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Abstract: During the last decade, metal artifact reduction in magnetic resonance
imaging (MRI) has been an area of intensive research and substantial improvement. The demand for an excellent diagnostic MRI scan quality of tissues around
metal implants is closely linked to the steadily increasing number of joint
arthroplasty (especially knee and hip arthroplasties) and spinal stabilization procedures. Its unmatched soft tissue contrast and cross-sectional nature make MRI a
valuable tool in early detection of frequently encountered postoperative complications, such as periprosthetic infection, material wear–induced synovitis, osteolysis,
or damage of the soft tissues. However, metal-induced artifacts remain a constant
challenge. Successful artifact reduction plays an important role in the diagnostic
workup of patients with painful/dysfunctional arthroplasties and helps to improve
patient outcome. The artifact severity depends both on the implant and the acquisition technique. The implant's material, in particular its magnetic susceptibility and
electrical conductivity, its size, geometry, and orientation in the MRI magnet are
critical. On the acquisition side, the magnetic field strength, the employed imaging
pulse sequence, and several acquisition parameters can be optimized. As a rule of
thumb, the choice of a 1.5-T over a 3.0-T magnet, a fast spin-echo sequence over
a spin-echo or gradient-echo sequence, a high receive bandwidth, a small voxel
size, and short tau inversion recovery–based fat suppression can mitigate the impact
of metal artifacts on diagnostic image quality. However, successful imaging of
large orthopedic implants (eg, arthroplasties) often requires further optimized artifact reduction methods, such as slice encoding for metal artifact correction or
multiacquisition variable–resonance image combination. With these tools, MRI
at 1.5 T is now widely considered the modality of choice for the clinical evaluation of patients with metal implants.
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B

ased on the demographic changes in our aging society, more joint
arthroplasties, in particular hip and knee arthroplasties, are performed every year, and this trend is expected to remain stable in the next
decades.1–3 Concomitantly, there is a growing demand for an accurate
diagnosis of postoperative complications in patients with painful and/
or dysfunctional arthroplasties,4–6 despite the procedures being safe
and causing few complications.
In magnetic resonance imaging (MRI), signal sources are localized and arranged into an image under the assumption that the static
main magnetic field, B0, is homogeneous, that is, that it has the same
strength throughout the imaged volume. However, when an object, for
example, a human body or metal, is placed in a perfectly homogeneous
magnetic field, it gets magnetized, and as a result, the magnetic field
strength inside the object differs from the applied main magnetic field.
An object's magnetization linearly increases with the magnitude of its
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magnetic susceptibility and the strength of the applied main magnetic
field B0. Water and most other organic materials are diamagnetic, that
is, they have a negative magnetic susceptibility, and their inner magnetic
field is slightly smaller than the applied main magnetic field B0. In contrast, the magnetic field inside metals such as titanium or stainless steel
is typically stronger than the applied field, that is, they have a positive
magnetic susceptibility. The effect is dominated by an interaction between the objects' electrons and the applied main magnetic field B0,
which is much stronger than the interaction between the atomic nuclei
and B0 (which is exploited in MRI).
The field-strength difference between the inside of a metallic
implant and in the surrounding tissues, as well as the magnitude of
field-strength gradients close to tissue-metal borders, linearly increases with the strength of B0. Both phenomena can cause artifacts
in MRI scans and impair the diagnostic value of MRI for the assessment of peri-implant tissues. This poses a diagnostic dilemma, particularly in musculoskeletal MRI, because metallic implants such
as prostheses and hardware for osteosynthesis are frequently implanted
into joints and bones.
Over the last 3 decades, the reduction of metal-related artifacts in
MRI was fundamentally improved, first by optimizing acquisition parameters of conventional pulse sequences. In the last decade, the development and implementation of dedicated artifact-suppressing sequences
have turned MRI at 1.5 T into a powerful tool for the evaluation of patients with metal implants. Nowadays, the term MARS (metal artifact reduction sequence) is widely used for the entire concept of metal artifact
suppression in MRI,7,8 although it was initially coined to refer to a specific optimized conventional pulse sequence.9
Conventional radiography is still the primary tool for the
radiological assessment of both asymptomatic and symptomatic
patients after arthroplasty surgery. However, further diagnostic
workup of radiographic abnormalities or investigation of radiographically occult arthroplasty-related complications in their early
stages (eg, wear-induced synovitis and osteolysis) is now feasible with
1.5-T MARS-MRI.10,11
The recognition of metal-induced artifacts is usually easy; however, their causes and, therefore, measures to reduce them are often
poorly understood by radiologists. A basic understanding of the physics
behind the artifacts allows to take simple yet effective measures to mitigate the impact of metal-induced artifacts on a daily basis.
The purpose of this review article is to (a) give a comprehensive
overview of metal-related artifacts in MRI, (b) convey basic and advanced measures for artifact reduction, and (c) illustrate the actual diagnostic value of dedicated optimized MRI around orthopedic hardware
for frequently encountered clinical scenarios in musculoskeletal practice.

METAL-RELATED ARTIFACTS ON MRI
Various metal-related artifacts in MRI and measures to reduce
them are listed in Table 1.
It is important to note that metal-induced artifacts in MRI (as opposed to CT) are most severe adjacent to the implant, and therefore, more
distant structures may be imaged with fewer or no restrictions at all.7,12
As already sketched out previously, the magnetic susceptibility
difference between metal and surrounding tissue results in local B0field differences and a variety of corresponding artifacts. In addition,
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TABLE 1. Metal-Induced Artifacts in MRI and How to Tackle Them
Artifact
Signal loss due to dephasing

Signal loss due to
off-resonance
In-plane distortion
Geometric distortion
Signal loss and pileup
Failure of fat suppression

Through-plane distortion

Method

Trade Off

FSE (SE or UTE) sequence, minimum voxel size,
minimum TE
Avoid: GRE sequences
Multispectral imaging
(SEMAC, MAVRIC, hybrid)
High receive bandwidth
Swapped frequency and phase directions
Use VAT
STIR
Dixon-based fat-water separation
Avoid: spectral-selective fat-suppression
Thin slice thickness
Multispectral imaging
(SEMAC, MAVRIC, Hybrid)

No dynamic contrast-enhancement techniques available

Long scan time
Low SNR, high SAR
Possibly long scan times
Vascular pulsation artifact possibly obscuring anatomy
Blurring, SNR loss
Low SNR efficiency
Longer scan times, fat water swapping artifact
Low SNR, long scan time
Ripple artifact (SEMAC), aliasing (MAVRIC), long scan time

