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A standardized evaluation of artefacts from metallic compounds
during fast MR imaging
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Objectives: Metallic compounds present in the oral and maxillofacial regions (OMRSs) cause
large artefacts during MR scanning. We quantitatively assessed these artefacts embedded
within a phantom according to standards set by the American Society for Testing and
Materials (ASTM).

Methods: Seven metallic dental materials (each of which was a 10-mm? cube embedded
within a phantom) were scanned [i.e. aluminium (Al), silver alloy (Ag), type IV gold alloy
(Au), gold—palladium-silver alloy (Au-Pd-Ag), titanium (Ti), nickel-chromium alloy (NC)
and cobalt-chromium alloy (CC)] and compared with a reference image. Sequences included
gradient echo (GRE), fast spin echo (FSE), gradient recalled acquisition in steady state
(GRASS), a spoiled GRASS (SPGR), a fast SPGR (FSPGR), fast imaging employing steady
state (FIESTA) and echo planar imaging (EPI; axial/sagittal planes). Artefact areas were
determined according to the ASTM-F2119 standard, and artefact volumes were assessed
using OsiriX MD software (Pixmeo, Geneva, Switzerland).

Results: Tukey—Kramer post hoc tests were used for statistical comparisons. For most
materials, scanning sequences eliciting artefact volumes in the following (ascending) order
FSE-T,/FSE-T, < FSPGR/SPGR < GRASS/GRE < FIESTA <EPI. For all scanning
sequences, artefact volumes containing Au, Al, Ag and Au-Pd-Ag were significantly smaller
than other materials (in which artefact volume size increased, respectively, from Ti < NC <
CCQ). The artefact-specific shape (elicited by the cubic sample) depended on the scanning plane
(i.e. a circular pattern for the axial plane and a “clover-like” pattern for the sagittal plane).
Conclusions: The availability of standardized information on artefact size and configuration
during MRI will enhance diagnosis when faced with metallic compounds in the OMR.
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Introduction

The increasing number of indications for MR exami-
nation of the head and neck region is accompanied by
a rising number of patients with metallic compounds
present in the oral and maxillofacial regions (OMRs)
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such as dental cast restoration, dental or orthopaedic
implants, dental crowns, bridges, fillings and dentures.'
However, many of these materials can influence MR
image quality and may cause artefacts to various
degrees. This clearly impedes identification of anatom-
ical areas and the detection of pathology, ultimately
hindering accurate medical diagnosis.
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When considering these materials in more detail,
three major alloy types can be distinguished. Firstly,
there are ferromagnetic substances (strongly attracted
by magnetic fields) which can be subdivided into: iron
(Fe), cobalt (Co) and nickel (Ni). Secondly, there are
paramagnetic substances (i.e. having unpaired orbital
electrons) which become magnetized in the magnetic
field and demagnetized once the field is switched off.
Thirdly, there are diamagnetic substances, which have
few unpaired orbital electrons and therefore induce
weak magnetic fields.”> ® Magnetic susceptibility arte-
facts in MRI typically involve image degradation or
signal distortion occurring in tissues adjacent to the
interfering compounds. These compounds become
magnetized when placed in a large superconducting
magnet, creating their own magnetic fields, and dra-
matically alter the precession frequencies of protons in
adjacent tissues.!>!°

To add to the complexity, current MRI allows for
rapid scanning sequences, such as the fast imaging
employing steady state (FIESTA) sequence used in
imaging vascular anatomy and echo planar imaging
(EP]) used in functional MRI, as well as diffusion and
perfusion weighted imaging, which are often used when
diagnosing patients having stroke and patients with
cancer. However, metallic artefacts in these sequences
are typically much larger than that of conventional
MRI such as the spin echo and gradient echo (GRE)
sequence, and artefacts caused by these materials may
lead to distorted images.”""

There are several scanning parameters known to in-
fluence artefact susceptibility. For example, Vandevenne
et al'” showed that shorter echo times greatly reduce
artefacts. Additionally, slice thickness, as well as in-
creasing the read-out bandwidth significantly improved
image quality. Although there are many valuable studies
which have investigated the cause of and potential sol-
utions for metallic artefacts, there is still a lack of defi-
nition and coherence.">!%*1371¢ To resolve this, the
American Society for Testing and Materials (ASTM) has
published its F2119 recommendation stating the partic-
ular boundaries concerning the exact metallic artefact
specifications on MR images.'”

Additionally, previous studies did not report to have
considered effects of automatic pre-scan tuning into
account when comparing artefact sizes. In clinical di-
agnostic MRI, automatic tuning and adjustment of
particular scanning parameters (such as the centre fre-
quency, the magnitude of radiofrequency pulse being
transmitted and the gain of the receiver) are constantly
performed to enhance image uniformity.'®!® Under
standard circumstances, this is preferred; however, it
does cause problems if the goal is to directly compare
the sizes of the metallic artefacts that are taken under
various scanning conditions (e.g. different materials and
sequences). As such, automatically (pre-scan), adjust-
ments of these parameters for each scanning condition
exert a great effect on image contrast and signal in-
tensity, and the resulting images are therefore not
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directly comparable between scanning sequences and
materials.

Lastly, the shape of the metal may alter the size and
configuration of the metallic artefact on MR images,
even if the volume and weight are the same. To ex-
plicitly assess and compare artefacts on MR images in
the OMR, the size and shape must be uniform; prefer-
ably, approximating a tooth (e.g. an approximately
10-mm? cube).

