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Objective: To compare metal artefact reduction in MRI

at both 3.0 T and 1.5 T using different sequence

strategies.

Methods:Metal implants of stainless steel screw and plate

within agarose phantoms and tissue specimens as well as

three patients with implants were imaged at both 1.5 T

and 3.0T, using view angle tilting (VAT), slice encoding

for metal artefact correction with VAT (SEMAC-VAT) and

conventional sequence. Artefact reduction in agarose

phantoms was quantitatively assessed by artefact vol-

ume measurements. Blinded reads were conducted in

tissue specimen and human imaging, with respect to

artefact size, distortion, blurring and overall image

quality. Wilcoxon and Friedman tests for multiple com-

parisons and intraclass correlation coefficient (ICC) for

interobserver agreement were performed with a signifi-

cant level of p,0.05.

Results: Compared with conventional sequences, SEMAC-

VAT significantly reduced metal artefacts by 83%69% for

the screw and 89%63% for the plate at 1.5T; 72%67% for

the screw and 38%6 13% for the plate at 3.0T (p,0.05).

In qualitative analysis, SEMAC-VAT allowed for better

visualization of tissue structures adjacent to the implants

and produced better overall image quality with good

interobserver agreement for both tissue specimen and

human imaging (ICC50.80–0.99; p,0.001). In addition,

VAT also markedly reduced metal artefacts compared

with conventional sequence, but was inferior to SEMAC-

VAT.

Conclusion: SEMAC-VAT and VAT techniques effec-

tively reduce artefacts from metal implants relative to

conventional imaging at both 1.5 T and 3.0 T.

Advances in knowledge: The feasibility of metal artefact

reduction with SEMAC-VAT was demonstrated at 3.0-T

MR. SEMAC-VAT significantly reduced metal artefacts at

both 1.5 and 3.0T. SEMAC-VAT allowed for better

visualization of the tissue structures adjacent to the

metal implants. SEMAC-VAT produced consistently bet-

ter image quality in both tissue specimen and human

imaging.

Orthopaedic implants are commonly and increasingly
used in patients with traumatic injuries and musculo-
skeletal tumours. The imaging evaluation of post-surgical
complications, including mainly periprosthetic osteolysis,
loosening, malpositioning, instability and infection, is
strongly demanded in the clinical scenario. In this context,
MRI is supposed to be the imaging modality of choice
for such applications because it has superior soft-tissue
contrast.1–3 However, the diagnostic accuracy and effi-
ciency of MRI has been compromised by the susceptibility
artefacts caused by metal implants.4,5

Briefly, susceptibility artefacts result from local inhomo-
geneity of the main magnetic field, which will cause spin
dephasing and frequency shifting of the tissue structures
surrounding the metal implants. Intravoxel dephasing
decreases the signal received and results in hypointense
areas on the MR images. Frequency shifting results in
spatial misregistration seen as bright and dark areas on
the image as well as geometric distortion of surrounding
anatomies.6,7 In such cases, spin echo (SE) or turbo SE
(TSE) sequences are less sensitive to the susceptibility
effects and are preferred during MRI of metal implants
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owing to the application of a 180° refocusing pulse. An increased
radiofrequency (RF) bandwidth, a higher readout bandwidth,
a smaller slice thickness, shorter echo spacing and choosing
short tau inversion recovery (STIR) for fat suppression instead
of spectral fat saturation are also essential approaches for metal
artefact correction to various degrees.8