MRI, magnetic resonance imaging; FSE, fast spin-echo; GRE, gradient-echo; MAVRIC, multiacquisition variable–resonance image combination; SAR, specific absorption rate; SE, spin-echo; SEMAC, slice encoding for metal artifact correction; SNR, signal-to-noise ratio; STIR, short tau inversion recovery; UTE, ultrashort echo
time; VAT, view angle tilting.

electrically conducting materials, such as metallic implants, also interact with the electric and magnetic (B1) fields of the radiofrequency
(RF) pulses that are applied during image acquisition. In particular,
the RF pulses generate electric currents in the implant, which can induce B1 and transient B0 inhomogeneity.2,13
Most often, however, metal-related artifacts are dominated by effects, associated with local B0-field differences that are caused by susceptibility differences.7,14 These disturb the presumed spatial linearity
of the temporarily applied field gradients and, thus, the fundamental
principle of spatial encoding in MRI.2 In a 2-dimensional experiment, this mainly affects signal localization along the slice selection and frequency-encoding (or readout) directions; for example,
spins excited during slice selection may be located in geometrically
distorted and locally bent slices of varying thickness causing
“through-plane” distortions. In the extreme case, there may be no spins
that resonate within the bandwidth of an applied RF pulse, leading to a
complete local signal loss.
In addition, signal sources may be localized to wrong image pixels
that are shifted from their “correct” position along the frequency-encoding
direction.6,10 In case they are shifted to a pixel location that also reflects
“correctly” localized signal sources, their superposition will result in an abnormally bright signal, often referred to as signal pileup. On the
other hand, if no other signal sources are mapped into the vacant
“correct” location of the shifted signal intensity, a signal loss may
be observed. In any case, objects will be distorted along the
frequency-encoding direction.
In contrast, localization along the phase-encoding direction may still
be successful, even in conventional MRI,15 because the signal-phase
changes observed after the application of different phase-encoding gradients can still be dominated by changes of the gradient amplitudes,
even in the presence of strong field distortions. Imaging methods that
exclusively rely on phase encoding–based signal-source localization
along all 3 dimensions may open interesting possibilities for suppression of metal-induced artifacts; however, they are not yet applied in
clinical practice.16
Strong B0-field gradients in the neighborhood of metal-tissue
borders may cause spins in a single voxel to have quite different frequencies. Consequently, transverse magnetization components in the
voxel rapidly evolve mutual phase differences, and their vector sum rapidly decays versus zero. This is sometimes referred to as intravoxel
© 2021 Wolters Kluwer Health, Inc. All rights reserved.

dephasing and can lead to a total loss of signal in large volumes surrounding metallic implants, in particular in gradient-echo–based images acquired
with longer echo times. As long as the frequency differences between different signal components are constant, the diverging phase evolution may
(partly) be refocused by the refocusing pulse(s) of a spin-echo–based sequence. Thus, as long as the pulses do have a sufficiently broad frequency
spectrum, the corresponding areas of signal loss may be smaller in fast
spin-echo (FSE) or turbo spin-echo (TSE) sequences.
In a clinical setting, 2 aspects that influence the severity of
metal-induced artifacts in MRI may be differentiated: (1) the implant itself with its inherent properties (material composition, size, geometry,
orientation in the magnetic field) as a predetermined nonchangeable
factor; and (2) details of the image acquisition process (field strength
of the scanner, pulse sequences used, etc), which can be chosen or adjusted for optimum image quality. In the following section, we will discuss what these factors are and how they can enhance MRI scan quality
around metal implants. Currently, most patients with metal implants undergo MRI at 1.5-T field strength. However, the factors described below
can also be transferred to other field strengths, and although the image
quality of previous generations of low field scanners (1.0 T or below)
was not considered as adequate for musculoskeletal imaging, new generations of high-performance low field strength scanners may overcome
this limitation and have the potential for creating a new role of low field
scanners in evaluating patients with metal implants17—as in general,
susceptibility-induced artifacts around metal are less pronounced when
using lower main magnetic field strength.

ROLE OF IMPLANT
Type of Material
The material composition of the implant is the most important
implant-related factor that influences the artifact size in both in-plane
and through-plane directions.18 Under ideal conditions for MRI, an implant would have the same, slightly negative magnetic susceptibility as
the surrounding tissue. Nowadays, titanium implants are often used,
which cause decidedly less severe artifacts in MRI scans than comparable
cobalt-chromium implants, which in turn cause less severe artifacts than
stainless steel implants.18–21 Recent developments aim to further reduce
the magnetic susceptibility of titanium by synthesizing aluminum-free
www.investigativeradiology.com
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titanium composite material.22 Ceramic materials, as an alternative
bearing surface in hip arthroplasties, have susceptibilities similar to human tissue, resulting in only few material-induced local field inhomogeneities.23 To reduce artifacts in MRI surrounding implants, other
materials have been tested. For example, carbon fiber–reinforced polymers and biodegradable magnesium alloys yielded promising results
with regard to peri-implant artifact reduction in MRI, compared with
titanium-based alloys.24–27 However, when imaging parameters are
properly adjusted, most currently used materials allow a proper radiological evaluation.7,28,29

inversion recovery (STIR) for fat suppression. Unfortunately, many of
these adjustments reduce the available signal-to-noise ratio (SNR) and
are often only moderately successful. Better performing advanced
methods are VAT (view angle tilting), SEMAC (slice encoding for metal
artifact correction), MAVRIC (multiacquisition variable–resonance image combination), and hybrid approaches (eg, off-resonance suppression
[ORS] in combination with SEMAC or MAVRIC).

Size, Geometry, and Orientation

As a first step, the following, generally easy to adjust, basic factors should be focused on improving image quality in MRI around
metal implants.

The artifact size around metal is affected by the implant size:
larger implants cause more severe artifacts compared with smaller
implants.30–32 For example, fixation devices for ACL grafts produce
only few and minor artifacts compared with unicondylar knee implants,
which produce fewer artifacts than total knee arthroplasties. The shape
of the implant also influences the severity of metal-related artifacts: tubular symmetrical objects (eg, femoral stem in hip implants) produce
less artifacts than geometrically more complex implants (eg, acetabular
cup, head of femoral component).33 In addition, the orientation of the
hardware in relation to the main magnetic field B0 affects the artifact
size: elongated structures that are oriented parallel to B0 yield less
artifacts.30–32,34–38

ROLE OF MRI HARDWARE AND SEQUENCE
PARAMETERS
Magnetic resonance imaging artifacts can be reduced with basic
measures that optimize existing conventional MR sequences or with advanced imaging methods and pulse sequences that were specifically designed for metal artifact reduction (Table 2). Basic methods include
using a lower field strength system, encoding for a smaller nominal
voxel size (thin slices, large image matrix), using FSE sequence instead
of single spin-echo or gradient-echo sequence, using high receive and
RF pulse bandwidth, choosing minimum echo times, potentially swapping frequency- and phase-encoding directions, and using short tau

