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ABSTRACT

Objectives. The aim of this study was to test the hypothesis that dental materials vary
significantly in MR-relevant material parameters—magnetic susceptibility and electrical
conductivity, and that knowledge of these parameters may be used to estimate the quality
of MR imaging in the presence of devices made of such materials.

Methods. Magnetic susceptibility, electrical conductivity and artifacts were evaluated for 45
standardized cylindrical samples of dental alloys and amalgams. Magnetic susceptibility
was determined by fitting the phase of gradient-echo MR images to numerically modeled
data. Electrical conductivity was determined by standard electrotechnical measurements.
Artifact sizes were measured in spin-echo (SE) and gradient-echo (GE) images at 1.5 T accord-
ing to the standards of the American Society for Testing and Materials.

Results. It has been confirmed that dental materials differ considerably in their magnetic

gugcantihility alactrical conductivity and artifacts For tvnical dental deviceg maonetic qug-
susceplivlily, eiecirica: conauctivity and aruiacts. ror typica. aenta: aevices, magnelic sus

ceptibility differences were found of little clinical importance for diagnostic SE/GE imaging
of the neck and brain, but significant for orofacial imaging. Short-TE GE imaging has been
found possible even in very close distances from dental devices made of amalgams, pre-
cious alloys and titanium alloys. Nickel-chromium and cobalt-chromium artifacts were
found still acceptable, but large restorations of aluminum bronzes may preclude imaging of
the orofacial region. The influence of electrical conductivity on the artifact size was found
negligible.
Significance. MR imaging is possible even close to dental devices if they are made of den-
tal materials with low magnetic susceptibility. Not all materials in current use meet this
requirement.

© 2007 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.

1. Introduction associated with a growing number of patients with metal

devices present in the orofacial area, such as dental crowns,
The increasing number of indications for magnetic resonance fixed bridges, splints and implants, surgical fixtures and clips.
1mnmno (Mml\ examination of the head and neck regions is While MR examination is a very usgeful noninvasive 1mno1no
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.............. ra natler\.t with a met

device and/ or 1t may prov1de confusing results due to artifacts

caused (i) by the static field inhomogeneity arising from the
difference in the mncnphr’ anrnnhhrhfv of the dental device

llic dental

and the observed tissue [1,2] and (11) by varying magnetic fields

ancrno from pr']r]v currents induced in a conductive device

by the excitation radlo frequency (RF) field [3,4] or switched
gradient fields [5]. Thus, it may be possible to use magnetic

anr’pnhhﬂﬂ'\r and electrical r’nnr]nr’hmfv of a material as indi-

cators of the impact of the material on the arising MR artifact,
which, however, further depends on the device shape and
orientation, the static magnetic field strength and the pulse
sequence type (echo type, dimensionality) and parameters
(such as gradient pulse amplitudes, echo time, volume-of-
interest position and orientation). Magnetic and conductive
materials also raise safety concerns; investigation of MR safety
aspects of metallic dental materials is, however, beyond of the
scope of this paper. MR compatibility is becoming particularly
important as the use of clinical high-field scanners (operating
mostly at 3T) are gaining ground.

The information about magnetic susceptibility and elec-
trical conductivity is not readily available for most of the
materials used in dentistry. To the authors’ knowledge, corre-
lation between susceptibility and spin echo image disturbance
has been studied for dental alloys of precious metals only [6]
and no comparative study has been performed for a wider
range of metallic dental materials. Some studies [7,8] report
differences in the artifact sizes caused by the presence of
metallic dental materials in the oral cavity. While the absence
of artifacts has been reported for amalgams, restorations
from precious alloys and titanium implants [9,10], large image
deformations have been found with non-precious alloys [7].
Differences in artifact sizes, magnetic susceptibilities and

electrical conductivities of various metallic dental materi-

als have been observed in the authors’ preliminary study
[8,11], but no standardized measurement of artifacts and their
comparison with MR-relevant material parameters has been
performed.

The aim of this study was to measure the magnetic sus-
ceptibility and the electrical conductivity of metallic dental
materials in current use, to quantify the MRI artifacts found
in images measured with standardized samples by standard
pulse sequences and, ultimately, to support the preference
of more MR-compatible materials by providing dentists and
dental material manufactures with indications concerning the
MR-relevant dental material parameters.