Based on the knowledge above, several specific sequence strat-
egies have been recently developed for more effective reduction
of metal-induced artefacts, including view angle tilting (VAT),
slice encoding for metal artefact correction with VAT technique
(SEMAC-VAT) and multiacquisition with variable resonance
image combination (MAVRIC).9–12 VAT technique uses an extra
gradient in the slice-select direction during the readout gradient,
such that the image pixels appear as if they were viewed from an
angle. The sum of artefactual frequency shifts in the slice-select
and the readout direction results in a frequency shift in the
oblique direction. By viewing from this oblique angle during
readout, the received signal can be projected onto the corrected
pixel position of the image matrix. In this way, in-plane artefacts
of metal implants can be corrected at the cost of image blur-
ring.13 SEMAC technique involves additional phase-encoding
steps (z-encoding gradient) into the slice direction in order to
resolve geometric distortion along the slice profile. During im-
age reconstruction, this information is used to sort distorted
pixels into their correct slice positions, thus through-plane dis-
tortion can be corrected. The principal drawbacks of this tech-
nique are the requisite increase in scan time and specific
absorption rate (SAR). Thereafter, SEMAC has been in-
corporated with VAT and named as SEMAC-VAT, which allows
for better correction of both in-plane and through-plane arte-
facts of metal implants.14 MAVRIC technique is based on a
three-dimensional fast spin echo sequence, by applying multiple
spectral excitations to recover off-resonance signals caused by
metal implants. In addition, a hybrid method of MAVRIC and
SEMAC was also proposed to enhance the correction of
through-plane distortion by adding a z-encoding gradient into
MAVRIC spectral acquisitions.15

From our previous study, SEMAC-VAT techniques have been
proven to be the superior method for artefact reduction of
different metal implants at 1.5 T. However, the efficacy and

efficiency of those advanced imaging techniques at 3.0 T systems
have not been investigated yet. In this study, we are trying to
evaluate the efficacy and efficiency of VAT and SEMAC-VAT in
metal artefact reduction of MRI at both 3.0 and 1.5 T, in the
presence of orthopaedic implants.

METHODS AND MATERIALS
Imaging technique
A work-in-progress software package (“WARP” WIP#648; Siemens
Healthcare, Erlangen, Germany) was utilized for MRI. The WIP
was optimized with two-dimensional TSE sequence including
VAT and SEMAC techniques featured with increased RF pulse
bandwidth. The SEMAC technique was integrated with the VAT
technique in this package. SEMAC can be switched on and off
independently as was carried out in this study. In all cases de-
scribed below, the metal hardware was oriented parallel to the
direction of the main magnetic field (B0). The experimental
design is detailed in Table 1.

Phantom imaging
A stainless steel screw (Smith & Nephew 3.5-mm standard and
cortical 38-mm locking screws) and a stainless steel plate (Smith
& Nephew Periloc 6-hole 4.5-mm locking plates) were placed in
two separate plastic containers filled with agarose gel. Each im-
plant was placed in the central aspect of each phantom. Each
phantom was positioned at the centre of a flexible four-element
receiver coil and scanned on both 1.5 T (Magnetom® Espree;
Siemens Healthcare) and 3.0 T (Magnetom Verio) MR systems.
Images with T1 weighted (T1), T2 weighted (T2), proton density-
weighted (PD) and STIR contrast were obtained with three dif-
ferent techniques, including the conventional sequence (called
product), VAT and SEMAC-VAT, respectively (resulting in 12
scans for each phantom). The details of MR parameters are listed
in Table 2. In this study, a RF bandwidth of 1.8 kHz was chosen
for SEMAC-VAT. Combined with parallel imaging [generalized
autocalibrating partially parallel acquistions (GRAPPA), acceler-
ation factor of two], which was used in all sequences, the scan time
was shortened compared with acquisitions without GRAPPA.

Scan time was considerably reduced by utilizing dedicated ac-
quisition techniques such as parallel imaging, partial Fourier
sampling and long echo trains. Turbo factors were held constant

Table 1. Experimental design with sequence techniques and image contrasts

Sequences Agarose phantom Tissue specimen Human

View angle tilting
Coronal T1, T2, PD, STIR Coronal T1, T2, PD, STIR None

Axial, sagittal T1 and PD

Slice encoding for metal artefact correction

Coronal T1, T2, PD, STIR Coronal T1, T2, PD, STIR Coronal STIR

Axial, sagittal T1 and PD Axial T1

Sagittal PD

Product

Coronal T1, T2, PD, STIR Coronal T1, T2, PD, STIR Coronal STIR

Axial, sagittal T1 and PD Axial T1

Sagittal PD

PD, proton density-weighted imaging; Product, conventional sequence; STIR, short tau inversion recovery; T1, T1 weighted imaging; T2, T2 weighted imaging.
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at one for both 1.5 and 3.0 T imaging. Scan times at 3.0 T were
prolonged relative to 1.5 T owing to adjustments to repetition
time and echo time, which were made for imaging at that field
strength. Additionally, imaging at 3.0 T was prolonged by in-
creased time utilized for shimming. Thus, the scan time at 1.5 T
was about 2–3min for the conventional and VAT sequences and
7–12min for the SEMAC-VAT sequences with 15 steps. The scan
time at 3.0 Twas 3–4min for the conventional and VAT sequences
and 8–13min for the SEMAC-VAT sequences with 15 steps.

