying to identify the
tones will make errors that correspond to
shifts of signal to and from different positions
in the image. In extreme cases, one key may
generate the tone of the adjacent key, resulting
in the perception of increased signal at that
tone (pile-up) or loss at the missing tone.

Basic Reduction of Artifacts

Although artifacts near metal can be se-
vere, it is important to realize that many stan-
dard techniques and careful parameter selec-
tions can be combined to mitigate them, often
to the point that an image has diagnostic value
in spite of artifacts. The main types of arti-
facts and both basic and advanced methods to
reduce them are summarized in Table 1.

The signal dephasing that occurs when the
static magnetic field varies rapidly results in
dark areas of signal loss. The most common
way to avoid this is to use spin-echo tech-
niques, which use a 180° refocusing pulse that
reverses static field dephasing. As shown in
Figure 1, the spin-echo avoids much of the sig-
nal loss seen with gradient-echo imaging. An
alternative to using spin-echoes is to use ul-
trashort TE methods in which imaging is per-
formed immediately after the radiofrequency

TABLE I: Common Artifacts in MRI Due to Presence of Metallic Implants and Methods to Reduce Them

Artifact

Standard Methods to Reduce Artifact

Advanced Methods to Reduce Artifact

Signal loss from dephasing

Failure of fat suppression

Geometric distortion

In-plane distortion (pile-up and signal loss)
Through-slice distortion

All distortions

Spin-echo or FSE (FSE, TSE, RARE)

Use of STIR imaging or Dixon techniques (less effective)
High-readout bandwidth

High-readout bandwidth, swap frequency or phase
Nonselective Imaging, thin slices

Alllisted combinations

Ultrashort echo-time sequences, SWIFT

View-angle tilting, field map—based corrections
View-angle tilting

Multispectral imaging (MAVRIC, SEMAC, etc.)
Multispectral imaging (MAVRIC, SEMAC, etc.)

Note—Standard methods are widely available, whereas more advanced methods are generally in research phases. FSE = fast spin-echo, TSE = turbo spin-echo, RARE =
rapid acquisition with relaxation enhancement, SWIFT = sweep imaging with Fourier transform, MAVRIC = multiacquisition variable-resonance image combination,

SEMAC = slice-encoding for metal artifact correction.

550

AJR:197, September 2011



Downloaded from www.ajronline.org by Wake Forest Univ Sch of Med on 03/06/14 from | P address 152.11.5.70. Copyright ARRS. For personal use only; all rights reserved

A

excitation so that there is less time for mag-
netization to become incoherent (or dephase).

The failure of fat suppression can be re-
duced in many cases by the choice of fat sup-
pression technique. Common MRI fat-sup-
pression methods include spectrally-selective
saturation [14], STIR [15], or multiple-echo
separation techniques such as Dixon separa-
tion [16, 17]. Fat-suppression or water-only
excitations are the most sensitive to the pres-
ence of metal, and will fail any time the shim
is insufficient to remove background frequen-
cy variations to within the chemical shift
frequency difference between fat and water.
Dixon techniques can track gradual magnet-
ic field variations and perform well some dis-
tance from metal where fat saturation may
fail. However, closer to the metal, even Dix-

Metal-Induced Artifacts in MRI

on techniques fail, and the best choice is to
use STIR imaging because it is completely
independent of resonance frequency. STIR
uses an inversion recovery approach to null
fat on the basis of its short T1 relaxation time,
which provides much more homogeneous fat
suppression near metal, as shown in Figure 5.
There are two downsides of using STIR. First
it is limited by the low signal-to-noise ratio
(SNR) because the inversion pulse causes at-
tenuation of the nonfat signal. Second, when
a contrast agent is used, the tissue that nor-
mally enhances would instead be suppressed
because of the shortened T1. Therefore, for
contrast-enhanced imaging in the presence of
metal, the options are limited. Dixon-based
methods are probably the best option but will
certainly fail near larger implants.

Fig. 5—Patient with titanium screw in knee.

A and B, Conventional fat-saturated (A) and STIR

(B) proton density—weighted images of knee show
fat-saturation leads to imperfect fat suppression
near metal (arrow), but maintains signal-to-noise
ratio (SNR), whereas STIR provides uniform fat
suppression but decreases SNR and still shows some
pile-up artifacts around metal.