2. Materials and methods
2.1. Metallic dental materials

Cylindrical samples, 4 mm in diameter and 20 mm in height,

were cast nrrnrﬂ1no to the instructions of manufacturers

of 45 commerc1a11y available amalgams and dental alloys:
high-noble, noble (gold and palladium based) and pre-
dominantly base metal alloys (titanium, aluminum bronze,
cobalt-chromium and nickel-chromium alloys). The names,
the manufacturers and the compositions of the metallic den-
tal materials examined are listed in Table 1.

2.2.  Determination of magnetic susceptibility

MRImeasurements were used to determine the dimensionless
volume magnetic susceptibility x on a 1.5-T whole-body scan-
ner (MAGNETOM Symphony, Siemens AG, Germany). Each

cylindrical sample was placed in a polymethyl methacry-
late ID’MH\/TA\ holder in pnrn”n] with the static magnetic

ale (FiVviA) Nolger In arallel 1t 1Ine Stalle Mmagnetlc

field By and immersed in a CuSO4 solution (1.25g/L) with
susceptibility close to water (xwater=—9.05x 107°), closely
approximating the susceptibility of human tissues. 2D gra-
dient echo images with suitable echo times (TE) were taken
from 2 mm-thick slices perpendicular to the static magnetic
field By and set to intersect the sample in the middle. Echo-
time TE=6ms was selected for aluminum bronzes with the
largest artifacts, TE =10 ms was used for all other non-precious
alloys, and TE=40ms for amalgams and alloys of precious
metals with the smallest artifacts. Reference images were
taken from the same location. The slice selection gradient
of 20mT/m (850Hz/mm) was sufficient to limit the cen-
tral slice deviation to less than 2mm (4mm for aluminum
bronzes), which was confirmed to be true and negligible by

numerical mnr"ln'hna and hv rmncnno nfnrr'hnannn] slices, The

readout-direction dlstortlon could not be neglected with the
gradient of 15.5mT/m (661Hz/mm, used for measurements
with TE=6 ms) or 6 mT/m (256 Hz/mm, used with TE of 10 and
40 ms) and was taken care of in data evaluation [8]. Unwrapped
phase images were used for the construction of By inhomo-
geneity maps. The field distortion due to the sample was
calculated by subtracting the field maps acquired with and
without the material sample. These data were compared with
the results of a numerical model based on the Fourier-domain
field calculation [12,13]. The values of difference magnetic sus-
ceptibility Ax=x — xwater Were found by least-squares fitting.
Field map calculations and fitting were accomplished in Mat-
lab (The MathWorks Inc., USA).

2.3.  Determination of electrical conductivity

The electrical conductivity ¢ (S/m)was determined by a stan-
dard electrotechnical measurement. The cylinder under test
was connected by copper contacts to a current circuit with a
dc current supply (I=2A, stability 2 x 10~3) and an ammeter.
Voltage drop U (V) was measured using two test clips attached
to the cylinder =14 mm apart. The electrical conductivity was
calculated from o =411/(zd2U).

2.4. Assessment of artifacts

For the measurement of the artifacts the ASTM F2119-01 stan-
dard [14] was used. A cylindrical sample was placed into a
PMMA holder and immersed in a CuSO4 solution (1.25 g/L)
at the center of a box-shaped phantom made of PMMA
with the inner dimensions of 100mm x 100 mm x 100 mm.

Three r’vhnﬂrmq'l PMMA bars were nositioned inside the

10T Anarical MUIMIA S DAXS cic posiilohca INsIice

cube near its edges for reference. Imaging was performed
with a Siemens Magnetom Symphony 1.5-T whole-body
scanner.

Artifacts were measured for all the materials examined
with the exception of alloys of precious metals made by C
Hafner, which were not available at the time of measure-
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Table 1 - List of metallic dental materials tested

Brand name Manufacturer Composition with mass (%)
Amalgams

Starfill NG2 Ogussa (Austria) Ag 70, Cu 15, Hg 3, Sn 12

Ana 2000 Duet Nordiska Dental (Sweden) Ag 43, Cu 25.4, Hg 2, Sn 29.6

Safargam Plus Safina (Czech Republic) Ag 50, Cu 20.1, Sn 29.9

Safargam NG2 Safina (Czech Republic) Ag42, Cu 26.5, Sn 31.5

Safargam Special Safina (Czech Republic) Ag69.4, Cu 4.6, Sn 26

Ana 70 Duett Nordiska Dental (Sweden) Ag 69.3, Cu 10.9, Sn 19.4, Zn 0.4

Precious alloys
Aurosa

Pangold Keramik N2

Safina (Czech Republic)
C Hafner (Germany)