Artefact volume owing to metal implant was measured offline
using a dedicated workstation (GE Advantage Workstation
AW4.2; GE Healthcare, Waukesha, MI). The semi-quantitative
approach for artefact volume quantification originally described
in Lee et al16 was adopted for analysis of each pulse sequence.
This method is favourable owing to its ease of implementation
and ability to account for both high and low signal intensity
artefacts. To summarize the approach, an agarose gel phantom
without any metal implants was first imaged. The signal in-
tensity distribution in the standardized central area was calcu-
lated utilizing the histogram tool in the workstation. For clarity,
the calculated values are mean, 468 and standard deviation (SD),
32.8. In this case, the normal range of signal intensities was
defined as being voxels with signal intensity within three SDs of
the mean signal intensity (i.e. 369–566).

The agarose gel containing the metal implant was imaged with
the same pulse sequence. A histogram analysis of signal intensity
was similarly performed by drawing a region of interest en-
compassing the agarose gel. The number of pixels falling outside
the normal range of signal intensities was computed, and these
were considered artefacts. In reality, this measurement reflects
both artefactual signal and true signal void from the actual metal
hardware. Thus, if a MR sequence could theoretically be per-
formed without any associated artefacts, the value of this mea-
surement would still be greater than that of the blank agarose
phantom, as the signal void associated with the actual metal
implant would still be included in the measurement. However,
signal void corresponding to the actual metal hardware is
present in every case, and thus relative comparisons of artefacts
can still reliably be made among sequences. To calculate a total
volume of artefacts, analogous calculations were performed
throughout the entire imaging volume. The method described is
illustrated in part in Figure 1.

Tissue specimen imaging
The animal cadaver study was conducted in compliance with all
ethical standards at our institution. A stainless steel plate was
surgically attached to the femur of a pig, with six stainless steel
screws. The pig legs were imaged first on a 1.5-T MR system
(Magnetom Espree, Siemens) and subsequently on a 3.0-T MR
system (Magnetom Verio, Siemens). The standard four-channel
flex coils were used for image acquisitions at both field strengths.
Imaging parameters were held as constant as possible for the dif-
ferent field strengths, including field of view518 cm; image
matrix5 2563 256; and slice thickness5 2.5mm. Imaging was
performed in the coronal plane. T1, T2, PD and STIR image
contrasts were acquired with all three specific techniques in-
cluding product, VAT and SEMAC-VAT.T
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The images from the tissue phantom were assessed by a blinded
read. Three readers with more than 5 years’ experience in diagnostic
radiology evaluated the images. The readers were not aware of the
magnetic field strength or sequence type at the time of in-
terpretation. Images with two different sequences and two different
field strengths were evaluated on the basis of the following
aspects: (1) size of the metal artefact, (2) structure distortion
adjacent to the metal, (3) image blurring, (4) visualization ability
of the bone marrow, bone cortex and soft tissue, as well as (5)
overall image quality. The images were graded by using a four-
point scale (Table 3). The images from each technique with the
same contrast were compared side by side, with the direct
comparison of the results from two different field strengths.

Patient imaging
The human study was approved by the institutional review
board at our university hospital. The principles of the Declara-
tion of Helsinki and its subsequent amendments were followed.
After informed consent was obtained, three patients (1 male;
2 females; age range, 48–58 years) with metal implants were

included to provide in vivo assessments. All patients had un-
dergone surgical fixation with metal implants from a few
months to several years prior to this study. Evaluated implants
included stainless steel, titanium alloy and cobalt chromium. All
examinations were performed on both the 1.5 and 3.0 T Siemens
scanners. A 4-channel flex coil, 15-channel knee coil and 16-
channel foot/ankle coil were specifically used for different study
subjects. STIR coronal, T1 axial, PD sagittal images were ac-
quired with the conventional sequence and SEMAC-VAT tech-
nique. The overall performance of artefact reduction was also
qualitatively assessed by a blinded read by the three readers,
referring to the scoring criteria described above.