The spatial distortion in the slice direction
(Fig. 4) is the ratio of frequency offset to slice
bandwidth, multiplied by slice width. There-
fore, using thin slices will reduce the amount
of this distortion. The cost of this is both in-
creased scanning time because more slices are
required to adequately cover the volume of in-
terest and reduced SNR because the voxel size
has been reduced. Multiple slices can be aver-
aged during postprocessing to recover some
SNR, but this technique still reduces the over-
all SNR efficiency by the square-root of the
number of slices averaged. Nonetheless, the
use of thin slices is a viable distortion-reducing
option that can by used on most scanners.

A direct way to reduce distortion effects is
to maximize the bandwidth used both during
slice selection and during readout. On both

A

Fig. 6—Effect of slice-selection bandwidth on slice.

A, Drawing shows use of low slice-selection bandwidth results in substantial slice distortion, or “potato-chipping,” in presence of frequency variations.
B, Drawing shows use of higher excitation pulse bandwidth decreases distortion, but at cost of higher radiofrequency power.
C. Drawing shows use of unmatched bandwidths on excitation and refocusing pulses so that only overlapped region is imaged. This may reduce some artifacts but can

also resultin signal loss.
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slice selection and readout, the spatial distor-
tion is inversely proportional to the gradient
strength, which scales with the bandwidth.
Some systems will allow the use of increased
bandwidth radiofrequency slice-selection
pulses, which will thus reduce slice distortion,
as shown in Figure 6. Increased radiofrequen-
cy bandwidth, however, comes at a cost of in-
creased power deposition (specific absorption
rate [SAR]), which may either force longer
TRs or fewer interleaved slices per repetition.

As with slice selection, maximizing the
readout bandwidth will minimize displace-
ment artifact in the readout direction. The
number of pixels of in-plane displacement is
simply the ratio of the frequency offset to the
bandwidth per pixel. Note that on many sys-
tems, the readout bandwidth is specified us-
ing the half bandwidth over the FOV. The
pixel bandwidth is twice the half bandwidth
divided by the readout matrix size. As with
the slice-selection bandwidth, increasing the
readout bandwidth comes at a cost—SNR.
Maximizing readout bandwidth reduces echo
spacing, which leaves an option for longer
echo trains to partly compensate for lost ef-
ficiency. Next to using spin-echo methods,
maximizing readout bandwidth is probably
the simplest way to dramatically reduce arti-
facts near metal.

Most conventional imaging sequences
will suffer from displacement artifacts in
both the slice-select direction and the read-
out direction but not in the phase-encode di-
rection. In 3D sequences, although there are
two phase-encode directions, there is typi-
cally a slab-selective excitation that has very
large distortions because, again, the dis-
tortion is proportional to the slice (or slab)
thickness. However, if a nonselective pulse is
used with 3D sequences, there will indeed be
two phase-encode directions, neither subject
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to displacement artifacts. In certain imaging
scenarios, the phase-encode direction can be
positioned in the direction perpendicular to
interfaces so that the interfaces can still be
clearly seen in spite of artifacts [18, 19].
Recall that the displacement due to off-res-
onance effects during excitation is inverse-
ly proportional to the radiofrequency band-
width. In general, where spin-echo sequences
are used, an option is to use a different radio-
frequency bandwidth for the excitation and re-
focusing pulses. This causes a different dis-
placement for the excited and refocused slices
in the presence of frequency offsets (Fig. 6).
The result is that no signal arises from the off-
resonant tissue because it is not refocused.
This approach is similar to inner-volume im-
aging, in which the region is limited by chang-
ing the spatial region that is excited and refo-
cused. The use of differing bandwidths has
the trade-off that artifacts may be suppressed
but at a cost that some signal is lost. In ad-
dition, the different excitation and refocus-
ing regions can result in increased saturation
of adjacent slices, which may force increased
scanning times, larger slice gaps, or other
compromises. Differing excitation and refo-
cusing pulse bandwidths are already used in
cases to reduce artifacts from gradient nonlin-
earity and may be used where the refocusing
pulse bandwidth is reduced because of peak
radiofrequency limits. However, more recent-
ly, this concept has been used specifically to
reduce artifacts near metal implants [20].