Au 18 kar Pt Safina (Czech Republic)
Argenpal IV A Safina (Czech Republic)
PelEiem Selinm (Craas Replsiic)
Aurix L 60 Safina (Czech Republic)
Pangold C Hafner (Germany)
Koldan Safina (Czech Republic)
Aurix L Safina (Czech Republic)
Orplid Keramik PF C Hafner (Germany)
Orplid Keramik 4 C Hafner (Germany)
Safibond Bio Safina (Czech Republic)
Orplid Keramik 3 Hafner (Germany)
Safibond Plus Safina (Czech Republic)
Orplid Keramik 5 Hafner (Germany)
Orplid Keramik 2 Hafner (Germany)

Ti
Biotan Schiitz-Dental Group (Germany)
Titanium soft NA
Titanium hard NA
Titanium Gr2 Orotig (Italy)

Ni-Cr-Mo
I-Bond 02 Interdent (Slovenia)
Wiron 99 Bego (Germany)
Remanium GW Dentaurum (Germany)
Wirolloy Bego (Germany)

Non-precious alloys Co-Cr
Duceralloy Degussa (Germany)
I-Bond NF Interdent (Slovenia)

Remanium Star
Remanium GM800
I-MG

Dentaurum (Germany)
Dentaurum (Germany)
Interdent (Slovenia)

Wirobond C Bego (Germany)
Oralium Ceramic Safina (Czech Republic)
BNF2000 Elephant Industries BV (Netherlands)
Wironit Bego (Germany)
Sheradent Shera W-T (Germany)
Brealloy C +B270 Bredent (Germany)
Oralium Safina (Czech Republic)
Al-Cu-Ni
Orcast Madespa (Spain)
Orcast plus Madespa (Spain),
NPG Aalba Dent Inc. (USA)

Ag44.38, Au 20, Cu 14.4, Pd 20, Zn<1
Ag20,Au15,Gal,In6,Pd52.3,Pt0.1,Re 0.1, Sn 5.5
Ag8.3,Au74.3,Cull4,Pt6

Agh59.9, Au 5, Cu 10, Ir<1, Pd 22.5, Sn<1, Zn 2
Ag57.5,Pd 40, Sn<1,Zn 2.1

Ag 26, Au 54.5,Cu 12, Pd 5, Pt<1, Zn 2
Ag59,Aub5,Cu12,Pd23,Zn1

Ag89.9,Sn 9.3, Zn<1

Ag 20, Au 65.1, Cu9.6,Pd 3,Pt 1.3,Zn 1

Au77.7,1r 0.1, Pt 19.5,Ru 0.4, Ta 0.3, Zn 2
Ag1.7,Au74.5,Cu0.1,In 2.9, Ir 0.1, Pd 10, Pt 10.2, Sn 0.5, Re 0.1
Ag2,Au77.6,Ir<1,Pt 18, Ti<1,Zn 1.8

Ag0.5, Au84,Cu0.1,In24,1Ir 0.1, Pd 4.7, Pt 8.2

Au 78,1Ir<1,Pd 6.8, Pt 11.5

Au86.2,Mn 0.1,Pt 11.5,Zn 1.5

Au 87.5,Fe0.5,In 1, Pt 11

C<0.1,Fe<0.2, Ti 99.5
NA

NA

Ti 99.78

Ce 0.3, Cr 22.6, Fe 0.5, Mo 9.6, Nb 1, Ni 65, Si 1
C<0.02, Ce 0.5, Cr 22.5, Fe 0.5, Mo 9.5, Nb 1, Ni 65, Si 1
Cr 20.5, Mo 5, Ni 66, Si 1.5

C<0.1, Cr 23,Fe 9, Mo 3,Ni 63.2,Si 1.8

Co 60, Cr 25, W 9

Co63,Cr24,Mo3,Nb1,Si1, W8

Co 60.5, Cr 28, Si 1.5, W 9

Co 63.3, Cr 30, Mo 5, (C, Mn, N, Si)