STATISTICAL ANALYSIS
Statistical analysis was performed using the commercial statis-
tical software SPSS® v. 18 (SPSS Inc., Chicago, IL). The results
were presented with mean6 SD. Non-parametric Wilcoxon and
Friedman tests were used for the statistical comparison among
different imaging protocols. As evaluated by multiple readers,
intraclass correlation coefficient (ICC) was used to calculate the

Figure 1. Schematic illustration of the volumetric measurement of metal artefacts. MR image of blank agarose phantom (a) with

associated histogram analysis (b) was performed within the volume of interest. Mean signal intensity (SI) was 468.0 with standard

deviation (SD) of 32.8. The normal range of SI was then defined as mean63 SDs for pure agarose gel at the same concentration.

When the normal range was applied into the corresponding MR image of the phantom with metallic implant (c) and associated SI

histogram (d), all the pixels with SI outside the normal range (lower threshold5369 and upper threshold5566) were considered as

metal-induced artefacts. The measurement was completed throughout the entire image volume for volumetric calculation of metal

artefacts.
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interobserver agreement. The agreement was explained as fol-
lows: ICC ,0.40 indicated poor agreement, 0.40# ICC, 0.80
indicated medium agreement and ICC $0.80 indicated good
agreement among the scoring of the three readers. A p, 0.05
was considered statistically significant.

RESULTS
When comparing with the conventional sequence (named as
product in the tables and figures), the average metal artefact
volume was dramatically reduced by the VAT and SEMAC-
VAT at both 1.5 and 3.0 T (Figures 2 and 3). For the stainless
steel screw, the average metal artefact volume was reduced by
65%6 10% with VAT and 83%6 9% with SEMAC-VAT at
1.5 T, and 45%6 15% with VAT and 72%6 7% with SEMAC-
VAT at 3 T. For the stainless steel plate, the average metal
artefact volume was reduced by 71%6 7% with VAT and

89%6 3% with SEMAC-VAT at 1.5 T and by 19%6 11% with
VAT and 38%6 13% with SEMAC-VAT at 3.0 T (Table 4).
Statistical differences were found for all the comparisons
when applying the Friedman test (x25 8.0; p, 0.05). A
similar trend of artefact reduction was also found on the
different image contrasts for each metal implant and mag-
netic field (Figure 4).

When compared with 1.5 T, the average artefact volume at
3.0 T was increased by 104%6 65% with product sequence,
360%6 212% with VAT and 670%6 422% with SEMAC-VAT
based on the four image contrasts and both metal implants.
However, the SEMAC-VAT at 3.0 T had almost the same amount
of the metal artefact compared with the product sequence at
1.5 T on the corresponding image contrasts (Wilcoxon test,
Z520.420; p5 0.674).

Figure 2. Agarose phantom containing one stainless steel screw evaluated at 1.5 T (a, b) and 3.0T (c, d) with T1 weighted

conventional sequence (a, c) and slice encoding for metal artefact correction with view angle tilting technique (b, d). At both field

strengths, a substantial reduction in metal artefact was noted, although overall the artefact was greater at 3.0T.

Table 3. Qualitative evaluation of tissue specimen imaging with a four-point scale scoring system

Evaluation indicators
Scoring criteria (four-point scale)

1 2 3 4

Artefact size Small amount of artefact
Median amount of
artefact

Large amount of artefact Extensive artefact

Structure distortion
adjacent to the metal

Slight distortion Moderate distortion Severe distortion Extensive distortion

Image blurring No blurring
Barely perceivable
blurring

Slight blurring Moderate blurring

Visualization of the bone
marrow, cortex and soft
tissues

Good visualization Moderate visualization Poor visualization Very poor visualization