In-Plane Artifact Reduction

The in-plane artifacts because of displace-
ment include geometric distortion and, in
more severe cases, signal loss and pile-up ar-
tifacts. Although maximizing bandwidth is
helpful in all cases, there are other options
that can improve quality further.

The displacements due to off-resonance
are predictable when the frequency error is
known. In cases of fairly smooth frequency
error, the geometric distortion can be largely
fixed. The key assumption to this approach is
that the frequency changes can be resolved
by the image resolution or, put another way,
that one frequency offset is representative
for each voxel. The process then consists of
measuring this frequency offset using field-
mapping techniques, typically with multiple
TEs. The image can then be distorted in the
reconstruction to correct the geometric dis-
tortions that result from frequency offsets.

Field mapping is unable to resolve the very
rapid spatially varying frequency offsets that
lead to pile-up and signal loss. A method
called view-angle tilting can be quite pow-
erful in this situation [21]. View-angle tilt-
ing takes advantage of the fact that the slice
displacement and in-plane displacement be-
cause of off-resonance have a constant ratio.
View-angle tilting replays the slice-selection
gradient during the readout, which shears the
image in the plane of the slice and readout di-
rections. The result is that slice displacements
exactly cancel in-plane displacements, so the
in-plane displacements are removed as shown
in Figure 7. However, view-angle tilting does
not fix the slice distortion. Note that an alter-
native view of view-angle tilting is that the
radiofrequency pulse excites a certain band-
width. By replaying the slice select gradient,
the off-resonance is limited to the radiofre-
quency bandwidth, and in-plane distortion is
nearly removed [22]. A limitation of view-an-
gle tilting, however, is that the readout dura-
tion is limited to that of the radiofrequency
excitation; otherwise, blurring can result [23].
This limits the SNR or spatial resolution that
can be achieved. To avoid this blurring and to
minimize residual artifact from the voxel tilt,

Fig. 7—37-year-old man with stainless steel screws
intibia.

A and B, Spin-echo (A) and view-angle tilting (B)
images obtained using identical parameters show
geometric distortion is completely corrected in view-
angle tilting (arrows) but through-slice signal loss and
pile-up artifacts remain (bright areas in tibia).

AJR:197, September 2011
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a high-bandwidth readout is desirable when
using view-angle tilting [24].

One approach that has been used to re-
duce in-plane artifacts is to limit the excit-
ed bandwidth. This can be achieved using
a spectral-spatial excitation, which excites
both a limited slice and a limited band of
frequencies. The frequency range is limited,
thus limiting the in-plane artifact. The cost
of this approach is that the excitation must
be repeated for different frequencies, which
costs scanning time.

Through-Plane Artifact Reduction
Slice-direction distortion is a challenge be-
cause maximizing radiofrequency bandwidths
is ultimately limited by the maximum radiofre-
quency amplitude as well as the radiofrequency
power or SAR. Methods have been designed to
correct linear field variations in the slice direc-
tion. Gradient-echo slice excitation profile im-
aging uses slice-direction phase-encoding and
a Fourier transform to recover signal losses in
each slice [25], and 3D z-shimming builds on
this with more efficient sampling on the basis
of expected field variations [26]. An alterna-
tive approach is to acquire and use a field-map
to estimate the slice displacement and thick-
ening or thinning, which can be corrected in
some cases [27]. More recently, methods have
built on these techniques to correct a much

Metal-Induced Artifacts in MRI

more arbitrary range of resonance frequency
offsets near metal.

Multiacquisition variable-resonance im-
age combination (MAVRIC) is a method to
correct both in-plane and through-slice dis-
placement artifacts [28]. MAVRIC uses a
frequency-selective excitation (rather than
exciting a slice or slab) to limit the range of
frequency offsets imaged at one time. This
is followed by a standard 3D imaging read-
out, typically using a spin-echo train. As de-
scribed earlier, when the range of frequencies
is limited, the in-plane displacement is also
limited, to within about a pixel in this case.
MAVRIC avoids slice-direction displace-
ment by using phase encoding to resolve in
this direction. The 3D images are repeated
for a range of frequencies and combined to-
gether, typically using a sum-of-squares op-
eration. The combined images have minimal
artifact and include signal from a wide range
of frequency offsets near metal.

