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3-T MRI safety assessments of magnetic dental attachments and
castable magnetic alloys
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Objectives: To assess the safety of different magnetic dental attachments during 3-T MRI
according to the American Society for Testing and Materials F2182-09 and F2052-06e1
standard testing methods and to develop a method to determine MRI compatibility by
measuring magnetically induced torque.
Methods: The temperature elevations, magnetically induced forces and torques of a
ferromagnetic stainless steel keeper, a coping comprising a keeper and a cast magnetic alloy
coping were measured on MRI systems.
Results: The coping comprising a keeper demonstrated the maximum temperature in-
crease (1.42 °C) for the whole-body-averaged specific absorption rate and was calculated as
2.1W kg21 with the saline phantom. All deflection angles exceeded 45°. The cast magnetic
alloy coping had the greatest deflection force (0.33N) during 3-T MRI and torque (1.015mNm)
during 0.3-T MRI.
Conclusions: The tested devices showed minimal radiofrequency (RF)-induced heating in
a 3-T MR environment, but the cast magnetic alloy coping showed a magnetically induced
deflection force and torque approximately eight times that of the keepers. For safety,
magnetic dental attachments should be inspected before and after MRI and large prostheses
containing cast magnetic alloy should be removed. Although magnetic dental attachments
may pose no great risk of RF-induced heating or magnetically induced torque during 3-T
MRI, their magnetically induced deflection forces tended to exceed acceptable limits.
Therefore, the inspection of such devices before and after MRI is important for patient safety.
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Introduction

MRI is a technique that displays the body in thin to-
mographic slices. However, radiofrequency (RF) heat-
ing of metallic medical implants in patients during MRI

has always been a safety concern; it has received
greater attention because of the increased application
of interventional MRI and frequent use of a large number
of RF pulses to achieve a short scan duration.1–9 Another
consideration is that translational attraction and
torque from magnetic field interactions may cause the
movement or dislodgment of a ferromagnetic implant,
resulting in an uncomfortable sensation or injury to the
patient. Translational attraction is dependent on the
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strength of the static magnetic field, the spatial gra-
dient magnetic field and the object’s mass, shape and
magnetic susceptibility. The effects of translational
attraction on external and implanted ferromagnetic
objects are predominantly responsible for possible
hazards in the immediate vicinity of the MR
system.10–12

Magnetic dental attachments are now commercially
available for use in dental treatments. Many improve-
ments, especially in corrosion prevention, increasing the
attractive force, and size reduction have been in-
troduced, thus contributing to the popularity of mag-
netic attachments.13 Such attachments are excellent
retainers for removable partial dentures because they
reduce trauma to the supporting teeth and dissipate
the lateral stress component to the abutment teeth,
thus improving prosthesis retention and maintaining
a semi-permanent retentive force. They are useful not
only in prosthodontics but also in maxillofacial
prosthetics.14–16 Most commercially available mag-
netic attachments consist of two small components:
a keeper, which is generally composed of stainless
steel, and its corresponding magnetic assembly.8,17 A
problem associated with the common usage of mag-
netically attached dentures is the presence of a small
non-removable ferromagnetic keeper in the oral area.
However, to improve the strength of the denture base
and to reduce trauma to the supporting teeth, castable
magnetic alloy is occasionally used instead of a keeper
because it can be cast into various shapes, thus im-
proving the flexibility of denture design.17 Therefore,
one must be aware of the possible presence of a large
amount of magnetic alloy in the oral area.
The American Society for Testing and Materials

(ASTM) requires a determination of whether the pres-
ence of a passive implant could cause injury to an
implanted individual during an MRI procedure.9,10,18

ASTM testing methods cover RF-induced heating, de-
flection force and torque.
The safety of magnetic dental attachments has been

reported according to the ASTM F2182-02a standard
test method for RF-induced heating.17,19 Since then, the
method has been considerably revised;9 the changes
include different measurement conditions, such as the
implant location within the phantom, the composition
of the phantom and the procedure to determine the
specific absorption rate (SAR) calorimetrically. For

a proper evaluation of safety, research according to the
revised standard is required. Moreover, there are some
difficulties in adapting the ASTM F2213 standard to
magnetically induced torque in the ferromagnetic ma-
terial of keepers.