The aim of this study was to (1) quantitatively assess
and standardize artefacts caused by commonly used
metallic dental materials on MR image according to the
ASTM’s specifications without using any pre-scan tun-
ing (i.e. using the “research mode” of the scanner), (2) to
compare the volume of these artefacts and (3) to in-
vestigate their specific configuration characteristics
which occur during fast MRI. Assessment of the effects
of dental materials on MR image quality according to
the ASTM standard will allow for a better un-
derstanding concerning the effects of particular dental
materials on commonly used MR sequences.

Materials and methods

Samples and phantom

To evaluate the effect of dental materials on artefacts in
MRI, seven kinds of commonly used materials were
employed, specifically: aluminium (Al), silver alloy
(Ag), type IV gold alloy (Au), gold—palladium-silver
alloy (Au-Pd-Ag), titanium (T1), nickel-chromium alloy
(NC) and cobalt—chromium alloy (CC) (Figure la).
Characteristics of the sample materials are listed
in Table 1.

In line with the ASTM-F2119 standard, all materials
were fabricated in a 10-mm? cubic shape, and each cube
was suspended by a nylon rod at the centre position of
an acrylic spherical container phantom (inner dimen-
sions: 170 mm) filled with copper sulphate solution
(2g1™") (Figure 1b). The copper sulphate solution is
typically found in scanner phantoms and is recom-
mended by the ASTM, as its T)- and 7»-relaxation times
and proton density are very well established. There was
sufficient clearance between the tested materials and the
phantom border sides (>40 mm; Figure Ic¢).

MRI

The phantom was placed in a head and neurovascular
coil (eight-channel phased-array coil) on the table of
a 1.5-T superconducting magnet scanner (Signa® HDxt
1.5-T MR; General Electric, Milwaukee, WI). Imaging
parameters were selected following the ASTM-F2119
standard.'® Scanning of each section with a 3-mm in-
terval between slices in the axial, sagittal and coronal
planes was performed in each material with the following
parameters: field of view 240 X 240 mm, matrix size 256
X 256, slice thickness 3 mm and phase-encoding direction
in the horizontal and vertical planes. Although we
scanned each section coronally, there were no obvious
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Figure 1 (a) Metallic materials used in the comparisons, (b) phantom containing a 10 X 10 X 10-mm sample, (c) exact position of sample in
phantom according to the American Society for Testing and Materials F2119 standard. Ag, silver alloy; Al, aluminium; Au-Pd-Ag,
gold—palladium-silver alloy; Co-Cr, cobalt-chromium alloy; Ni-Cr, nickel-chromium alloy; Ti, titanium; Type IV Au, type IV gold alloy.

differences between sagittal images and coronal images,
therefore we report only on axial and sagittal data. To be
able to compare images of sequences and materials in
this study without any bias, the research mode of the MR

scanner was used to preclude automatic tuning of the
magnetic field (specifically, we chose to omit the signal
intensity adjustment within the automatic tuning setup of
the scanner). The scanning protocol included commonly
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used sequences such as the GRE sequence, 77 and T,
weighted fast spin echo (FSE) sequence, a gradient
recalled acquisition in steady state (GRASS) sequence,
a spoiled GRASS (SPGR) sequence, a fast SPGR
(FSPGR) sequence, a FIESTA sequence and an EPI
sequence. Sequence parameters are listed in Table 2.
Additional images of a phantom with an acrylic resin
were also obtained as artefact-free reference images.
Imaging of each material was repeated six times to
quantify individual measurement variation and to ach-
ieve consistent (mean) values.

Image analysis

To determine the artefact area, we adhered to the image
artefact definition specified by the ASTM-F2119 stan-
dard stating that a pixel is considered to be part of an
artefact if its signal intensity (SI) is changed by at least
30%. MR images (digital imaging and communications
in medicine) were analyzed using Osz MD imaging
software (Pixmeo, Geneva, Switzerland).!” Image evalu-
ation was performed by setting a reproducible 9 X 9-cm
square region of interest at the centre of each image
encompassing the whole artefact. The areas enclosing the
pixels exceeding the ASTM standard (30% SI change
above or below; when compared with the reference im-
age) were considered to be black or white artefacts. The
total artefact was considered to be the sum of all black
and white artefacts. By setting these thresholds, the ar-
tefact areas were automatically assessed by the software
(Figure 2). The mean value was obtained from an aver-
age of six measurements obtalned using the following
formula taken from Yoo et al:*°

n—1Ai+ A +1)

vol=3)" Ai+15)" 3

Note: vol (mm?), A (mm?), i (slice number).

The differences between measured artefacts on volumes
were statistically analyzed by one factor ANOVA aug-
mented by Tukey—Kramer tests (SPSS v. 11.5; IBM Corp.,
New York, NY; formerly SPSS Inc., Chicago, IL). Artefact
volumes and configurations were compared for each se-
quence and metal.

Results

Black artefacts can typically be disregarded, however,
white signals present in 7, images often indicate path-
ological conditions (and in 7', white signals typically
indicate the presence of fat tissue). Therefore, before we
report the overall artefact volumes, we first report the
black and white artefacts separately to accentuate that
occasionally white artefacts can be misinterpreted as
being pathological in nature, where in reality, they may
arise from artefacts due to metals present in the body.
All statistical comparisons for sequence and materials
can be found in the tables (using Tukey—Kramer tests,
where p < 0.05 is significant).