TABLE 2. Basic and Advanced Methods to Reduce Metal-Induced
Artifacts in MRI
MARS
Basic methods
Imaging at 1.5-T magnetic field strength
FSE instead of gradient-echo sequences
Thin slices
Large matrix/small voxels
High receive bandwidth
High RF pulse bandwidth
Low echo times
Swapped frequency- and phase-encoding directions
STIR for fat suppression
Advanced methods
VAT
SEMAC
MAVRIC
Hybridized approaches
MRI, magnetic resonance imaging; MARS, metal artifact reduction sequences; FSE, fast spin-echo; RF, radiofrequency; MAVRIC, multiacquisition
variable–resonance image combination; SEMAC, slice encoding for metal artifact
correction; STIR, short tau inversion recovery; VAT, view-angle tilting.
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BASIC METHODS

Magnetic Field Strength
The magnetic field differences caused by susceptibility differences between metal and surrounding tissues linearly increase with
increasing strength of the main magnetic field, B0.10 Thus, MRI
around metal at 3.0 T as opposed to 1.5 Twill typically directly translate into more severe artifacts.7,36,39 Consequently, by increasing the
main magnetic field strength to 7.0 T, magnetic susceptibility-induced
image artifacts will increase even more.40 Hence, for imaging a patient
with metal hardware in the region of interest, a 1.5-T scanner is preferred, if available. Nevertheless, in general, metal artifact reduction techniques can be applied independently of the main magnetic field strength,
and reasonable artifact reduction is also possible at 3.0 T.7,38,41–49 Increased SAR (specific absorption rate) concerns may, however, set limits
to what is possible at higher field strengths. The trade-off using a low
field system (1.0 T or below) is a lower SNR and a lower image
resolution.50,51

Sequence
Fast spin-echo or TSE sequences are preferred over simple
spin-echo imaging: their short echo spacing and repeated refocusing
of magnetization up to the echo time and beyond, result in a reduced
peri-implant signal loss and in a more robust, and improved image quality close to the metal.7,12,52,53 As a rule of thumb, gradient-echo pulse
sequences should be avoided, as the rapid intravoxel dephasing of spins
with gradient-echo sequences (T2* as opposed to T2 decay) results in significant signal loss and increased artifacts.54 If gradient-echo sequences are
used (eg, for MR angiography), reducing the echo time helps to limit spin
dephasing and to preserve SNR.6 Three-dimensional variants correctly localize signal sources along 2 dimensions—the 2 phase-encoding directions. For 3-dimensional sequences, nonselective excitation should be
favored over slab-selective excitation, as, due to the lack of an encoding
gradient for slice selection, the potential for spatial misselection and
through-plane distortion may be significantly reduced.15,35,55 Nevertheless,
all spins with frequencies outside the excitation bandwidth of the RF pulse
will not be excited, and accordingly those regions will appear dark. Thus,
sufficiently high RF bandwidths should also be used in 3-dimensional nonselective sequences for improved metal artifact reduction.7

Slice Thickness
Reducing the slice thickness can result in the application of a stronger slice-selection encoding gradient. The stronger the gradient-induced
B0-field differences in comparison to the susceptibility-induced differences, the better the approximation of the gradient's linearity holds, with
therefore reduced through-plane distortion. In addition, within the smaller
voxel, the spread of frequency differences may be reduced. A slice thickness of 4 mm may be considered adequate to yield a sufficient reduction
of through-plane distortion and intravoxel dephasing. Of course, further decrease to 3.5 mm or 3 mm improves artifact reduction further; however, a
reduction of the slice thickness usually involves increased scan time, decreased SNR,7,8,10 and increased SAR.
© 2021 Wolters Kluwer Health, Inc. All rights reserved.
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Matrix/Voxel Size
An increased matrix size translates into a smaller encoded voxel
size, which can again result in reduced intravoxel dephasing and signal
loss, thereby providing improved image quality. However, the reduction
of the voxel size on its own has no or minimal effect on in-plane distortions if other scan parameters are left unchanged,10,31 whereas it decreases the SNR and increases scan times.

Receive Bandwidth
A receive bandwidth increase is a simple measure to reduce
metal-induced in-plane artifacts, and it is considered to be the single
most effective parameter change of conventional sequences.56–58 Via
the receive bandwidth, the amplitude of the readout gradient can be indirectly controlled: an increased bandwidth corresponds to a stronger
gradient, which better approaches linearity in space and concomitantly
reduces in-plane artifacts.35 By increasing the receive bandwidth, the
SNR will decrease, as the SNR scales inversely with the square root
of the receive bandwidth. The reduced SNR58,59 can be compensated
by longer scan times (for example by increasing the number of excitations), which subsequently may increase the total RF energy applied to
the examined body.7 However, at field strengths of 1.5 T or lower, SAR
limitations are usually not a major problem for basic, nonmultispectral
metal-suppression techniques.8

Radiofrequency Pulse Bandwidth
By increasing the bandwidth of a sequence's RF pulse(s), the
strength of the slice selection gradients is increased, with similar effects
as described previously under “slice thickness.” This typically comes at
a cost of increased SAR deposition.10 In addition, the RF bandwidth is
not commonly a parameter that can be transparently modified via the
graphical user interface of a scanner console in the standard mode of
operation.

Echo Time
T1-weighted and intermediate-weighted sequences with shorter
echo times may cause smaller metal-induced artifacts on MRI than
T2-weighted sequences with longer echo times,35,60 particularly by limiting the impact of metal-induced intravoxel dephasing. However, in
most situations, echo time adaptations are restricted by the image contrast weighting.