We aimed to investigate the MRI compatibility and
safety of magnetic dental attachments, including cast-
able magnetic alloys, during 3-T MRI according to the
ASTM F2182-09 and F2052-06e1 standard testing
methods, and to produce a measurement method to
evaluate the potential hazards of magnetically induced
torque.

Methods and materials

Assessment of radiofrequency-induced heating

MRI system: Measurements were performed on a 3-T
MRI scanner (MAGNETOM® Verio with Syngo®

MR B17 software; Siemens Healthcare, Erlangen,
Germany).

Dental devices: Three types of magnetic dental devices
were tested in this study; a keeper made of ferromag-
netic stainless steel (GIGAUSS D600; GC, Tokyo, Ja-
pan), a coping (Coping A) comprising a keeper and cast
alloy (Pallatop 12 Multi; Dentsply-Sankin, Tochigi,
Japan) and a coping (Coping B) composed of cast
magnetic alloy (Attract P; Tokuriki-Honten Co., Ltd,
Saitama, Japan) (Table 1). The keeper of Coping A was
cemented with standard luting cement (Fuji Luting
Cement; Shofu, Kyoto, Japan). Coping A and Coping B
were almost the same in form.

Measurement points: The measurement points on the
dental devices are shown in Figure 1. On the basis of the
results of a pilot experiment, Fluoroptic® thermometry
probes (0.5-mm diameter, Model MedFP�; LumaSense
Technologies, Inc., Santa Clara, CA) were positioned at
locations showing the greatest heating during MRI:
Probe 1 was placed in contact with the side of the keeper
or upper surface of the coping; Probe 2 was placed in
contact with marginal gingival tissue adjacent to the
coping; and Probe 3 was placed in contact with the apex
of the coping post. Each device was positioned on
acrylic resin posts 2 cm from the surface and at the
centre of the left-side walls of the phantoms. The longest

Table 1. Dental devices tested in the study

Device Material Composition (% mass) Dimensions (mm) Mass (g)
Keeper GIGAUSS D400 (GC, Tokyo, Japan) UNS S44627 f3.03 0.6 0.034

GIGAUSS D600 (GC) UNS S44627 f3.63 0.7 0.058
GIGAUSS D1000 (GC) UNS S44627 f4.93 0.8 0.119

Coping A GIGAUSS D600 (GC) UNS S44627 f3.63 0.7 0.058
Pallatop 12 Multi (Dentsply-Sankin,
Tochigi, Japan)

12% Au, 20% Pd, 50% Ag, 15% Cu, 3% other 10 (length) 0.941

Coping B Attract P (Tokuriki-Honten Co., Ltd,
Saitama, Japan)

3% Au, 14% Ag, 48% Pd, 32% Co, 3% other 10 (length) 0.927

Ag, silver; Au, gold; Co, cobalt; Cu, copper; Pd, palladium; UNS, unified numbering system.
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linear dimension of the devices was aligned with the
static magnetic field. Probe 4 was used as the reference
probe and placed on the right sides of the phantoms
with its longitudinal axis passing through the geometric
centre of the phantoms as the reflection axis.

Saline and tissue-equivalent phantoms and temperature
measurements: According to the revised ASTM stan-
dard test method,17 the whole-body-averaged SAR was
calculated in a saline phantom of 65 cm (length)3
42 cm (width)3 9 cm (depth) to determine the maxi-
mum RF irradiation parameters before the heating test.
Temperature measurements were also performed in
a tissue-equivalent phantom that conformed to the re-
vised ASTM phantom model specification.17 Tem-
perature elevation after RF irradiation was measured
by using a Fluoroptic® thermometry system (model
3300; LumaSense� Technologies, Inc.) and probes;
details of its design and procedure have been described
previously.20

Assessment of magnetically induced deflection forces

MRI system: Measurements were performed on a 3-T
MRI scanner (MAGNETOM Verio with Syngo MR
B17 software).