C 0.3, Co 62.5, Cr 29.5, Mn 0.6, Mo 5.5, Si 1.4
C<0.02, Ce 0.5, Co 61, Cr 26, Fe 0.5, M0 6, Si1, W5
Co 61, Cr 26, Fe <2, Mn <2, Mo 6, Si<2, W 5

Co 65.8, Cr 20, Mo 6, W 6, (Fe, Mn, Ni, Si)
C<0.35, Co 64, Cr 28.65, Mn <0.35, Mo 5, Si<0.35
Co67,Cr 21, Mo 6, W 6

Co 66, Cr 20, Mo 6, Si 0.9, W 6, (C, Mn)
C<2,Co63.5, Cr 28.5, Fe<2, Mn <2, Mo 5.8, Si<2

Al 9.5, Cu 83.5, Ni 5, (Fe)
Al7, Cu 83, Ni5, (Fe)
Al7.8, Cu 80.7, Fe 3, Mn 1.7, Ni 4.3, Zn 2.7

ment, First,

Orcast and NPG) were tested in parallel and perpendicu-

1 u & um,

our selected samples (Titanium Gr2, Oralium

Q sSamp

lar orientations with respect to the static magnetic field By
using standard pulse sequences (bandwidth 32 kHz, field of
view 120mm x 120 mm, matrix size 256 x 256, slice thick-
ness 3mm). Multislice turbo spin echo (SE) sequence with
TR=3000ms, TE=15ms and the refocusing pulse flip angle

of 180°, and gradient echo (GE) sequences with TR =200 ms,
TE=10ms and the flip angle of 35° were used for all mea-
surements. Multiple “sagittal” slices (assuming head-first
supine patient orientation), covering the extent of the arti-
fact, were acquired with and without the sample using both
possibilities of assignment of readout and phase-encode
directions.
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For the

the distance (mm) from
of the artifact, Marev151 (software for MRI and MRSI data

visualization and nrnr‘pcmno hv Institute for R1nr"|monnchr'c

de fermination of the

NRC, Canada) was used. To measure the artifact, a rectangu-
lar region of interest (ROI) centered at the image center and
enclosing the whole artifact was selected first. Then, the mean
intensity of the reference image in the same ROI was deter-

mined and the test vmncm 1nfpnc1h7 thresholds were set to

values 30% above and below this value making all pixels with

intensities hmmnr] the thresholds black or white qun_o the

knowledge of the dimensions of the cylindrical sample and
its position relative to the reference cylinders, a circle or rect-
angle (depending on the sample orientation with respect to
the static magnetic field Bp) was drawn into the exact posi-
tion of the sample in the image. The measurement tools of

Marevisi were used to find the distance between the Qnmn]p

boundary and the fringe of the artifact. The maximum dlS-

tance found in the entire set of images was finally used to
characterize the artifact size in spin echo and gradient echo
images.

For all other samples the measurement was limited to
acquiring “sagittal” slices perpendicular to the sample cylin-
ders, using vertical (PA) readout direction for both SE and GE,
since this combination was found always to give the maximal
artifact extent for all the tested cylinders.

3. Results

Differences in magnetic susceptibilities with 95% confidence
intervals, electrical conductivities and maximal extents of
artifacts for GE and SE are listed in Table 2. None of the
materials tested was found to be ferromagnetic. Nevertheless,
considerable differences in magnetic susceptibility, electrical
conductivity and artifact extents have been found even among
materials of a similar chemical composition (Fig. 1). For GE,
the relationship between magnetic susceptibility of a metal-
lic dental material and the extent of the corresponding MRI

artifact is displayed in Fig. 2 .

3.1.  Amalgams and alloys of precious metals

No significant differences were found between the amal-
gams studied. All of them were found to be diamagnetic,
with low difference susceptibilities in a very narrow range of
—17.5 x 10 to —29.6 x 10~°. Their conductivities are between
3.24MS/m and 4.13MS/m. The artifacts extended to only
4.3-49mm for GE and 2.6-3.4mm for SE from the cylinder
surface.

Alloys of precious metals, characterized in most cases
by very low negative difference in magnetic susceptibility
(between —10.6 x 107% and —24.4 x 107%) and small artifacts
(3.4-4.3mm for GE and 2.3-3.4 mm for SE), vary greatly in their
electrical conductivity (2.55-9.41 MS/m). In the single case of
Orplid Keramik 2, marked by the presence of a low amount
of iron, an elevated difference in magnetic susceptibility of
189.5 x 10~® has been found. Orplid Keramik 5 turned out to
be only slightly paramagnetic.