Overall image quality
Very good image quality;
high diagnostic
performance

Good image quality;
medium diagnostic
performance

Acceptable image quality;
low diagnostic
performance

Poor image quality; poor
diagnostic performance

The images with the conventional (product) and slice encoding for metal artefact correction with view angle tilting sequence technique between 1.5
and 3.0T were assessed by three readers in blinded reads for metal artefact reduction.
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SEMAC-VAT significantly corrected the metal artefact in tissue
specimen imaging at both 1.5 and 3.0 T (Figure 5). In the
qualitative analysis of tissue specimen imaging, the mean scores
of artefact size from the three readers were 3.006 0.58 for
product at 1.5 T, 1.0860.28 for SEMAC-VATat 1.5 T, 3.8360.37
for product at 3.0 T and 2.086 0.49 for SEMAC-VAT at 3.0 T
(Friedman test, x25 30.3). The mean scores of structure

distortion were 3.256 0.43 for product at 1.5 T, 1.176 0.37 for
SEMAC-VAT at 1.5 T, 3.756 0.43 for product at 3.0 T and
1.836 0.37 for SEMAC-VAT at 3.0 T (Friedman test, x25 31.3).
The mean scores of image blurring were 2.336 0.75 for product
at 1.5 T, 3.756 0.43 for SEMAC-VAT at 1.5 T, 1.086 0.28 for
product at 3.0 T and 2.836 0.69 for SEMAC-VAT at 3.0 T
(Friedman test, x25 26.7). The mean scores of visualization ability
to the bone marrow, cortex and soft tissues were 3.176 0.80
for product at 1.5 T, 1.176 0.37 for SEMAC-VAT at 1.5 T,
3.586 0.49 for product at 3.0 T and 2.086 0.64 for SEMAC-
VAT at 3.0 T (Friedman test, x25 25.7). The mean scores of
overall image quality were 3.426 0.86 for product at 1.5 T,
1.4260.49 for SEMAC-VAT at 1.5T, 3.5060.50 for product at
3.0T and 1.8360.80 for SEMAC-VAT at 3.0T (Friedman test,
x25 23.1). There were statistically significant differences for all the
comparisons above (p, 0.001), with good agreements among
the three readers (ICC5 0.80–0.99; p, 0.001; Table 5).

For the imaging of the patients with different metal implants,
SEMAC-VAT technique markedly reduced the metal artefact in
MRI at both 1.5 and 3.0 T (Figure 6). With qualitative evalua-
tion by the three readers, the overall performance of artefact
reduction was ranked from the best to the worst by SEMAC-
VAT at 1.5 T. SEMAC-VAT at 3.0 T. product at 1.5 T.
product at 3.0 T for T1 and PD images. For STIR, however, it was
ranked by SEMAC-VAT at 3.0 T. SEMAC-VAT at 1.5 T.
product at 1.5 T. product at 3.0 T. There was good agreement
among the three readers in the ranking of human scans
[ICC5 0.940 (0.874–0.975); p, 0.001].

DISCUSSION
The clinical use of 3.0-T MR systems continues to increase
principally owing to the improved signal-to-noise ratio (SNR)
relative to 1.5 T, which can be traded for either higher spatial
resolutions and/or shorter scan times. Depending on the
strength of the main magnetic field and magnetic susceptibility
of the implanted metal hardware, however, substantial changes
of the local field around the implant may occur. As a conse-
quence, MRI of the structures adjacent to metal implants suffers
from severe signal off-resonance and dephasing effects. In this
case, the increased susceptibility artefacts at 3.0T prevents its
mainstream use for imaging of patients with prosthetic implants,17

whereas 1.5 T MR system has been considered clinically useful
for evaluating periprosthetic tissue.18,19

Figure 3. Agarose phantom containing one stainless steel

plate evaluated at 3.0 and 1.5 T with proton density-weighted

conventional sequence, view angle tilting (VAT) and slice

encoding for metal artefact correction (SEMAC)-VAT tech-

nique. A minor reduction in metal artefact was noted on VAT

images, and a substantial reduction in metal artefact was

demonstrated on SEMAC-VAT images on both magnetic

fields. Product, conventional sequence.