Dentomaxillofac Radiol, 45, 20160094

birpublications.org/dmfr

Table 1 The characteristics of the sample materials

Sample Composition (%)
Al Al 99.99%
Ag alloy Ag 73%, Zn 10%, In 9%, Sn 8%
Type IV Au alloy Au 71%, Cu 15%, Ag 8%, Pd 3%, Pt 2%,
Ir 1%, Zn 1%
Ag 50%, Pd 20%, Cu 16.5%, Au 12%, Ir 1.5%,
Zn 1.5%, Ga 1.5%, In 1.5%
Ti Ti 99.427%
Ni-Cr alloy Ni 78.8%, Cr 19.5%, Si 1.1%, Fe 0.4%,

Al 0.2%
Co-Cr alloy Co 52%, Cr 25%, W 14%, Ga 8%, Al 1%
Ag, silver; Al, aluminium; Au, gold; Co, cobalt; Cr, chromium; Cu,
copper; Fe, iron; Ga, gallium; In, indium; Ir, iridium; Ni, nickel; Pd,
palladium; Si, silicon; Sn, tin; W, tungsten; Zn, zinc.

Au-Pd-Ag alloy

Black artefact volumes by imaging sequence

The smallest black artefact volume was found on FSE
images, such as sagittal FSE T, weighted images with
Au (139.03+25.57 mm?”), axially FSE-T; weighted
images with Au-Pd-Ag (165 35+ 60.87 mm?) and on
axially FSE-T; weighted images with CC (8386.33 £
847.44mm°). The largest black artefact volume was
found on EPI images, such as saglttal images with Au
(15,187.08 + 1359.38 mm°), saglttal images with Au-Pd-
Ag (15,187.08 + 1359.38 mm?) and on sagittal images
with CC (324,727.42 + 34,414.08 mm?). For an over-
view, see Table 3.

White artefact volumes by imaging sequence

The smallest white artefact volume was found in Au-Pd-
Ag scanned axially on FSE-T, weighted images (0.88
1.44 mm?®). In other materials, the smallest white arte-
fact volume was found on SPGR 1mages that is, axial
images with Au (30.38 £5. 83 mm?) and axial images
with CC (421.78 +79.19 mm?). The ldrgest white arte-
fact volume was found on FIESTA 1mages that is,
saglttal images with Au (934.30 £ 235.03 mm, %), axially
images with Au-Pd-Ag (806.85 +215.55 mm?) and on
sagittal images with CC (79,582.80 + 35,612.71 mm°)
(Table 4). Concerning the EPI images’ plxel values, the
reference image showed the same (and maximum) SI on
all pixels (i.e. white artefacts were not present and only
black artefacts could be computed). For an overview,

Table 2 Sequence parameters

Sequence TR (ms) TE (ms) FA (°) Scan time (s)
FSE-T1 500.0 15.0 66.0
FSE-T2 5000.0 100.0 85.0
GRASS 130.0 2.0 60 34.0
FSPGR 6.0 2.0 30 34.0
GRE 500.0 15.0 30 132.0
SPGR 15.0 9.0 30 83.0
FIESTA 6.0 2.0 30 39.0
EPI 2500.0 50.0 90 10.0

EPI, echo planar imaging sequence; FA, flip angle; FIESTA, fast
imaging employing steady state sequence; FSE-T1, 7 weighted fast
spin echo sequence; FSE-T2, 7, weighted fast spin echo sequence;
FSPGR, fast spoiled gradient recalled acquisition in steady state
sequence; GRASS, gradient recalled acquisition in steady state
sequence; GRE, gradient echo sequence; SPGR, spoiled GRASS
sequence; TE, echo time; TR, repetition time.
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Figure 2 Artefact estimation (area/volume) according to the American Society for Testing and Materials standards using OsiriX MD imaging

software (Pixmeo, Geneva, Switzerland).

see Table 4, and for the statistical significance between
the sequences for each material and each plane sepa-
rated for black and white artefacts, see Table 5.

Artefact volumes by imaging plane
Although the combined artefact volume for the sagittal
plane was numerically larger than that for the axial

plane (approximately 4.5%), this difference was statis-
tically not significant (n.s.) (<1, n.s.).

Overall artefact volumes by imaging sequence

The smallest overall artefact volume was found on
FSE images, such as sagittal FSE-7, weighted images
with Au (186.93 + 32.88 mm®), axial FSE-T, weighted

Table 3 Black artefact volume and standard deviation of each metal in all sequences