107

electrical conductivity [MS/m]
(=]

210

-

A
a rn
—a— T T T
-500 0 500 1000 1500 2000 2500 3000 3500 4000
M Precious alloys < Amalgams ANi-Cr-Mo ACo-Cr OTi @ Al-Cu-Ni

magnetic susceptibility [10°°]

Fig. 1 - Comparison of the MR-relevant physical properties
of metallic dental materials. For each material tested, a
mark indicates its electrical conductivity and magnetic

suscentihility ags measured in this studv. Materials with low

SUSCePIIDILILLY asS Ineasurlred 1 11s STUCQy. Afalerials with oV

values of both parameters are preferable, but according to
our measurements in the 1.5 T-clinical system, low
susceptibility matters most.

3.2.  Non-precious alloys

No significant differences were found between titanium-
based alloys. Their difference in magnetic susceptibilities

35 -
L 2

30

25 8

20 - E
15 :

10

artifact extent [mm]

magnetic susceptibility [10°°]

[ o= T T T T T T

-500 0 500 1000 1500 2000 2500 3000 3500 4000
M Precious alloys ¢ Amalgams ANi-Cr-Mo ACo-Cr OTi # Al-Cu-Ni

Fig. 2 - The relationship between magnetic susceptibility
and the extent of the arising MRI artifact, as determined
with standardized cylindrical metallic dental material
samples immersed in CuSO4-doped water, oriented
perpendicularly to the static magnetic field By, and a
standard gradient-echo imaging pulse sequence
(TR=200ms, TE =10 ms, “sagittal” slice orientation, vertical
(PA) readout direction). The data follow from Table 2.
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Table 2 - Difference magnetic susceptibility, electrical conductivity and artifact size determined for the metallic dental

materials tested

Brand name Ax (107) o (MS/m) dge (mm) dsg (mm)
Amalgams
Starfill NG2 —17.5 (—17.8, —17.1) 3.41 - -
Ana 2000 Duet —17.9 (—18.3, —17.4) 3.92 - -
Safargam Plus —22.4 (—23.1, —21.7) 3.79 43 2.6
Safargam NG2 —23.7 (—24.5, —23.0) 4.13 43 3.1
Safargam Special —29.4 (—29.9, —28.8) 3.24 4.9 33
Ana 70 Duett —29.6 (—30.0, —29.1) 3.67 4.9 34
Precious alloys
Aurosa —10.6 (—10.9, —10.3) 4.77 34 23
Pangold Keramik N2 —12.2 (-12.5, -12.0) 2.63 - =
Au 18 kar Pt —12.6 (—13.0, —12.2) 3.85 3.6 24
Argenpal IV A ~13.4 (—13.7, —13.1) 6.23 3.7 2.5
Palargen L —13.5 (—13.8, —13.1) 4.07 3.6 2.4
Aurix L 60 —13.8 (—14.4, -13.2) 7.02 3.8 25
Pangold —15.9 (-16.1, —15.6) 8.76 - -
Koldan —16.0 (—16.4, —15.6) 2.55 3.8 2.7
Aurix L —16.5 (—16.8, —16.2) 5.75 3.8 29
Orplid Keramik PF —16.5 (—16.8, —16.3) 4.67 - -
Orplid Keramik 4 —20.0 (—20.3, —19.7) 4.78 - -
Safibond Bio —20.5 (—21.2, —19.8) 5.37 41 32
Orplid Keramik 3 —22.8(—23.3, —22.4) 7.27 - -
Safibond Plus —24.4 (—25.3, —23.5) 5.49 4.3 34
Orplid Keramik 5 28.7 (27.9, 29.6) 6.99 = =
Orplid Keramik 2 189.5 (188.4, 190.7) 9.41 = -
Ti
Biotan 156.9 (155.8, 157.9) 1.89 111 9.2
Titanium soft 160.5 (158.8, 162.3) 1.75 11.4 9.8
Titanium hard 164.7 (163.1, 166.0) 1.79 11.7 10.1
Titanium Gr2 188.9 (185.9, 191.9) 1.84 11.7 10.0
Ni-Cr-Mo
I-Bond 02 358.1 (356.5, 359.7) 0.81 14.7 13.6
Wiron 99 378.5 (376.7, 380.3) 0.80 15.1 13.4
Remanium GW 456.6 (455.3, 457.8) 0.89 16.4 14.8
Wirolloy 1209.7 (1202.9, 1216.5) 0.84 21.9 24.1
Non-precious alloys (Co—Cr)
Duresalloy 772.0 (769.6, 774.4) 1.08 19.2 18.6
I-Bond NF 772.1 (762.8, 781.4) 1.14 19.6 19.0
Remanium Star 783.0 (773.0, 792.9) 1.09 19.7 19.2
Remanium GM800 878.7 (875.2, 882.2) 1.15 20.1 18.9
I-MG 892.7 (888.2, 897.2) 1.15 20.4 19.4
Wirobond C 908.8 (905.9, 911.8) 1.18 20.6 20.2
Oralium ceramic 913.5 (908.5, 918.4) 1.18 20.8 20.1
BNF2000 1107.0 (1095.2, 1118.8) 1.15 21.7 21.9
Wironit 1157.4 (1151.0, 1163.9) 1.23 21.8 22.2
Sheradent 1228.4 (1222.5, 1234.4) 1.19 22.6 22.7
Brealloy C +B270 1234.7 (1228.0, 1241.3) 1.18 23.2 23.1
Oralium 1498.4 (1495.0, 1502.0) 1.26 25.4 27.1
Al-Cu-Ni
Orcast 1527.1 (1519.6, 1536.4) 5.00 25.8 27.2
Orcast plus 2383.3 (2371.8, 2394.8) 5.00 28.9 31.0
NPG 3657.8 (3637.0, 3678.5) 4.35 33.2 40.3