Table 4. Measured artefact volume (cm3) and the according percentage of artefact reduction for each evaluated sequence
compared with conventional acquisition based on four image contrasts

Magnetic field Metallic implant Product VAT
Slice encoding for metal artefact

correction-VAT

1.5 T
SS screw 29.36 18.8 9.96 6.4 (65%6 10%) 3.86 0.8 (83%6 9%)

SS plate 279.66 75.9 80.46 24.6 (71%6 7%) 30.86 9.7 (89%6 3%)

3.0 T
SS screw 57.56 23.2 30.06 10.1 (45%6 15%) 17.06 10.9 (72%6 7%)

SS plate 480.46 49.2 394.46 76.9 (19%6 11%) 304.46 87.9 (38%6 13%)

Product, conventional sequence; SS, stainless steel; VAT, view angle tilting.
The results are expressed as mean6 standard deviation.
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This study demonstrated that VAT and SEMAC-VAT, previously
utilized at 1.5 T,16 can be adapted to 3.0 T with similar success.
Farrelly et al20 found, in a phantom model, reductions in arte-
fact severity with longer readout bandwidths with better overall
image quality at 3.0 T. In addition to bandwidth considerations,
previous work on improving MRI around metal implants has
also focused on VAT techniques originally described by Cho
et al.13 Kolind et al21 also described a VAT SE sequence utilizing
high RF and readout bandwidths. This sequence was referred to
as a “metal artefact reduction sequence”. However, these studies
only addressed in-plane distortion correction and did not deal
with the topic of through-plane distortions. In contrast to VAT,
SEMAC reduces through-plane distortions by utilizing addi-
tional phase-encoding steps for each excited slice. Imple-
mentation of the SEMAC technique requires only installation of
appropriate software updates on existing whole-body MRI sys-
tems and does not depend upon any additional hardware in-
stallation.14,22 However, as the performance of this sequence
technique requires additional phase-encoding steps, SEMAC

does increase scan time, which is a major drawback limiting its
use in clinical routine.

Although the efficacy of SEMAC-VAT for the MRI of metal
hardware has been shown at 1.5 T and recently at 3.0 T,23 no
study to date has made the comparison of the efficacy for this
sequence technique between two commonly used field strengths
(1.5 vs 3.0 T). In this evaluation, SEMAC-VAT demonstrated
a similar amount of artefact reduction both at 1.5 and 3.0 T,
when compared with conventional acquisitions. For successful
correction of through-plane distortion, SEMAC-VAT requires
a certain number of z-phase-encoding steps, depending upon
the actual degree of distortion. Since scan time linearly increases
with the applied number of phase-encoding steps (“z”), values
beyond 15 may easily exceed a scan duration that is acceptable
for routine examinations. In this study, we used 15 z-phase-
encoding steps, which show effective artefact correction with an
acquisition time of 8:41 (min:s) for 1.5 T and 12:32 (min:s) at
3.0T for T1 scans. Our study demonstrated that both SEMAC-VAT

Figure 4. Metal artefact reduction in volume for both metal implants [stainless steel (SS) screw and plate] in different image

contrasts at both 1.5 and 3.0T. PDWI, proton density-weighted imaging; SEMAC, slice encoding for metal artefact correction; STIR,

short tau inversion recovery; T1WI, T1 weighted imaging; T2WI, T2 weighted imaging; VAT, view angle tilting.
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and VAT techniques reliably corrected for metal artefacts at both
field strengths, based on T1, T2, PD and STIR images. Of all
image contrasts, STIR sequences demonstrated the least degree
of artefact reduction with SEMAC-VAT. The mechanism for
disparities in artefact reduction based on image contrast remains
unclear. It is possible that the semi-quantitative methodology
employed for artefact volume measurements could be suscep-
tible to thresholding effects. Thus, this method of volumetric
artefact calculation may only be useful in comparing scans with
identical image contrasts at the same field strength. However, in
that context the method is a useful way to determine the efficacy
of artefact reduction among the SEMAC-VAT and VAT sequen-
ces. The results regarding the STIR sequence also differ from
those obtained by Sutter et al9 in patients with total hip
arthroplasty. In that study, only STIR and T1 images were ac-
quired. While both STIR and T1 images with SEMAC-VAT
resulted in improved image quality, SEMAC-VATonly improved
diagnostic accuracy with the STIR images.