Sequence Slice plane mnt’® APA Au Ag Al Ti NC cC
FSE-T1 Axial Volume 165.35 213.20 199.30 300.45 1520.53 2484.93 8386.33
SD 60.87 58.92 76.75 50.91 321.58 298.87 847.44
Sagittal Volume 171.38 164.55 170.28 275.25 1740.88 2852.08 9550.81
SD 47.94 35.32 48.64 63.02 232.81 446.00 654.70
FSE-T2 Axial Volume 229.05 210.15 288.95 373.50 1878.40 2996.05 10,171.30
SD 146.91 102.39 160.89 35.44 454.38 696.15 1843.32
Sagittal Volume 178.95 139.03 180.58 302.90 1490.23 2735.88 9389.88
SD 77.41 25.57 68.13 56.55 139.30 184.77 315.38
GRASS Axial Volume 373.35 450.50 531.80 708.60 5557.90 8982.23 25,561.68
SD 19.42 26.26 23.05 44.14 191.76 149.91 301.76
Sagittal Volume 305.13 373.03 499.28 782.43 5286.10 7718.10 22,158.43
SD 72.56 76.77 64.78 106.33 179.50 480.65 1857.48
FSPGR Axial Volume 359.10 505.50 542.95 824.35 6594.58 9921.05 28,624.58
SD 95.21 38.82 26.52 103.54 265.07 382.90 1047.93
Sagittal Volume 302.25 435.33 498.88 801.78 5553.76 8915.73 24,950.43
SD 110.87 27.66 48.76 129.59 329.69 279.06 879.72
GRE Axial Volume 527.30 703.98 744.98 1258.13 7839.80 11,839.40 35,256.20
SD 73.30 31.96 52.57 155.03 242.84 478.28 449.83
Sagittal Volume 582.80 762.88 761.75 1214.90 7522.75 11,469.15 31,843.03
SD 31.72 37.57 38.38 112.93 313.46 101.55 401.81
SPGR Axial Volume 637.65 697.23 960.45 1451.98 8727.45 12,394.33 38,147.15
SD 104.98 40.29 68.72 48.93 313.08 2173.59 621.37
Sagittal Volume 675.88 816.00 828.60 1380.75 7915.28 12,019.48 34,993.90
SD 18.73 87.39 96.84 125.13 392.39 348.86 540.59
FIESTA Axial Volume 1121.10 1174.73 1453.35 1987.98 13,811.45 20,238.05 62,847.85
SD 213.34 274.81 208.72 532.95 913.15 1770.07 798.97
Sagittal Volume 840.65 1076.60 1279.28 2148.38 13,054.63 20,197.28 61,133.18
SD 85.30 20.93 132.70 258.65 884.47 1375.69 6766.61
EPI Axial Volume 11,415.78 13,784.95 14,447.48 19,564.98 84,957.33 124,162.53 307,877.91
SD 1402.46 1532.24 2003.70 2978.67 9929.31 17,468.48 22,952.20
Sagittal Volume 13,301.05 15,187.08 16,144.65 22,524.50 97,447.13 145,569.90 324,727.42
SD 1281.57 1359.38 935.73 2498.03 10,547.93 27,582.39 34,415.08

Ag, silver alloy; Al, aluminium; APA, gold—palladium-silver alloy; Au, type IV gold alloy; CC, cobalt—chromium alloy; EPI, echo planar imaging
sequence; FIESTA, fast imaging employing steady state sequence; FSE-T1, T weighted fast spin echo sequence; FSE-T2, T, weighted fast spin
echo sequence; FSPGR, fast spoiled gradient recalled acquisition in steady state sequence; GRASS, gradient recalled acquisition in steady state
sequence; GRE, gradient echo sequence; NC, nickel-chromium alloy; SD, standard deviation; SPGR, spoiled GRASS sequence; Ti, titanium.
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Table 4 White artefact volume and standard deviation of each material in all sequences

Sequence Slice plane mm’ APA Au Ag Al Ti NC cC
FSE-T1 Axial Volume 15.05 26.15 36.80 66.18 1263.30 1942.30 5889.85
SD 8.27 6.29 18.97 26.52 346.63 424.57 1014.78
Sagittal Volume 37.75 47.55 60.15 91.80 1156.10 1982.53 5491.95
SD 11.81 16.33 22.89 50.95 280.57 395.01 682.33
FSE-T2 Axial Volume 0.88 18.93 26.38 58.23 1273.30 1940.18 5315.45
SD 1.44 9.56 19.56 24.14 361.21 533.00 896.57
Sagittal Volume 34.50 47.90 63.95 91.65 1256.85 1887.98 5334.23
SD 7.13 7.92 21.04 46.34 110.79 306.71 394.17
GRASS Axial Volume 75.68 167.03 210.73 222.15 1254.53 1782.75 4114.23
SD 43.00 36.93 43.90 33.15 55.28 95.13 89.59
Sagittal Volume 164.40 192.50 232.88 341.45 1318.03 1820.83 5818.55
SD 33.25 34.25 9.05 55.95 77.69 72.18 244.55
FSPGR Axial Volume 64.15 115.40 130.63 224.93 918.90 1253.83 3184.15
SD 37.01 29.59 37.55 41.97 114.34 133.81 196.19
Sagittal Volume 124.38 167.68 195.36 704.20 1187.33 1652.25 4757.65
SD 38.67 69.68 94.92 312.62 230.25 351.29 957.24
GRE Axial Volume 24.85 30.38 36.73 25.28 180.00 230.35 574.20
SD 11.32 5.83 11.47 21.27 66.35 68.50 86.14
Sagittal Volume 85.48 63.08 95.63 132.55 280.43 401.70 744.25
SD 38.08 15.17 41.60 52.84 55.97 35.51 155.23
SPGR Axial Volume 8.40 18.25 9.93 13.15 136.65 189.23 421.78
SD 5.32 8.59 5.19 6.02 28.35 49.02 79.19
Sagittal Volume 42.61 42.23 68.85 68.35 176.43 250.95 527.10
SD 5.03 12.60 35.88 27.26 44.52 58.01 57.92
FIESTA Axial Volume 806.85 906.75 1419.60 2161.63 14092.73 24,799.80 74,436.58
SD 215.55 135.89 399.57 387.79 2965.67 6664.08 24,970.10
Sagittal Volume 721.01 934.30 1051.83 1893.60 15,281.40 28,232.40 79,582.80
SD 22491 235.03 284.88 465.46 3075.50 8564.27 35,612.71
EPI Axial Volume - - - - - - -
SD - - - - - - -
Sagittal Volume - - - - - - -
SD - - - - - - -