The difference magnetic susceptibility Ax=x — xwater Was calculated as the linear regression coefficient in fitting the By inhomogeneity map
measured in CuSOy solution surrounding the material to the numerical model map [8,12,13]. Goodness of fit R? >0.96 was achieved with all
materials; the interval in round parenthesis denotes 95% confidence interval of the fitted coefficient Ax- o (MS/m) denotes the conductivity, dge
(mm) and dsg (mm) are the maximum distances between the sample surface to the fringe of the artifact in the gradient echo and the spin echo
multislice images, respectively.
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ranged from 156.9 x 1076 to 188.9 x 107, electrical conductiv-
ities from 1.75MS/m to 1.89MS/m and artifact extents from
11.1mm to 11.7 mm for GE and from 9.2mm to 10.1mm for
SE.

Low conductivity from 0.8 MS/m to 0.89 MS/m was found for
nickel-chromium-based alloys. With a difference in magnetic
susceptibility of 358.1 x 10~° to 456.6 x 10~°, and 1209.7 x 10~°
for Wirolloy, the artifact extents were 14.7-21.9 mm for GE and
13.4-24.1 mm for SE.

Cobalt-chromium alloys vary significantly in their suscep-
tibility difference from 772 x 10~ to 1498 x 10~°, which led to
artifact extents of 19.2-25.4mm for GE and of 18.6-27.1mm
for SE. On the contrary, their conductivity was found to be low
and in a narrow range of 1.08-1.26 MS/m.

The highest differences in susceptibilities, between
1527 x 107% and 3658 x 10~%, and consequently largest artifact
extents, from 25.8 mm to 33.2 mm for GE and from 27.2 mm to
40.3 mm for SE, were found for aluminum bronze alloys. Their
conductivities are 4.35-5.00 MS/m.

4, Discussion

4.1.  Material properties characterizing MR
compatibility

The extent of artifacts caused 'hv metallic dental devices

depends on the magnetic susceptlblhty and the electrical
conductivity of the device, its shape and orientation in the
magnetic field, its placement in the oral cavity and on
numerous MR measurement parameters, related to the MR
scanner specifications, the desired type of contrast, volume-
of-interest, and practical experiment time limitations. Dental
manufacturers and dentists, however, can impact only the
device composition, stress state of its crystalline structure
and, to a limited extent, its shape, size and orientation.
Since the MR-relevant physical parameters of a metallic mate-
rial - its magnetic susceptibility and electrical conductivity
- depend on its microstructure in a complex way, the two
parameters are convenient indicators of the MR quality of
the material. The ideal material would have zero electrical
conductivity o (5/m) and a magnetic susceptibility identical
to that of the observed tissue. As the magnetic susceptibil-
ity of most soft tissues appears to be within +10-20% of
that of water, xwater [1], the ideal material for soft tissue
imaging is characterized by the difference in magnetic sus-
ceptibility Ay = x — xwater €qual to zero. Non-fulfilment of this
condition leads to mislocalization and signal-loss artifacts
due to inhomogeneity of the static magnetic field Bo. The
absence of susceptibility artifacts on teeth-water [15,16] and
teeth-tongue [17] interfaces in MRI of water-based media or
with tongue surrounding teeth indicates that the magnetic
susceptibility of teeth may also be close to xwater- Higher elec-