Frequency- and Phase-Encoding Directions
As in-plane spatial misregistration predominantly occurs
along the frequency-encoding direction, one may swap the phaseand frequency-encoding directions to displace the artifact from a
specific location to another with potentially less or no tissue obscuration in the area of interest.2,10

Short Tau Inversion Recovery for Fat Suppression
Common fat-signal suppression techniques are (a) spectrally selective fat-signal presaturation,61 (b) Dixon technique for fat- and water-signal
separation,62,63 and (c) STIR.64 Spectrally selective techniques are most
prone to failure around metal, whereas the Dixon-based method performs
reasonably well in some distance to the metal, but usually fails in close
proximity to the implant. Short tau inversion recovery imaging is the
method of choice when fat suppression is desired around metal (Fig. 1), because it is quite independent of resonance frequency7 as long as both the
relevant water and fat-signal components fully exhibit the nonselective 180-degree preparation pulse. Based on the different T1
values and recovery rates of longitudinal water and fat magnetizations, STIR-based fat-signal suppression is quite immune to
metal-induced field perturbations.10,65,66 However, 1 of the trade-offs with
STIR imaging is a lower SNR compared with the Dixon-selective or spectrally selective fat-saturation techniques. In addition, the diagnostic value of
© 2021 Wolters Kluwer Health, Inc. All rights reserved.
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STIR after contrast administration is impaired, because enhancing tissue
may have similarly short T1-relaxation times as fat and may also be
suppressed.7

Echo Train Length
In contrast to former recommendations, it has been shown that
an increased echo train length as an independent variable does not reduce the size of the implant-related artifact in MRI. On the contrary,
long echo trains can in fact cause stronger metal artifacts.57

Advanced Methods
With the rising demand for an assessment of postoperative complications in early stages after arthroplasty or implantation of other metallic hardware, dedicated MRI techniques have been developed to
enhance metal artifact reduction.

View Angle Tilting
View angle tilting was proposed as a method to reduce metal-related
artifacts by Cho et al.67 It corrects for in-plane distortions by superimposing
a gradient in the slice-select direction on the readout gradient.68 It causes all
spins in the excited, possibly bent and distorted slice, to precess at the same
frequency, as long as the readout gradient amplitude is zero. Therefore, the
frequency encoding along the readout direction will correctly work, but just
for these spins. This can be viewed as a tilt of the readout direction and of
the voxels.2,10 Thus, VAT comes at the expense of image blurring, which
can be reduced by using thin slices.7 Both the artifact-reducing effect and
the inherent blurring of VAT are most pronounced at low receive bandwidths and are markedly diminished at higher receive bandwidths.13 In
terms of effective metal artifact reduction, the most relevant drawback of
VAT is that it has no effect on through-plane distortion.

Multispectral Imaging
Multispectral imaging includes SEMAC and MAVRIC—both
providing significant reduction in image distortions around metal compared with standard FSE sequences69 (Figs. 2 and 3).

Slice Encoding for Metal Artifact Correction
Slice encoding for metal artifact correction was introduced by Lu
et al59 in 2009. In addition to reducing in-plane misregistration, it is capable of also reducing through-plane distortion. Slice encoding for
metal artifact correction is based on a 2-dimensional spin-echo sequence with VAT, where each imaged slice is additionally phase
encoded in the third dimension (z-phase encoding). Thus, the VAT technique suppresses in-plane distortions and the z-phase encoding in the
third-dimension addresses through-plane distortions.7,8,59 The third dimension of all of the overlapping sections provides a map of neighboring,
possibly distorted, slices. Complex reconstruction algorithms can combine the “correct” signal components and, thus, mitigate through-slice
distortions by shifting them to their proper position in the final image.8
The main SEMAC parameter that an operator can modify is the number
of slice-encoding steps, defined as the number of adjacent slices whose
signal is assessed for artifact reduction during readout for 1 specific
slice.59,70 The larger the susceptibility-induced frequency offsets, the
more slice-encoding steps need to be selected for adequate artifact reduction,71 with a concomitant scan time increase. It has been shown that between 11 and 19 slice-encoding steps are needed for sufficient artifact
reduction around hip arthroplasties.70 A major drawback using
SEMAC is the long acquisition time owed to the time-consuming
pseudo 3-dimensional encoding of each slice.7 Another limitation of
SEMAC is the so-called ripple artifact, which is caused by residual
signal-intensity fluctuations and can be reduced using slice overlap.72
The clinical implementation of SEMAC at 1.5-T MRI has repeatedly
been shown to be a major step forward to examine patients with metal
www.investigativeradiology.com

Copyright © 2021 Wolters Kluwer Health, Inc. All rights reserved.

737

Investigative Radiology • Volume 56, Number 11, November 2021

Germann et al

FIGURE 1. A 59-year-old symptomatic man after supraspinatus tendon repair. Anteroposterior radiograph (A) shows 2 anchors in the humeral head
without signs of loosening. B, Sagittal T2-weighted magnetic resonance imaging with standard sequences shows metal-induced artifacts around the
metal anchors (arrows) caused by failed fat-signal suppression using spectral fat saturation compared with reduced artifacts (arrows) using STIR for
fat-signal suppression (C). STIR, short tau inversion recovery.

implants, and it is markedly superior to the basic metal artifact reduction techniques.73–76

Multiacquisition Variable–Resonance Image
Combination
Multiacquisition variable–resonance image combination is a
3-dimensional acquisition technique with a spatially nonselective excitation and capable of reducing both in-plane and through-plane distortion.18,77,78 It performs phase encoding along 2 dimensions with
concomitantly reduced distortions, as opposed to a gradient-based slice
selection. However, the bandwidth of a single nonselective RF pulse is
not wide enough to cover the full range of off-resonance frequencies
that occur near metal implants. Thus, the corresponding spins would
not contribute a signal. Multiacquisition variable–resonance image
combination solves this problem by acquiring several 3D slabs with discretely varied resonance-frequency offsets, so-called spectral bins.

After acquisition, the 3D slabs are suitably combined and analyzed during processing to reconstruct artifact-reduced composite images.7,39 A
disadvantage of MAVRIC is aliasing along the through-plane direction
associated with the spatially nonselective 3D volume excitation, which
is particularly prominent when scanning the hip or shoulder joint.7,35
Lack of slice selectivity is a major drawback of MAVRIC, requiring inflexible and time-consuming 3D imaging. Recently, a rapid and flexible 2D version of MAVRIC was proposed that excites a limited slice
and spectral region using gradient reversal between excitation and
refocusing pulses.79

MAVRIC-SEMAC Hybrid: MAVRIC-SL
The slab selectivity of SEMAC has been applied together
with the smooth bin combination and higher SNR implemented
by MAVRIC. This made a combination of the phase encoding in
slice direction from SEMAC and the increased spectral coverage