Slice-encoding for metal artifact correc-
tion (SEMAC) also corrects both in-plane
and through-slice distortions near metal [29].
In SEMAC, 2D slices are excited just as in a
standard multislice sequence, resulting in dis-
torted profiles. For each slice, a 3D image is
formed, using view-angle tilting to avoid in-
plane artifacts and phase-encoding in the
other two directions to avoid distortion. By

combining the 3D images for each slice, a dis-
tortion-corrected volume can be achieved.
MAVRIC and SEMAC are similar in many
respects. Both use multiple excitations to excite
the overall volume being imaged, and both use
a 3D spin-echo acquisition to resolve through-
plane distortion. In both cases, the residual
distortion in the readout direction is identical,
within about a pixel. The fundamental differ-
ence between the techniques is that MAVRIC
excites limited frequency bands, whereas
SEMAC excites limited spatial bands. How-
ever, note again that the spatial bands are dis-
torted by frequency offsets. There are other
implementation differences, including wheth-
er the excitation bands overlap, but these can
typically be applied equally to both methods.
A hybrid MAVRIC-SEMAC approach merges
features from both original methods into one
sequence [30]. Figure 8 shows how individual
regions are excited in MAVRIC, SEMAC, and
the hybrid technique, whereas Figure 9 shows
example images using all of these methods.
Other methods have also recently been
proposed for imaging near metal. Ultrashort
TE methods and swept imaging with Fourier
transform are alternatives to spin-echo meth-
ods for avoiding static dephasing [31, 32]. Both
methods typically use a radial acquisition,
which results in blurring, but near metal there
are more extreme additional displacement and

Slice Position

Frequency

Slice Position

Frequency

Slice Position

Fig. 8—Multiacquisition variable-resonance image combination (MAVRIC) and slice-encoding for metal artifact correction (SEMAC).

A and B, Excited regions of MAVRIC (A) and SEMAC (B) differ in that MAVRIC is purely frequency selective, whereas SEMAC is spatially selective but with spatial shifts
due to frequency. Original MAVRIC method proposes overlapped regions, which improves artifact suppression at cost of time.

C, Hybrid approach uses spatially-selective excitation but overlapped regions.
D and E, In phantom with shoulder prosthesis, regions can be illustrated by intentionally leaving space between regions and showing reformatted images. In MAVRIC (D),
regions follow contours of magnetic field variations, whereas in SEMAC (E) regions are distorted (“potato-chipped”) slices.
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D

Fig. 9—Different approaches in patient with total knee arthroplasty.

A-D, Example images using spin-echo (A), multiacquisition variable-resonance image combination (MAVRIC)
(B), slice-encoding for metal artifact correction (SEMAC) (C), and MAVRIC-SEMAC (D). Signal loss and pile-up
artifacts in spin-echo image are substantially reduced with three correction techniques, with similar overall

ability to depict tissue near implant.

pile-up artifacts. As with other methods, for
a high-readout bandwidth these artifacts can
be reduced [33] but have not been compared
directly with MAVRIC or SEMAC. Further-
more, the very short TEs may allow visu-
alization of the polyethylene spacer, which
could have diagnostic value [34]. The non-
Cartesian methods add additional imple-
mentation complexity, which also has limit-
ed their use for routine scanning.

Summary

Although some metallic implants are safe
for MRI, their presence can cause substan-
tial artifacts in images, including signal loss,
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failure of fat suppression, geometric distor-
tion, and signal pile-up. Signal loss caused
by static dephasing can largely be corrected
by the use of spin-echoes, and some distor-
tion can be reduced by the choice of scanning
parameters. Fat-suppression failure is muiti-
gated by using Dixon-based techniques or,
better yet, STIR imaging at a cost of SNR.
Displacement artifacts that cause geometric
distortion, signal loss, and pile-up can be cor-
rected with a variety of methods. View-angle
tilting is effective for in-plane displacement
artifacts. However, much more complete
correction, including correction for both in-
plane and through-slice displacements, can

be achieved by multispectral imaging meth-
ods such as MAVRIC or SEMAC but at a
cost of increased scanning time. All of these
methods are now or soon will be fairly read-
ily available on most scanners. Overall, it is
important to understand the cause of metal-
induced artifacts and to select the most ap-
propriate of the available options to reduce or
avoid artifacts in the particular application.
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