trical conductivity facilitates the induction of eddy currents
that may lead to artifacts due to local RF field B; inhomo-
geneity and/or due to gradient-switching induced transient
Bp inhomogeneity around metallic devices in off-isocenter
positions. Radiofrequency heating, also increasing with con-
ductivity, cannot be assessed generally without the knowledge

of the specific shape and orientation of the dental device [18].

4.2, Comments on the measurement results

The magnetic susceptibility and electrical conductivity of 45

metallic dental materials in current use were evaluated in

this study. Unlike the authors’ previous study [8,11] at 4.7 T,
the magnetic susceptibilities of dental materials reported here
were measured in a 1.5T whole body system and suitable
echo times (TE) were selected to optimize the artifact size
for various materials and the quality of the respective Bg
inhomogeneity maps. In this way, better reliability of fitting
the By inhomogeneity maps to the numerical model [8,12,13]
was achieved. It was found that the difference in magnetic
susceptibility |x — xwater] Of the observed materials ranges
approximately from 11 x 10~° to 3660 x 10~° and the electrical
conductivity from 0.8 MS/m to 9.41MS/m. An obvious depen-
dence of artifact extents (from 3.4mm to 33.2mm for GE, and

from to 2.3mm to 40.23 mm for SE) on the magnetic suscentibil-

romioZ2mmio<l.2minlioron)on tne magnetlc susceplliblil

ity has been found (Fig. 2). On the other hand, neither a clear
relation between image artifacts and electrical conductivity,
nor a distinct B;-type artifact was identified in the 1.5-T mea-
surements, unlike the preliminary work in 4.7 T [8] where a
distinct B1-type artifact linked to the orientation of the saddle

coil had been observed. The difference of the 1.5-T measure-

ments consisted mainly of a lower spatial resolution, gradients

and flip angles, and usage of a circularly polarized head coil.
The nr]r]v current effects due to the 'h1a'hnr electrical conduc-

tivity may play some role, though, in hlgher fields and in MR
of the jaw.

4.3. GE versus SE

Surprisingly, it was found that for materials with susceptibil-
ities |x — xwater| >1100 x 1076 the SE artifacts extend further
from the cylinder site than those obtained by GE (Fig. 3 ).
Nevertheless, the overall artifact size is always larger for GE,
although, it can be reduced by lowering TE [19] or, if possible,
by aligning the device with the static magnetic field By. As the
GE artifact volume is approximately bound to the volume in
which the local phase gradient of transverse magnetization
exceeds 27 per voxel size, and because the phase gradient is
proportional to both TE and susceptibility, the dependence of
artifact size on susceptibility depicted in Fig. 2 can also be
used to estimate the dependence of the artifact size on TE.
For artifact suppression it is usually recommended to use SE
[19] whenever possible. However, while the signal void caused
by GE is clear to interpret, the bright artifact structures in SE
images may be misinterpreted because they may originate in
tissues, which are close to the metal, but located far away from
the position in which they appearin the image or even far away
from the observed image slice [20]. Such signals, coming from
locations with high By inhomogeneity, are made detectable by
the phase refocusing inherent in the SE technique. Geometric

distortions, mncﬂv hiddenintheno- Q1cnn] artifactsin most GE

images, pose another interpretation problem in SE images. As
slice distortion can be avoided when true 3D encoding is used
[20], 3D SE and 3D GE are recommended over 2D (including
multislice) imaging. GE is preferable whenever safe interpreta-
tion is crucial and SE is not needed for specific tissue contrast
enhancement.
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Fig. 3 - Artifacts caused by the bronze alloy NPG (Aalba Dent Inc., USA) in GE and SE MRI. The cylindrical sample was
immersed in a CuSO4-doped (1.25 g/L) water, oriented perpendicularly to the static magnetic field B and imaged with
standard imaging pulse sequences with FOV =120 mm x 120 mm, matrix 256 x 256, slice thickness 3 mm, slice distance

6 mm. Slices are distributed symmetrically around the sample center. (a) GE: TR=200ms, TE=10ms, slice orientation
“sagittal” with “PA” readout direction, flip angle 30° and (b) SE: TR=3000 ms, TE =15 ms, refocusing pulse flip angle 180°.
The maximum distance between the sample surface to the fringe of the artifact (40.3 mm) was found in the highlighted SE

slice (24 mm from the sample center).