Dental devices: Five types of magnetic dental devices
were tested in this study (Table 1): three keepers made
of ferromagnetic stainless steel (GIGAUSS D400, D600
and D1000; GC), a coping (Coping A) comprising
a keeper and cast alloy (Pallatop 12 Multi) and a coping
(Coping B) composed of cast magnetic alloy (Attract P).
The keeper of Coping A was cemented with standard
luting cement (Fuji Luting Cement).

Deflection force measurements: Deflection force was
assessed by using the deflection angle method described in
the relevant ASTM standard testing method.18 When the
deflection angle exceeded 45°, loads were added to de-
termine the weight required to constrain the deflection
angle within 45°. In addition, for a deflection angle $65°,

additional measurements were performed with non-
ferromagnetic weights attached to the thread to improve
the accuracy of the force measurement.21,22 Details of the
design and procedure have been described previously.20

Assessment of magnetically induced torque forces

MRI system: Measurements were performed on a 0.3-T
MRI scanner (AIRIS Vento; Hitachi Medical Corpo-
ration, Tokyo, Japan).

Dental devices: The same five types of magnetic dental
devices tested in the deflection force experiments were
tested in this study (Table 1).

Apparatus: A torque angle indicator was produced from
a non-ferromagnetic material unaffected by magnetic
forces (Figure 2). The torque angle indicator consists of
a sturdy structure supporting a holding platform, tor-
sional spring, torsional spring control knob, protractor
and torque driver connector. The torsional spring strength
is changeable with a torsional spring knob according to
the torque strength of the test device.

The torque angle is output numerically when the
angle is reproduced by a Micro Torque Driver (Tohnichi
Mfg. Co., Ltd, Tokyo, Japan) with a torque driver con-
nector (Figure 2).

Torque measurement procedure: The testing device was
attached to the holding platform, and the platform was
rotated by torque at the centre of the magnetic field.
The supporting structure was fixed to a protractor with
a 1° graduated marker to measure the angle between the
platform and the supporting structure. Measurements

Figure 1 Measurement points on the tested devices for the radiofrequency-
induced heating test. Point 1 is on the side of the keeper; Points 2 and
5, the upper surfaces of the copings; Points 3 and 6, marginal
gingival tissue adjacent to the coping; and Points 4 and 7, the apex of
the coping post.

Figure 2 Diagram of the torque angle indicator.
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were performed three times for each of the three axial
directions (x-, y- and z-axis), and the maximum angles
were determined. Outside the MRI room, the Micro
Torque Driver was attached to the connector and rotated
to the angle measured by the test devices; therefore, the
torque angle is reported numerically (Figure 3). To con-
firm the accuracy of the torque angle indicator, we com-
pared the calculated torques from a tubular spring scale
(D95156; Sanko Seikohjyo Co. Ltd, Tokyo, Japan), which
demonstrated an accuracy of 1.0 g compared with torque
measurements from the Micro Torque Driver.

Results

Radiofrequency-induced heating
The previously reported20 and new data from the tested
devices according to the ASTM 2182-02a standard
testing method are presented in Table 2. The maximum
temperature increases were 1.21 °C for the keepers,
1.42 °C for Coping A and 1.30 °C for Coping B (Table 3).
The calorimetrically measured whole-body SAR was
2.1W kg21.

Deflection force
All devices were strongly attracted to the MRI system,
and their deflection angles exceeded 90°. The keepers

required an additional 5-g load to constrain their de-
flection angles within 45°; Copings A and B required
loads of 4 and 34 g, respectively (Figure 4a). The mag-
netically induced deflection forces of the devices are
reported in Figure 4b. Coping B demonstrated the
greatest deflection force.