FIGURE 2. A 60-year-old male patient with painful right knee after total knee arthroplasty. Standard coronal STIR (A), coronal STIR with optimized receive
bandwidth (540 Hz/pixel) (B), and coronal STIR CS-SEMAC (slice-encoding steps: 8) (C) are shown. Large image distortions with regions of signal pileup
(arrows and dashed arrows) and signal loss (arrowheads) can be seen with the standard nonoptimized sequence (A), whereas they appear slightly less
severe with optimized receive bandwidth (B). However, only with CS-SEMAC the bone marrow next to the implant is visible. CS, compressed sensing;
SEMAC, slice encoding for metal artifact correction; STIR, short tau inversion recovery.
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FIGURE 3. A 55-year-old female patient with painful left knee after unicondylar medial knee arthroplasty. Standard sagittal PD-weighted TSE (A), sagittal
PD-weighted CS-SEMAC (slice-encoding steps: 15) (B), standard coronal STIR (C), and coronal STIR CS-SEMAC MRI (slice-encoding steps: 8) (D) of the
left knee. Regions of marked signal loss and pileup (dashed arrows) are seen using standard sequences (A and C) with a massive artifact reduction and
clearly visible bone marrow adjacent to the implant using the CS-SEMAC sequences (B and D). The bone marrow of the tibial head adjacent to the
intercondylar region is obscured by signal pileup and failure of fat saturation with the standard sequence (arrowhead in C), which is completely resolved
using CS-SEMAC (arrowhead in D). Geometric distortion around the posterior upper part of the femoral component can be seen using standard
sequences (arrow in A), with substantial artifact reduction using CS-SEMAC (arrow in B). CS, compressed sensing; PD, proton density; SEMAC, slice
encoding for metal artifact correction; STIR, short tau inversion recovery.

from multiple frequency bins from the MAVRIC technique possible.69 Recently, an isotropic MAVRIC-SL acquisition with reduced
spectral bins yielded an improved image quality compared with
conventional MAVRIC-SL acquisition.80

Ultrashort Echo Time–MAVRIC Hybrid
Ultrashort echo time (UTE)–MAVRIC is a hybrid technique that
benefits from multispectral imaging of MAVRIC and a nonselective 3D
UTE. Although mitigating metal-related artifacts, UTE-MAVRIC also
enables imaging of the short T2 tissues such as tendons, ligaments,
and cortical bone.43

Off-Resonance Suppression With SEMAC and MAVRIC
With ORS, the RF bandwidths and gradient strengths of the excitation and the refocusing pulses are different; hence, only spins that
are within the range of both RF pulses contribute to the image.81 With
ORS with SEMAC, fewer phase-encoding steps are required compared
with the standard SEMAC, resulting in scan time reduction. In addition,
it provides freedom of slice positioning and orientation and avoids
back-folding artifacts.81 Drawbacks of ORS comprise residual pileup,
signal voids, and loss of homogeneity.81

Acquisition Acceleration Techniques
Multispectral imaging provides considerable metal artifact reduction but comes with the penalty of long acquisition times, owing
to many spectral bins in MAVRIC and pseudo 3-dimensional encoding
of each slice with many slice-encoding steps in SEMAC. To achieve
clinically feasible scan durations, various acceleration algorithms such
as partial Fourier encoding and parallel imaging can be used.69,79 Another successfully implemented technique is compressed sensing
(CS): by pseudo-random sampling of the k-space, high-quality images
with inconspicuous noise can be obtained through iterative image reconstruction.82 Both MAVRIC and SEMAC are suitable for the implementation of CS because of the sparsity of the spatial bins of SEMAC and
off-resonance spectral bins of MAVRIC.13 Compressed sensing was successfully combined with both SEMAC83–86 and MAVRIC.87 By exploiting
all synergies between parallel imaging and CS, SEMAC was accelerated to
© 2021 Wolters Kluwer Health, Inc. All rights reserved.

reach acquisition times in the range of standard TSE pulse sequences, while
improved image quality could be maintained.83–85

Safety of MARS-MRI
Magnetic resonance imaging around orthopedic hardware is often
an off-label use, as many implants lack MR conditional safety labeling
by the responsible authority (eg, US Food and Drug Administration). However, it is considered permissible under the premise of firm scientific rationale and sound medical evidence.88,89
The main concern regarding MRI safety when imaging “around
orthopedic metallic hardware” is heating of implants and consequently
of peri-implant tissues. The heating is caused by (a) induction of electrical currents by the gradient magnetic fields, and (b) coupling and resonant effects of the induced electric fields from RF pulses.90–92
Although temperature raises of and around the implant ranging from
physiologic to supraphysiologic have been described in experimental
setups, the in vivo perfusion effect (eg, the well-perfused red bone marrow) needs to be accounted for, translating into lower temperature increase in vivo.88 There is empiric evidence for safety of both basic
and advanced multispectral techniques at 1.5-T and 3.0-T field
strength.88,89,93 Interestingly, it has been shown that heating may be
more likely to occur at 1.5 T than 3.0 T around hip implants, which
may relate to the 1.5-T RF wavelength matching closer to the length
of a hip arthroplasty implant.88,94 In addition to orthopedic implants,
MR-conditional needles for MRI-guided interventions can be used with
temperature rises in the physiological ranges with proper selection of
needle length, needle orientation, and pulse sequence parameters both
at 1.5-T and 3.0-T field strengths.95
In our musculoskeletal university hospital, we have been performing dedicated MARS-MRI including multispectral techniques at
1.5-T and 3.0-T field strength for a period of more than 2 decades
and not a single case of perceptible peri-implant heating with subsequent patient discomfort occurred.

Clinical Impact
The clinical relevance of metal artifact reduction in 1.5-T MRI has
been demonstrated in various studies, in particular at the hip and knee
joint after arthroplasty.96–99 In the following paragraphs, we demonstrate
www.investigativeradiology.com
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how MARS allows to reliably assess postoperative complications in various parts of the musculoskeletal system, and we consequently show why
MARS-MRI is a pivotal method in imaging postoperative patients with
suspected local complications around metal hardware. We focus on the
joints and regions most commonly examined and affected by orthopedic hardware: spine after stabilization and hip, knee, ankle, and shoulder (either after arthroplasty or osteosynthesis due to fracture or bone
anchors for various soft tissue reconstructions, eg, reconstruction of
the anterior cruciate ligament).

Spine
In our institution, a frequent clinical query is the assessment of
locoregional complications in patients after dorsal lumbar stabilization
(eg, for neural compression, signs of infection, etc). When dealing with
orthopedic hardware in spine MRI, a basic but important adjustment to
reduce metal artifacts is to set the frequency-encoding direction along
the long axis of pedicle screws (anterior to posterior) in transverse
and sagittal images.15,100 The utility of basic MARS techniques (eg, increasing the receive bandwidth) has been demonstrated for the assessment of the lumbosacral plexus for neuropathy in patients with
metallic implants of the pelvis and hip.101 Moreover, multispectral imaging methods achieved improvements in nerve visualization, artifact
reduction, and image quality.87 The benefit of SEMAC for imaging
spines with metal hardware was shown in numerous studies,100,102–106
and its added value in artifact reduction compared with basic MARS
techniques is particularly apparent when dealing with nonfavorable material, such as stainless steel (Fig. 4). In addition, the clinical relevance
of SEMAC for radiotherapy planning was demonstrated by Schmidt
and colleagues,107 indicating that SEMAC significantly contributes to
a correct coregistration of MR and CT images in comparison to conventional MARS techniques in the presence of metal after spinal instrumentation. However, despite improvement of metal artifact reduction
techniques, CT remains the modality of choice to detect screw loosening in the spine after dorsal stabilization.108
It is important to note that tailored choices of MARS techniques
are very useful in spine MRI. Nowadays, the commonly used materials
in spinal instrumentation are titanium alloys, which inherently produce
less artifacts compared with cobalt-chromium or stainless steel.20 New
carbon stabilization systems produce even fewer artifacts.7 In our
experience, imaging of 1 or 2 stabilized spinal segments is frequently feasible with conventional MARS techniques (ie, using high
receive bandwidth FSE sequences), without the need for dedicated

multispectral imaging techniques, whereas longer stabilization systems
and/or the use of stainless steel can be more challenging7,104 (Fig. 4).