—, not measured; Ag, silver alloy; Al, aluminium; APA, gold-palladium-silver alloy; Au, type IV gold alloy; CC, cobalt-chromium alloy; EPI, echo
planar imaging sequence; FIESTA, fast imaging employing steady state sequence; FSE-T1, T weighted fast spin echo sequence; FSE-T2, T,
weighted fast spin echo sequence; FSPGR, fast SPGR sequence; GRASS, gradient recalled acquisition in steady state sequence; GRE, gradient

echo sequence; NC, nickel-chromium alloy; SD, standard deviation; SPGR, spoiled GRASS sequence; Ti, titanium.

images with Au-Pd-Ag (180.40 £71.93 mm?) and on
axial FSE-T| weighted images for CC (14,276.18 £
1973.55mm®) (Table 5). The largest overall artefact
volume was found on EPI images, that is, sagittal
images with Au (15,187.08 + 1359.38 mm?), sagittal
images with Au-Pd-Ag (15,187.08 +1359.38 mm?)
and on sagittal images with CC (324,727.42
34,414.08 mm?>).

Although the pattern was not uniform, the overall
artefact volume approximately followed the following
arrangement (from lowest to highest artefacts per MR
sequence): FSE-T,/FSE-T, < FSPGR/SPGR < GRASS/
GRE < FIESTA < EPI. For a complete overview of the
overall artefact volumes per sequence per material, see
Table 6, and for the statistical significance between the
sequences for each material and each plane, see Table 7.

Comparison of artefact volumes within dental materials
In all sequences, artefact volumes containing Au, Al,
Ag and Au-Pd-Ag, were significantly smaller than all
the other materials within the black and white artefacts
(p <0.01). Additionally, these four materials typically
did not show large pattern differences among them (but
see, for instance, SPGR for Al in the sagittal plane). In
all sequences, artefact volumes involving CC were
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significantly larger than the other materials both for
black and white artefacts. Artefact volumes size in-
creased, respectively, from Ti<NC < CC; however,
axial and sagittal images did not significantly differ
between black and white artefact volumes (all p-values
n.s.). Figure 3 illustrates the artefact volumes for each
sequence, each material in each plane. As most of the
sequences were significantly different from each other,
only the n.s. sequences were marked with a dotted line
between them. This figure can be used to gauge which
sequences show similar or different artefacts when faced
with a particular metallic dental material.

Comparisons according to artefact configuration

Figure 4 shows the centre images of all materials for each
sequence (FSE-T; weighted image, GRE, FIESTA and
EPI) and plane (axial and sagittal). Au, Au-Pd-Ag and
Ag did not produce large artefacts and elicited similar
configurational features in all sequences. However, al-
though the configuration of artefacts occurring from Ti,
NC and CC was similar, CC produced the largest arte-
facts followed by NC and Ti, respectively. The config-
urations (shapes) of artefacts by GRE, GRASS, SPGR
and FSPGR sequences were similar in the same se-
quence. The configurations of artefacts caused by the
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Table 5 Statistical difference between scanning sequences per material per plane for each artefact type separately (black/white)

Black artefact

Tukey—Kramer

White artefact

APA Au Ag Al Ti NC CcC Axial APA Au Ag Al Ti NC cC
ns ns ns ¢ ns ns ns FSE-T1, FSE-T2 b ns ns ns ns ns ns
b b b b b b b FSE-TI. GRASS b b b b ns ns b
b b b b b b b FSE-T1, FSPGR b b b b a b b
b b b b b b b FSE-T], GRE ns ns ns a b b b
b b b b b b b FSE-T1, SPGR ns ns b b b b b
b b b b b b b FSE-TI. FIESTA b b b b b b
b b b b b b b FSE-T1, EPI - - - - - - —
a b b b b b b FSE-T2, GRASS b b b b ns s b
ns b b b b b b FSE-TZ, FSPGR b b b b a a b
b b b b b b b FSE-T2. GRE b a s a b b b
b b b b b b b FSE-T2. SPGR b s s b b b b
b b b b b b b FSE-T2. FIESTA b b b b b b b
b b b b b b b FSE-TZ, EPI _ _ o _ _ _ o
ns @ ns @ b b 4 GRASS, FSPGR ns ¢ 4 ns b b b
b b b b b b b GRASS. GRE a b b b b b b
b b b b b b b GRASS. SPGR b b b b b b b
b b b b b b b GRASS, FIESTA b b b b b b b
b b b b b b b GRASS, EPI - - - - - - -
b b b b b b b FSPGR. GRE a b b b b b b
b b b b b a b FSPGR, SPGR b b b b b b b
b b b b b b b FSPGR. FIESTA b b b b b b b
b b b b b b b FSPGR, EPI - - - - - - -
ns ns b b b ns b GRE, SPGR b ¢ b ns ns ns ns
b b b b b b b GRE. FIESTA b b b b b b b
b b b b b b b GRE, EPI _ 7 7 ~ _ B B
b b b a b b b SPGR, FIESTA b b b b b b b
b b b b b b b SPGR, EPI _ _ o _ _ _ o
b b b b b b b FIESTA, EPI _ _ _ _ _ _ _
Black artefact Tukey—Kramer White artefact