Deflection torque
The magnetically induced torques of the devices are
shown in Figure 5. Coping B demonstrated the greatest
deflection torque. The force of the torque increases with
the keeper volume.

Discussion

The SAR is an important factor indicating the safety
level from RF-induced heating.3 However, the console-
reported SARs across MR systems show low correla-
tions because of different SAR calculation methods.23,24

In the present study, the revised ASTM standard test
method (ASTM F2182-09) was applied to measure
temperature elevation in a saline phantom.

Temperature elevation is affected by measurement
conditions such as the volume and composition of the
phantom material and locations of the specimens in the
phantom.3,21,22 Therefore, the testing methods were
defined more specifically in the ASTM F2182-09 stan-
dard, such as device location, the method of phantom
preparation and design of the implant holder. Further-
more, with this testing method, the terms provide
comparative values of RF power and time. Because
sequence parameter correlations among MRI systems
are low, evaluating the RF-induced heating caused by
each sequence would not be meaningful. However, the
results of an experiment conducted according to a stan-
dard testing method are applicable to other MR
sequences to estimate RF-induced heating levels from
the SAR.

In a previous study,17 the phantom volume was 4 l,
and the specimens were located at the centre of the
phantom. In this study, the phantom volume was 25 l
and the specimens were located 2 cm from the phantom
wall to ensure the most severe heating conditions.
However, the tested devices showed minor temperature
elevations in both studies. The heat–pain threshold of
the oral mucosa has already been studied.25–27 A

Figure 3 The torque driver and torque angle indicator.

Table 2 Reported and additional data from radiofrequency-induced
heating tests conducted according to the American Society for Testing
and Materials F2182-02a method

Device Maximum temperature increase (°C)
Phantom contents 10.2
Keeper 10.3
Coping A 10.6
Coping B 10.6

The result for Coping A was reported previously.20

The MR system used was an Achieva 3.0 T Nova Dual (Philips,
Tokyo, Japan).
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temperature rise of approximately 8–10 °C causes pain
in the oral mucosa. An elevation of 10 °C above the
body temperature for 1min constitutes the safety thresh-
old for periodontal tissue, which is less susceptible to
thermal injury than the bone because of its greater
vascularity.17,28,29 In the present study, Coping A

showed the maximum temperature elevation, but it was
only 1.42 °C during a whole-body SAR of 2.1W kg21

calculated from the saline phantom. This temperature
increase would be insufficient to affect periodontal tis-
sue or cause pain. Therefore, none of the tested devices
should pose a risk to patients during 3-T MRI.

Another MRI safety concern with metallic devices is
magnetically induced deflection forces and torques that
may cause the migration of such devices and injure the
patient.11,30

According to the relevant ASTM F2052-06 standard
for magnetically induced displacement force,10 if the
device deflects ,45°, the risk imposed by the magneti-
cally induced deflection force would be no greater than
that imposed by normal daily activity in the Earth’s
gravitational field. In this study, all devices were
strongly attracted to the MR system, and their de-
flection angles were .90°. Therefore, magnetic attach-
ments may cause discomfort to the patient during MRI.
The calculated deflection forces of Copings A and B
were approximately 0.03956N (3956 dyn) and 0.33205N
(33204.8 dyn), respectively. However, the retention force
of the dental luting cement between the keeper and
coping is reportedly 48–150N,31 which is sufficiently
strong. Nevertheless, the fixation of ferromagnetic

Table 3 Temperature elevation of the devices at each measurement
point

Device Maximum temperature increase (°C)
Keeper

Point 1 11.21
Without the prosthesis 11.13

Coping A
Point 2 11.42
Point 3 11.36
Point 4 11.36
Without the prosthesis 11.13

Coping B
Point 5 11.30
Point 6 11.24
Point 7 11.19
Without the prosthesis 11.13

Point 1 is located at the side of the keeper; Points 2 and 5, the upper
surfaces of the copings; Points 3 and 6, marginal gingival tissue
adjacent to the coping; and Points 4 and 7, the apices of the coping
posts.