4.4.  Material classification

Unambiguous strict classification of metallic dental materials
based on material properties only, without the specifica-
tion of MRI examination parameters, the imaging region and
the expected device geometry, is impossible. Obviously the
acceptability of the artifact extent in orofacial MRI, where the
observed area can be very close to the dental device, will be
different to MR imaging of the brain and the neck, where the
imaged region is further away from the device. More stringent
requirements arise for shimming-sensitive methods, such as
EPI or spectroscopic imaging.

4.5, Brain and neck MRI

It was found in the current study that all the metallic den-

tal materials investicated that had difference suscentibility

Nalerlials INvesligalel that Nad ClIICICNCS SUSCCpPliDIUILY

|x — x| <1500 x 10~¢ (amalgam:s, alloys of precious metals, tita-
nium alloys, nickel-chromium alloys and cobalt-chromium
alloys) can be considered MR compatible for brain and
neck MRI. With some caution, the same may apply
to metallic dental materials with difference susceptibil-
ity 1500 x 107® <|x — xwater| <3660 x 10~® (aluminum bronzes)

(Fig. 4), with a slight chance of the artifact reaching theimaged
area for large restorations and long-TE 2D GE.

4.6. Orofacial MRI

For orofacial MR, the artifacts measured in this study by 2D GE
with TE =10 ms may be significantly reduced (more than twice)
by choosing much shorter TE (such as TE=2.65ms, TR=6.9 ms,
flip angle 12°, shown to provide a good representation of
the anatomy of this region [9]). Hence, all metallic dental
materials with difference susceptibility |x — xwater| <30 x 10-6
(amalgams and most alloys of precious metals) can be consid-
ered MR compatible. Materials with difference susceptibility
30 x 1076 < | x — xwater| <200 x 1076 (titanium alloys and Orplid
Keramik 2) will produce only limited artifacts constrained
to the vicinity of the metallic device, depending on its size,

chnnp and orientation. Materials with difference ener‘nnhhﬂ-

ity 200 x 107 < | — Xxwater| < 1500 x 10~° (nlckel—chromlum and
cobalt-chromium alloys) are still acceptable for observing
the anatomy of the orofacial region at a suitable dis-
tance from the device. Acceptability of the materials with
difference susceptibility 1500 x 107 < |x — xwater| < 3660 x 10~°
(aluminum bronzes) will depend on the geometry of the den-



722 DENTAL MATERIALS 24 (2008) 715-723

Fig. 4 - Simulated overlay of the outline of the GE MR image

artifact due to a sample of bronze alloy NPG (Aalba Dent

Inc., USA) over a sagittal head section. The figure displays

the real proportions and positions of the head and the
artifact, as if the sample of the weight of a typical tooth

crown was positioned at a maxillary third molar (28 or 18),

i.e., in the closest position to the brain and the neck.

Left-to-right ag the waorst-case orientation of the enmple

€IT-10-I1gntl as Lie worsti-case orientalion ol e sam

rod was assumed. GE pulse sequence as described in

Fig. 3a. Under these conditions, the largest artifact would

appear in the distance of approximately 8 mm from the
central sagittal plane. The tooth position was estimated
based on the measurements on a jaw model.

tal device and the pulse sequence used. These materials may

severely affect the quality of orofacial MRI.

4.7.  Safety

According to the literature all non-ferromagnetic materials
pose either none or only negligible forces or torques [21,22]
(e.g., forces and torques causing neither patient discomfort
nor a danger of the device displacement), which was con-
firmed in this study. Heating will depend on the shape of the
material and on the material’s electrical conductivity [18]. No
increase in temperature was subjectively felt by a volunteer
with a gold crown made of the most electrically conductive
material found in this study, who was MR imaged in a different

study by the authors.
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