APA Au Ag Al Ti NC cC Axial APA Au Ag Al Ti NC cC
ns ns ns ns @ ns ns FSE-T1, FSE-T2 ns ns ns ns ns ns ns
b b b b b b b FSE-T1, GRASS b b b b ns ns ns
a b b b b b b FSE-T1, FSPGR b b b b ns ns ns
b b b b b 4 4 FSE-T1, GRE “a ns ns ns b 4 4
b b b b b b b FSE-T1, SPGR ns ns ns ns b b b
b b b b b b b FSE-T1. FIESTA b b b b b b b
b b b b b b b FSE-T1, EPI - - - - - - -
a b b b b b b FSE-TZ, GRASS b b b b ns ns a
a b b b b b b FSE-T2, FSPGR b b b b ns ns ns
b b b 4 b b b FSE-T2, GRE b ns ns ns b b b
b b b b b b b FSE-T2, SPGR a ns ns ns b b b
b b b b b b b FSE-T2. FIESTA b b b b b b b
b b b b b b b FSE-T2, EPI _ 7 7 ~ _ B B
ns ns ns ns ns b b GRASS, FSPGR ns ns ns a ns ns a
b b b b b b b GRASS. GRE b b b b b b b
b b b b b b b GRASS. SPGR b b b b b b b
b b b b b b b GRASS. FIESTA b b b b b b b
b b b b b b b GRASS. EPI _ _ B B B B B
b b b b b b b FSPGR, GRE ns b a b b b b
b b b b b b b FSPGR, SPGR b b a b b b b
b b b b b b b FSPGR. FIESTA b b b b b b b
b b b b b b FSPGR, EPI - - - - - - -
b ns ns ¢ ns 4 b GRE, SPGR ¢ ¢ ns ¢ b 4 4
b b b b b b b GRE, FIESTA b b b b b b b
b b b b b b b GRE, EPI B B B B B B B
b b b b b b b SPGR, FIESTA b b b b b b b
b b b b b b b SPGR. EPI B B B B B _ _
b b b b b b b

FIESTA, EPI

—, not measured; Ag, silver alloy; Al, aluminum; APA, gold-palladium-silver alloy; Au, type IV gold alloy; CC, cobalt-chromium alloy; EPI, echo
planar imaging sequence; FIESTA, fast imaging employing steady state sequence; FSE-T1, T weighted fast spin echo sequence; FSE-T2, 75
weighted fast spin echo sequence; FSPGR, fast SPGR sequence; GRASS, gradient recalled acquisition in steady state sequence; GRE, gradient
echo sequence; NC, nickel-chromium alloy; ns, non-significant; SD, standard deviation; SPGR, spoiled GRASS sequence; Ti, titanium.

“p < 0.05.
bp<0.01.
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Table 6 Total artefact volume and standard deviation of each material in all sequences

Sequence Slice plane mnt’ APA Au Ag Al Ti NC cC
FSE-T1 Axial Volume 180.40 239.35 236.10 366.63 2783.83 4427.23 14,276.18
SD 71.93 69.02 79.31 62.61 661.95 564.35 1973.55
Sagittal Volume 209.13 212.10 230.43 367.05 2896.97 4834.60 15,042.76
SD 62.57 52.31 71.00 116.57 279.22 117.94 125.30
FSE-T2 Axial Volume 229.93 229.08 315.33 431.73 3151.70 4936.23 15,486.75
SD 160.52 112.62 160.90 22.54 273.18 450.70 1256.05
Sagittal Volume 213.45 186.93 244.53 394.55 2747.08 4623.85 14,724.10
SD 79.79 32.88 92.56 88.92 204.31 459.03 162.05
GRASS Axial Volume 552.15 734.35 781.70 1283.40 8019.80 12,069.75 35,830.40
SD 73.26 29.83 59.14 168.94 263.19 528.21 439.66
Sagittal Volume 668.28 825.95 857.38 1347.45 7803.18 11,870.85 32,587.28
SD 62.97 48.83 79.92 102.07 315.03 140.21 319.07
FSPGR Axial Volume 449.03 617.53 742.53 930.75 6812.43 10,764.98 29,675.90
SD 28.31 52.95 62.11 64.31 186.17 210.00 325.88
Sagittal Volume 469.53 565.53 732.15 1123.88 6604.13 9538.93 27,976.97
SD 111.13 119.04 73.99 158.84 129.56 546.89 2143.36
GRE Axial Volume 646.05 715.48 970.38 1465.13 8864.10 12,583.55 38,568.93
SD 112.52 35.82 71.20 51.38 349.04 2329.71 663.52
Sagittal Volume 718.49 858.23 897.45 1449.10 8091.70 12,270.43 35,521.00
SD 24.76 100.53 77.18 118.63 406.17 405.20 575.46
SPGR Axial Volume 423.25 620.90 673.58 1049.28 7513.48 11,174.88 31,808.73
SD 131.77 62.91 62.65 131.90 363.95 466.49 1057.04
Sagittal Volume 426.63 603.00 694.23 1505.98 6741.09 10,567.98 29,708.08
SD 158.94 89.28 105.44 378.29 445.06 399.43 599.89
FIESTA Axial Volume 1927.95 2081.48 2872.95 4149.60 27,904.18 45,037.85 137284.43
SD 245.75 183.09 622.27 948.88 2283.55 5466.86 26,978.39
Sagittal Volume 1561.66 2010.90 2331.10 4041.98 28,336.03 48,429.68 140,715.98
SD 231.18 243.30 414.29 513.95 2958.65 8086.54 39,851.01
EPI Axial Volume 11,415.78 13,784.95 14,447.48 19,564.98 84,957.33 124,162.53 307,877.91
SD 1536.32 1678.48 2194.94 3262.97 10,877.01 19,135.76 25,142.88
Sagittal Volume 13,301.05 15,187.08 16,144.65 22,524.50 97,447.13 145,569.90 324,727.42
SD 1403.89 1489.12 1025.04 2736.46 11,554.68 30,215.00 37,699.83