Hip
With the introduction of advanced imaging methods (in particular SEMAC and MAVRIC), a new era in MRI around arthroplasty was
initiated. The hip joint is the most commonly imaged joint using
MARS-MRI after arthroplasty109 and the subject of many clinically oriented studies during the last decade. Magnetic resonance imaging has
evolved into the most sensitive and specific imaging modality for
the evaluation of the painful and/or dysfunctional hip joint after
arthroplasty. Metal artifact reduction sequence MRI is of paramount
importance to assess various osseous and soft tissue conditions that
are difficult to detect with physical examination, laboratory analysis,
radiographs, and CT.14
The clinical benefit of multispectral imaging as opposed to basic
MARS techniques was already shown in 2012: almost half of the abnormal imaging findings were missed on STIR-high bandwidth sequences
compared with STIR-SEMAC images.73 Recently, the temporal evolution of various MRI findings (periprosthetic bone marrow edema,
periprosthetic bone resorption, periosteal edema, soft tissue edema,
and joint effusion) in asymptomatic patients after hip arthroplasty
and differences between asymptomatic and symptomatic patients after
hip arthroplasty have been demonstrated98,110 using a combination of basic (high receive bandwidth TSE sequences) and advanced (SEMAC)
MARS techniques. In detail, it was shown that bone marrow edema is
common after hip arthroplasty in both asymptomatic and symptomatic
patients 1 year after surgery, whereas periprosthetic bone resorption and
periosteal edema are more frequently found in symptomatic patients.98
In asymptomatic patients, bone marrow edema and periosteal edema
are common findings around the femoral stem until 6 months after
hip arthroplasty, but substantially decrease in the following period110
(Fig. 5). Nevertheless, bone marrow and periosteal edema may persist
for at least 24 months after surgery in few asymptomatic individuals
in nonadjoining Gruen zones and therefore warrant careful interpretation (Fig. 6). In contrast, periprosthetic soft tissue edema should have
disappeared 12 months after surgery, otherwise a pathology (eg, infection) should be considered.110
Although joint fluid aspiration remains the standard for diagnosis
of periprosthetic joint infection, both false-positive and false-negative results occur.8 Results of a recent study by Galley and colleagues, using a
state-of-the-art MARS protocol (high receive bandwidth TSE sequences

FIGURE 4. A 43-year-old man with partially stainless steel dorsal spondylodesis of the level L5/S1. T2-weighted axial image with basic metal artifact
reduction technique (receive bandwidth 587 Hz/pixel) (A) and corresponding CS-SEMAC T2-weighted axial image (slice-encoding steps: 15) (B) at the
L5 level and the lateral x-ray view of the lower spine (C) for reference are shown. Complete obscuration of the spinal canal due to massive metal-induced
artifacts is shown using basic metal artifact reduction around stainless steel (dashed circle in A), whereas the nerve roots can be nicely appreciated using
CS-SEMAC (arrows in B). CS, compressed sensing; SEMAC, slice encoding for metal artifact correction.
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FIGURE 5. A 70-year-old man. MRI follow-up 3 months (A), 6 months (B), 12 months (C), and 24 months (D) after right-sided total hip arthroplasty
procedure. Coronal STIR CS-SEMAC MRI (slice-encoding steps: 13) shows periprosthetic bone marrow edema-like pattern in Gruen zone 7 (arrows)
after 3 months and 6 months, which disappeared after 12 and 24 months (dashed arrows). The temporal evolution of the edema-like pattern is
considered normal, and this patient was asymptomatic. CS, compressed sensing; SEMAC, slice encoding for metal artifact correction; STIR, short tau
inversion recovery.

and CS-SEMAC) underlined the importance of MARS-MRI in evaluating the painful hip after arthroplasty by showing a high accuracy in evaluation of periprosthetic joint infection. In particular, periosteal edema

(sensitivity, 0.78; specificity, 0.90), capsule edema (sensitivity, 0.83;
specificity, 0.95), and intramuscular edema (sensitivity, 0.95; specificity,
0.86) were the signs with the highest accuracy for infection (Fig. 7) and

FIGURE 6. A 60-year-old woman with left-sided total hip arthroplasty. Coronal STIR CS-SEMAC MRI (slice-encoding steps: 13) (A–D) and axial STIR MRI
(receive bandwidth: 449 Hz/pixel) (E–H) 3 months (A and E), 6 months (B and F), 12 months (C and G), and 24 months (D and H) after total hip
arthroplasty: periosteal edema along the lateral side of the femoral shaft in Gruen zone 2 (arrows) persists over time and can be detected after 3 months,
6 months, 12 months, and 24 months even though the patient was asymptomatic. This demonstrates that a periosteal edema is not always pathologic,
but can be a normal finding, especially in the early phase after arthroplasty. CS, compressed sensing; SEMAC, slice encoding for metal artifact correction;
STIR, short tau inversion recovery.