Scan time can be considerably reduced by utilizing dedicated
acquisition techniques such as parallel imaging, partial Fourier
sampling and long echo trains. A high RF pulse bandwidth is
desired to limit the extent of slice distortion. However, an in-
crease in RF pulse bandwidth increases the SAR, a critical lim-
itation at 3.0 T. The increases in SAR resulted in prolonged
acquisition times at 3.0 T. Because of the rising SAR, we got
increasing measurement times at 3.0 T. Blurring may be ob-
served on VAT sequences owing to the shear effect of the slice
and a low-pass filter effect in the frequency domain during
signal readout. Butts et al24 reduced VAT-associated blurring by
shortening the readout time. Generally, the readout time should
not exceed the main lobe of the RF pulse’s duration. This ap-
proach was implemented in the work herein. Of note, the shear
effect blurs voxels in structures perpendicular to the slice, and
the blur may be less if the structure is obliquely oriented relative

to the slice. Higher readout bandwidth or a reduction in the
number of readout samples can be used to shorten the readout
time at the expense of lower SNR. The results in the present
work demonstrated that high readout bandwidth (930Hz per
pixel) reduced image blurring with the SEMAC-VAT technique
vs VAT. Only slight blurring could be recognized on the SEMAC-
VAT images.

This study had several limitations. First, the method of volu-
metric measurements is limited, not only owing to the potential
for thresholding effects described above but also owing to the
fact that it represents a semi-quantitative measure requiring
a user to perform histogram analyses. Nevertheless, the ease of
use and of obtaining three-dimensional artefact measurements is
advantageous. Second, the readers were blinded to the field
strength at which the images were obtained. However, qualita-
tive differences in the acquired images may have allowed the
observers to discern the images that were obtained at 1.5 and at
3.0 T. This is a potential source of bias. The volumetric meas-
urements of artefact reduction also differed considerably be-
tween field strengths. The reduction in relative artefact volume
at 3.0 T (63%) was considerably greater than at 1.5 T (21%). As
the SEMAC technique corrects through-plane distortions, and as
these are generally much greater at 3.0 T, the artefact volume
reduction may as a result be much more pronounced when
SEMAC is applied. However, careful further study of these
techniques at both field strengths would be useful to confirm
this effect. Third, only three volunteer scans were performed. In
the future, further in vivo studies of patients with metal implants
will be required to obtain more conclusive information with
regard to the clinical utility of these techniques. Finally, the
current long acquisition times at 1.5 and 3.0 T for SEMAC-VAT
sequences make it difficult to implement these sequences in
routine clinical imaging. However, the results in this study have
demonstrated that 15 z-phase-encoding steps allowed for

Figure 5. Tissue specimen containing one plate and six stainless steel screws evaluated at 1.5T (a, b) and 3.0T (c, d), with proton

density-weighted conventional sequence (a, c) and slice encoding for metal artefact correction with view angle tilting (SEMAC-

VAT) technique (b, d). At both field strengths a substantial reduction in metal artefact was provided by SEMAC-VAT, allowing for

better visualization of the tissue structures adjacent to the metal implants.
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adequate artefact reduction for stainless steel prostheses, the
type of metal implants that are supposed to cause the greatest
susceptibility artefacts in MRI. In an ongoing project, we are
trying to optimize the number of z-phase-encoding steps for
individual patients with different types of metal implants, by
using a distortion scout acquisition. This strategy will further
shorten the scan time, making SEMAC-VAT technique more
flexible and acceptable in the clinical setting.

In summary, SEMAC-VAT provides substantial reduction of
metal-induced artefacts, a historical limitation to clinical
MRI, in particular at 3.0 T. The use of SEMAC-VAT reduces

susceptibility artefacts to a level less than that observed in
sequences performed without such corrections at 1.5 T, mark-
edly improving soft-tissue visualization adjacent to orthopaedic
hardware at 3.0 T. This valuable imaging technique may help the
radiologist in diagnosing recurrent tumour, fracture and in-
fection in the region of implant or loosening of the implant.
Whether applied at 1.5 or 3.0 T, SEMAC-VAT demonstrated
a consistent reduction in the extent of metal artefacts.
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