Ag, silver alloy; Al, aluminium; APA, gold-palladium-silver alloy; Au, type IV gold alloy; CC, cobalt-chromium alloy; EPI, echo planar imaging
sequence; FIESTA, fast imaging employing steady state sequence; FSE-T1, T; weighted fast spin echo sequence; FSE-T2, T, weighted fast spin
echo sequence; FSPGR, fast spoiled gradient recalled acquisition in steady state sequence; GRASS, gradient recalled acquisition in steady state
sequence; GRE, gradient echo sequence; NC, nickel-chromium alloy; SD, standard deviation; SPGR, spoiled GRASS sequence; Ti, titanium.

same material in the axial and sagittal planes were typi-
cally different and occurred in all sequences. A visual
assessment concerning particular artefact configurations
revealed that artefacts in axial images mostly fol-
lowed a circular pattern around the target origin,
whereas artefacts in the sagittal plane followed a more
amorphous (e.g. clover-like) pattern (in the case of
a cubic target).

Discussion

MRI is one of the most important tools in diagnostic
radiology for oral and maxillofacial diseases, because it
is a non-invasive and non-ionizing imaging technique
that possesses many advantages including the ability to
provide sectional images in any arbitrary plane along
with providing excellent soft-tissue contrast.” However,
the presence of metallic dental materials such as dental
restorations, dental crowns, fixed bridges, and dental or
orthopaedic implants is known to cause artefacts on
MR images. This often hampers image interpretation
and diagnosis.'*'°

Seven metallic dental materials (embedded in
a phantom), commonly used in general dentistry, were

Dentomaxillofac Radiol, 45, 20160094
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selected in this study to evaluate their artefacts on MRI.
Our results showed that Au, Al, Ag and Au-Pd-Ag
(typically used for dental restoration) produced the
smallest artefacts in all sequences. Au, which has been
widely used as fixed prosthesis, produced few artefacts
in the bulk of evaluated sequences. This finding cor-
roborates with findings by Destine et al'® and Hinshaw
et al,”! who found that gold alloy did not evoke sig-
nificant artefacts, but contrasts with findings reported
by Abbaszadeh et al.'® In this latter study, measure-
ments on artefact distance from dental Au, amalgam,
stainless steel, Ti, Ag-Pd and Vitallium™ on central axial
T, weighted images were performed, and Abbaszadeh
et al found that Au produced the greatest artefact. In the
present study, Ti (widely used as dental implants and in
various orthopaedic devices) also produced considerable
artefacts on MR images. NC and CC, used for fixed
orthodontic appliances, produced large artefacts in all
sequences, and CC caused the largest artefacts among all
tested materials. This is most likely due to the specific
ferromagnetic compositions of these alloys. Our Ti
result is in accordance with previous reports stating
that Ti produced high-to-moderate magnitude arte-
facts in all sequences.'***?* However, there are also
contrasting reports stating that Ti caused no significant
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Tukey—Kramer
Sagittal

Table 7. Continued

Combined
APA

cc

NC

Al

Ag

Au

FSPGR, FIESTA

FSPGR, SPGR
FSPGR, EPI

FSPGR, GRE

ns

b

GRE, SPGR

ns

b

GRE, FIESTA
GRE, EPI

b

SPGR, FIESTA

SPGR, EPI
FIESTA, EPI

—, not measured; Ag, silver alloy; Al, aluminium; APA, gold—palladium-silver alloy; Au, type IV gold alloy; CC, cobalt-chromium alloy; EPI, echo planar imaging sequence; FIESTA, fast
imaging employing steady state sequence; FSE-T1, T} weighted fast spin echo sequence; FSE-T2, T, weighted fast spin echo sequence; FSPGR, fast SPGR sequence; GRASS, gradient recalled

acquisition in steady state sequence; GRE, gradient echo sequence; NC, nickel-chromium alloy; ns, non-significant; SD, standard deviation; SPQR, spoiled GRASS sequence; Ti, titanium.

a
b

< 0.05.
<0.01

P
P

h
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metal artefacts in particular sequences.”'®** These
contradictory results arising from the various metal
dental materials found between our study and others
are likely due to the different shape and composition
of the materials, the specific imaging parameters, ex-
perimental methods and, importantly, the absence of
standardized criteria (such as ASTM-F2119’s stand-
ards) to objectively evaluate MRI artefacts. These
issues make direct comparisons and interpretations
between previous (unstandardized) studies and the
current (standardized) study challenging.

The artefacts produced on MR images can be seen in
various configurations and forms, from voids to bright
streaks.”® The present results showed that both white
and black artefacts emerged in FSE sequences
(Figure 4), whereas only black artefacts were seen in EPI
sequences. Some authors'***2’ reported that the me-
tallic artefacts appearing on FSE images were less than
those appearing on GRE images. Our results corrobo-
rate this. This is probably due to the fact that the 180°
radiofrequency pulse in the FSE sequence refocuses
spins, thereby reversing the effects of static magnetic
field defects, whereas in GRE sequence, a small mag-
netic field is superimposed onto the main field which
makes it a more “metal sensitive” sequence.”® As such,
the FSE technique is less influenced by artefacts when
imaging patients with metal restorations or implants in
the area of interest. The present results show that the
artefact configurations within GRE, GRASS, SPGR
and FSPGR sequences are similar in the same material
(Figure 3). Although these sequences had different rep-
etition times and echo times, the sequence tables were
similar concerning the excitation pulse and the specific
timing of magnetic field inversion. The present results
showed that the artefact configurations in FIESTA
and EPI sequences produced the largest artefacts of
all sequences, most likely as these sequences are quite
sensitive to deviance within magnetic field homoge-
neity. The present study also showed that all artefacts
were symmetrical along the central axis of the
frequency-encoding direction (Figure 4). This might
be an important observation to consider when inter-
preting the structures around metal dental materials
on MR images. In all sequences, the configurations of
artefacts caused by the same material in the axial and
sagittal planes were different; this is likely to be
a consequence of changes in the imaging direction
within the magnetic field. In some specific cases, it
might be possible to utilize configurational differ-
ences between the scanning direction (e.g. axial and
sagittal) to allow for improved medical diagnosis.