© 2021 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 7. A 45-year-old man with periprosthetic infection after total hip arthroplasty. Coronal STIR CS-SEMAC MRI (slice-encoding steps: 13) (A) and
axial STIR MRI (receive bandwidth: 449 Hz/pixel) (B) show diffuse capsular thickening/edema (arrowhead), periosteal edema (dashed arrow), and soft
tissue edema (arrows), indicating periprosthetic joint infection. Fluoroscopy-guided aspiration revealed purulent joint effusion; subsequent microbiology
analysis proved joint infection. CS, compressed sensing; SEMAC, slice encoding for metal artifact correction; STIR, short tau inversion recovery.

are to be sought consciously.99 These findings demonstrated the power of
advanced MR sequences at 1.5-T for metal artifact reduction, as conventional MARS sequences (without VAT, SEMAC, or MAVRIC) were
shown to be unreliable to differentiate between septic and aseptic hip
arthroplasty failure.111 In another recent study using MRI with high receive bandwidth and VAT, enlarged lymph nodes were visualized (sensitivity, 0.80; specificity, 0.87) for distinguishing periprosthetic joint
infection from aseptic loosening.112
In addition, MARS-MRI after hip arthroplasty is particularly relevant in evaluating adverse reaction to metal-debris (ARMD) or adverse
local tissue reactions to polyethylene particles, caused by wear of the
bearing surfaces of the hip implant.14 According to the algorithmic approach by the hip society published in 2012, the diagnosis and management of metal-on-metal arthroplasties113 includes ultrasound or
MARS-MRI in addition to plain radiography. Magnetic resonance imaging findings of ARMD comprise (1) moderate to large volumes of
joint fluid with subsequent capsular dehiscence with or without decompression of hypointense metallic debris into bursae, (2) hypointense synovial wall lining, and (3) variable degree of periprosthetic bone
resorption.5 Typical MRI features of polyethylene wear-induced synovitis are the following: (1) moderate to large volumes of hypointense to
intermediate signal-intensity joint fluid, typically with capsular dehiscence and decompression into surrounding bursae and soft tissues; (2)
low to intermediate signal intensity of a mildly thickened synovial lining; and (3) geographic intermediate signal-intensity periprosthetic
bone resorption.5 An example of polyethylene wear-induced changes
around a hip arthroplasty are shown in Figure 8. However, in our experience, if the typical hypointense synovial lining of metal debris is not
present, it is often not possible to distinguish between ARMD and polyethylene wear-induced local reaction. “Pseudotumor” is a descriptive
term to define a sterile nonneoplastic cystic, solid, or mixed periarticular
mass or enlarged bursa in the context of ARMD.14,114 A pseudotumor
can occur not only with metal-on-metal bearing surfaces but also in modular femoral component systems that have metal-to-metal interactions at
their junctional contact points with possible corrosion.14,115 Advanced
MARS techniques such as VAT and SEMAC have been proven to
742
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reliably detect and classify ARMD in the context of metal-on-metal hip
prostheses.11,116–128 The relevance and importance of MARS-MRI in
case of ARMD are further stressed by various studies, which describe a
high prevalence of metal-induced local tissue reactions also in patients
before they become symptomatic and the unreliability of laboratory findings (ie, serum metal ion levels) to identify patients with complications
who may benefit from revision surgery.124,128–131 Metal artifact reduction
sequence MRI has also been shown to be more accurate than radiography132,133 and, for smaller lytic zones (<3 cm), also more accurate than
CT in evaluation of periprosthetic osteolysis, even without the use of multispectral imaging.134
Other findings that can be assessed by MARS-MRI are radiographically occult periprosthetic fractures, hemarthrosis, capsular thickening and adhesions, heterotopic ossification, iliopsoas impingement,
bursitis, and tendon injuries.4,5,135

Knee
Knee arthroplasty is even more commonly performed than hip
arthroplasty with a further steady increase expected for the next decade.1,3 Despite being a safe procedure, revision surgery is performed
in 7.8% of patients.6 To improve patient outcome, timely diagnosis of
complications, and if needed subsequent early revision surgery, is essential.136 Imaging is a crucial part in management of orthopedic
hardware-related complications137: radiographs are still the first-line
imaging in patients after knee arthroplasty; however, to further characterize radiographic abnormalities or if no abnormalities are seen on the
radiograph, cross-sectional imaging is performed. Because of its excellent
soft tissue contrast, MRI can contribute greatly to early diagnosis of common complications after knee replacement surgery, such as synovitis,
periprosthetic bone resorption, radiographically occult implant-associated
fractures, arthrofibrosis, extensor mechanism injury, periprosthetic infection, and so on.6,52 Although ultrasound can also be helpful to evaluate
periprosthetic soft tissues, obese patients' soft tissues cannot be assessed
sufficiently. In addition, implant-bone interfaces cannot be evaluated with
ultrasound.2 Beside joint replacement surgery, orthopedic osteosynthesis
© 2021 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 8. A 65-year-old man with painful left hip after ceramic-on-polyethylene total hip arthroplasty. Coronal T2-weighted (receive bandwidth:
391 Hz/pixel) (A), coronal STIR CS-SEMAC (slice-encoding steps: 13) (B), axial STIR (receive bandwidth: 449 Hz/pixel) (C), and axial T1-weighted (D)
MRI show moderate joint effusion with thick isointense synovitis (arrows) and geographic circumferential osteolysis (dashed arrows) around the proximal
femoral stem with thin sclerotic border. This is the typical MRI appearance of polyethylene wear. CS, compressed sensing; SEMAC, slice encoding for
metal artifact correction; STIR, short tau inversion recovery.

with various plates and screws around the knee joint and ligamentous
reconstruction procedures (eg, ACL reconstruction) are commonly performed. This results in various sizes and compositions of metallic hardware and poses challenges for the image interpretation using MRI.2 The
first considerations when performing a knee MRI in patients with metallic implants should be to evaluate (a) where the region of interest will
be in relation to the metallic implant; and (b) the size and material of the
implant. For example, in patients with anterior cruciate ligament reconstruction, metal implants are small and usually made of favorable
materials, resulting in only minor metal artifacts limited to the region surrounding the metal; hence, the knee joint itself can be
evaluated without diagnostic limitation when using either no or
only basic MARS measures. When evaluating patients after knee
arthroplasty, however, advanced MARS techniques should be implemented in the protocol (Figs. 2 and 3).
Comparing basic MARS with advanced SEMAC technique, it
has been demonstrated that SEMAC offers drastic artifact reduction
and significantly improves the visualization of abnormal imaging findings such as periprosthetic osteolysis, joint effusion, and soft tissue
edema.74 The difference was more pronounced for STIR as opposed to
intermediate-weighted sequences. Similarly, SEMAC STIR sequences
proved successful in diagnosing bone marrow edema and influenced
the orthopedic surgeon toward surgery, whereas intermediate-weighted
SEMAC sequences showed no clinical benefit in patients with unicondylar
joint replacement.7,96 Although the diagnosis of periprosthetic joint infection ultimately relies on aspiration of joint fluid and subsequent microbiological analysis, imaging can be predictive. However, unless osseous
destruction or periostitis is present, infection in early stages are often not detected on radiographs.138 Using a basic MARS protocol (FSE sequences
with optimized receive bandwidth), a “lamellated” or multiple-layered appearance of the synovium has been shown to hint at periprosthetic infection
with a sensitivity of 0.86 to 0.92 and specificity of 0.85 to 0.87.139 In patients with unexplained anterior knee pain after arthroplasty, rotational
malalignment of the components can be causative.138 Traditionally, CT
has been used to evaluate rotational alignment after total knee replacement;
however, basic MARS-MRI has been shown to be an effective modality in
evaluating component rotational alignment in unicondylar and total knee
© 2021 Wolters Kluwer Health, Inc. All rights reserved.

replacement.140,141 Identical to findings in the hip, typical MARS-MRI
findings of polyethylene wear-induced tissue reactions comprise a thickened synovial lining with dense synovial proliferation and debris, typically
with low-to-intermediate signal intensity, variable amounts of joint fluid,
and capsule distention and geographic osteolysis containing particulate debris of intermediate signal intensity.2,6

Ankle and Foot
Many surgical orthopedic procedures in the ankle and foot involve implantation of metal hardware, for example, osteosynthesis
for fractures, osteotomies within the scope of realignment surgeries,
and arthrodesis.7 Although there is scarce literature on the role of
MARS-MRI around metallic hardware of the ankle and foot, dedicated MARS-MRI with basic methods (FSE sequences with optimized receive bandwidth, using STIR for fat suppression instead
of frequency-selective fat saturation) has been demonstrated to allow
for detection of fractures, osteochondral lesions, ligament tears, tendon ruptures, infection, bone marrow edema, and avascular necrosis
of the talus and to assess the integrity of soft tissue reconstructions142 (Figs. 9, 10).
Total ankle arthroplasty as an alternative to arthrodesis has
shown favorable outcomes and is more commonly used in many institutions.143 Consequently, more patients with painful ankle arthroplasty
are referred for radiological evaluation. Basic and advanced MARS
techniques ensure improved MRI scan quality around total ankle
arthroplasties; however, CS SEMAC significantly increases the detection of common peri-implant findings, such as osteolysis, bone marrow
edema, and synovitis, compared with basic MARS techniques with
high receive bandwidth.83 Furthermore, CS SEMAC has the potential
to be used for alignment measurements in patients after total ankle
arthroplasty, as these were shown to correlate substantially to measurements performed on weight-bearing radiographs.144
In addition, a cadaveric study has shown that MARS-MRI (optimized receive bandwidth and slice thickness of 0.5 mm) can potentially
be used to evaluate the cartilage in the ankle joint if screws are made of
titanium and at least 3 mm distant to the articular surface145; however, a
www.investigativeradiology.com
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FIGURE 9. A 60-year-old woman with persistent pain after AMIC procedure for an osteochondral lesion of the medial talar dome. X-ray (A) illustrates 2
screws in the distal tibia in close proximity to the ankle joint and healed medial malleolar osteotomy. Coronal intermediate-weighted Dixon (B, in phase;
and C, water image) and sagittal STIR (D) MRI, using standard metal artifact reduction techniques (receive bandwidth: 400 Hz/pixel), show typical failure
of fat suppression in close proximity to the metal screws using the Dixon technique (dashed arrows), whereas the bone marrow edema (arrow) and the
osteochondral defect (arrowhead) in the medial talar are clearly seen, without obscuring metal-induced artifacts. AMIC, autologous matrix-induced
chondrogenesis; STIR, short tau inversion recovery.

scan duration of more than 10 minutes in this study is clinically not feasible, and image quality will likely suffer from motion artifacts.

Shoulder
Several factors render efficient metal artifact reduction around
shoulder replacements more difficult compared with other joints. First,
the shoulder is located in the periphery and far from the isocenter inside
the MRI scanner, with a less homogenous magnetic field and therefore
more severe inhomogeneity artifacts. Second, the geometry of the
shoulder arthroplasty (in particular reverse shoulder arthroplasty) is unfavorable due its complex shape with hemispherical/irregular components.33,54,146 However, despite the high degree of misregistration

artifacts around shoulder replacements, dedicated MARS techniques
can depict the anatomical structures and most common complications
after shoulder joint replacement that would otherwise not be visible
with conventional imaging.8,147–150 Which MARS techniques are
needed of course depends, among others, on the material and size of
the metal. In cases with nonmetallic implants or suture anchors, basic
MARS techniques may be used successfully to obtain diagnostically
valuable images; however, if joints after arthroplasty procedure are evaluated, advanced MARS sequences are required.7
Implant loosening, instability, and periprosthetic fracture are complications that are usually evaluated with radiographs or CT.151,152 However, MRI is able to provide superior assessment of the surrounding soft
tissues147: basic MARS protocols have proven useful to determine the

FIGURE 10. A 65-year-old woman referred for MRI to rule out osteomyelitis at the level of the first metatarsophalangeal joint. X-ray (A) shows k-wire in the
first metatarsal bone and osseous defect of the first metatarsophalangeal joint after arthroplasty. Sagittal T1-weighted (B) and axial T1-weighted (C)
MRI, using standard metal artifact reduction, illustrate normal fat marrow signal in the sesamoid bones (arrows), in the first metatarsal head (arrowhead),
and the proximal phalanx (dashed arrow). The metal artifact reduction technique allowed to rule out osteomyelitis even in close proximity to the metal.
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integrity of rotator cuff and residual cartilage after hemiarthroplasty.33
Multispectral imaging with MAVRIC for metal artifact reduction has
shown a significantly better visualization of supraspinatus tendon tears,
synovitis, and osteolysis compared with standard FSE sequences in patients with shoulder replacement.77 Subscapularis rupture with fatty muscle infiltration and subsequent anterior instability as well as deltoid tears
with muscle atrophy and fatty infiltration are other complications after
arthroplasty, which may be evaluated on MARS images.147

SUMMARY
In conclusion, MRI of tissues around metal in the musculoskeletal system has drastically improved in recent years and offers the possibility to reliably diagnose local peri-implant complications in early
stages, which cannot be assessed using other modalities. Although
metal artifact reduction techniques work at all magnetic field strengths,
best artifact reduction will be obtained using a lower field strength
(1.5 T as opposed to 3.0 T), which should be chosen if available, despite
the trade-off of a lower SNR. The reduced artifact size and therefore better visualization of the peri-implant region at 1.5 T outweighs the reduced SNR. In many clinical scenarios, basic MARS methods
(multiecho spin-echo instead of gradient-echo sequences, increased receive bandwidth, reduced slice thickness, and STIR for fat suppression
instead of frequency-selective fat saturation) will likely result in diagnostic images. However, when large metal implants are in the region
of interest, for example, for an evaluation of the painful or dysfunctional
joint arthroplasty and/or unfavorable implants (eg, big size, stainless
steel, complex geometry), advanced techniques such as SEMAC and
MAVRIC are needed to achieve sufficient artifact reduction.
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