One limitation of our study is that we used a fixed
phantom with 10-mm?® cubes; this is obviously quite
different from an in vivo examination in which artefact
configurations and sizes are different between different
sections (perhaps due to irregular shapes of the metal
objects). However, even with homogenously shaped
objects (such as the ones used in the current study),
configurational differences between scanning directions


http://birpublications.org/dmfr

An evaluation of metallic artefacts during fast MR imaging
Murakami et a/

11 of 13

Total Artifact Volume per Metal per Sequence per Plane
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~
o
1
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o
D
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n
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EPI
FIESTA
FSE-T1
FSE-T2
FSPGR
GRASS

o]

RE

Connected with
dashed line indicates
that sequences are
not significantly
different.

SPGR

T T T T T T U T
Au APA Ag Al Ti NC CC Au

T T T T T T
APA  Ag Al Ti NC CC

Dental Material

Figure 3 Overview of artefact volume per material, sequence, plane and significance between sequences. abs, absolute; Ag, silver alloy; Al,
aluminium; APA, gold-palladium-silver alloy; Au, type IV gold alloy; Ax, axial; CC, cobalt-chromium alloy; EPI, echo planar imaging;
FIESTA, fast imaging employing steady state; FSE, fast spin echo; FSE-T1, T} weighted FSE sequence; FSE-T2, T, weighted FSE sequence;
FSPGR, a fast SPGR; GRASS, gradient recalled acquisition in steady state; GRE, gradient echo; NC, nickel-chromium alloy; Sag, sagittal; Seq,

sequential; SPGR, a spoiled GRASS; Ti, titanium.

do arise, providing a configuration baseline to be used
in in vivo examinations.

Naturally, when making a clinical diagnosis, physi-
cians and dentists need to observe the underlying
structures to assess the cause and extent of particular
pathology. This is often impeded by metal implants. In
some cases, a solution would be to choose a different
scanning sequence; however, this is not always possible.
For instance, when using functional MRI, the EPI se-
quence is indispensable and particular metal materials
such as CC or NC may occlude or distort large portions
within these images. When EPI is deemed necessary,
a clinician may opt to take out the affecting material
before scanning. However, in FIESTA sequences, in
which most tested materials show large artefacts (espe-
cially in the temporomandibular joint and pharynx re-
gion), when the material is far enough from the area or
interest, dynamic MRI sequences (e.g. swallowing) can
still be carried out (the same holds for metal materials in
artificial joints when, for example, performing a dy-
namic diagnosis in the hip joint). It is therefore up to the
discretion of the clinician to opt for a (potentially in-
vasive) extraction procedure which depends on the re-
quirement of the particular sequence as well as finding
a way of reducing artefacts. A capable MR physicist

will be able to contribute to these important matters.
The current article provides standardized information
(following ASTM-F2119) to aid clinicians in making
a more informed choice concerning suitable MR
parameters when faced with dental materials in to-be-
scanned patients. Note, our findings are not only im-
portant for the OMR; for example, titanium is also
frequently used in replacement of joints (such as hip and
elbow joints), and neurologists (and neuroscientists) will
benefit from knowing how dental materials influence
MR scanning of the head region.

Conclusions

The way dental magnetic materials influence the con-
figuration and the extent of MR artefacts depends on
the specific properties of these materials and the se-
quence involved. For example, a non-ferromagnetic
material such as Au does not significantly elicit artefacts
in fast MRI. However, the presence of ferromagnetic
materials such as Ti, NC and CC in to-be-scanned areas
should be evaluated before the actual start of fast MR
sequences, as they may produce large artefacts. Con-
cerning the sequences: if there is no reason to use any of

birpublications.org/dmfr
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APA Au Ag Al

Ax

FSE-TI

‘ ’ Sag

Ax
FSE-T2
Sag
Ax
GRE
Sag
Ax
GRASS
Sag
Ax
SPGR
Sag
Ax
FSPGR
Sag
“ Ax
FIESTA
Sag
Ax
BPI
Sag

Figure 4 Centre weighted images for each material, per sequence per plane. Ag, silver alloy; Al, aluminium; APA, gold—palladium-silver alloy;
Au, type IV gold alloy; Ax, axial; CC, cobalt-chromium alloy; EPI, echo planar imaging; FIESTA, fast imaging employing steady state; FSE-T1,
FSE-T1, T, weighted FSE sequence; FSE-T2, 7, weighted FSE sequence; FSPGR, a fast spoiled gradient recalled acquisition in steady state;
GRASS, gradient recalled acquisition in steady state; GRE, gradient echo; NC, nickel-chromium alloy; Sag, sagittal; SPGR, a spoiled GRASS;
Ti, titanium.
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the other sequences, FSE sequences seem to be the
proper choice, as this gives the least amount of artefacts.
However, if other sequences (such as EPI or FIESTA)
are necessary and materials such as CC, NC and Ti are
encountered, it may be necessary to extract these
materials before scanning. Lastly, there is no difference
in artefact volume between the axial and sagittal planes
although their configuration is different.
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