Figure 4 (a) Deflection angles observed for the tested devices with added loads. (b) The mean magnetically induced deflection forces of the tested
devices (1 dyn5 1025 N). Bars indicate standard deviations.
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devices to a dental prosthesis or abutment teeth should
be checked before and after MRI because of the possi-
bility of cement degradation.
The deflection force of Coping B, which was com-

posed of cast magnetic alloy, showed a deflection force
approximately eight times greater than that of a more
commonly used keeper (Coping A). The deflection force
is dependent on the strength of the static magnetic field,
maximum spatial gradient and object characteristics,
including mass and magnetic susceptibility.6,11,12 Large
ferromagnetic prostheses (e.g. a bar attachment) would
thus carry a higher risk of migration during MRI.
Therefore, large prostheses made of ferromagnetic ma-
terial should be removed before MRI.
The torque acting to align the long axis of an object

with the magnetic field is produced by the static field in
an MR system.4,18,30 According to the ASTM F2213
standard for magnetically induced torque, torque is
evaluated using a torsional pendulum method, where
the specimen is placed on a platform at the centre of the
MR system where the magnetic field is uniform, and
torque is determined from measurement of the holder’s
deflection angle from its equilibrium position. However,
there are some difficulties adapting this standard to
keepers. One of the difficulties is that the apparatus is
large; however, the measurement area at the centre of
the MR system is quite limited.
Another difficulty is the reproducibility of measure-

ments of the torsional spring in the testing jig as recom-
mended in the ASTM standard because the torsional
spring diameter should be chosen for each specimen to
change the spring constant, and the torque is determined
by calculating the rotation angle and spring constant.
However, its platform is supported by fixed upper and

lower torsional springs; therefore, it is not possible to
change or adjust the spring strength for each specimen;
moreover, the spring is included in the platform, so there is
a possibility that the theoretically calculated torque from
the spring constant will differ from the actual torque.

Yet another difficulty is measurement interactions
from the magnetic field from not only torque but also
magnetically induced forces produced in specimens in
the static field of an MR system. Theoretically, the field
gradients are uniform at the centre of the magnet bore,
and the deflection force is not strong enough to measure
the torque; however, a keeper in which a ferromagnetic
substance becomes magnetized and behaves like
a magnet, then, the magnetic field is highly disturbed
near the keeper.10,17,18,20,32,33 Accordingly, the keeper is
influenced by loads that are unbalanced or offset from
a non-uniform field. These forces are proportional to
magnetic field strength; therefore, especially in a high-
field-strength MR system, translational movement force
in a ferromagnetic specimen cannot be neglected in the
measurement of torque.32,33

Therefore, we designed a simple and reproducible
method to measure the torque of ferromagnetic mate-
rials in a low-field-strength MR system.

By using a torque angle indicator, we produced
measurements easily, with good reproducibility and
great accuracy. The resultant torque in a GIGAUSS
D1000, which is one of the largest commercially avail-
able keepers, in a 0.3-T MR system was 1.60 mNm
and that of Coping B made of cast magnetic alloy was
1.90 mNm. Torque is proportional to the static mag-
netic field strength;18,32 therefore, the torques generated
in Copings A and B during 3.0-T MRI are expected to
be 16.0 and 19.0mNm, respectively. The values are suf-
ficiently smaller than the torques applied to dental implant
abutment screws. Several manufacturers recommend
closing torque values for implant screws .20N cm21 (for
example, Steri-Oss� recommends 35N cm21 and Sulzer
Calcitek recommends 28N cm21).34

In conclusion, the results of this experiment con-
ducted according to the ASTM F2182-09 standard
testing method are applicable to other MR sequences to
estimate RF-induced heating from the SAR. The rela-
tively mild RF-induced heating of magnetic dental
attachments during 3-T MRI should not pose a risk to
patients. While their magnetically induced torques were
small enough, their magnetically induced deflection
forces tended to exceed the acceptable limit.

Ideally, ferromagnetic keepers are removed from the
oral area before MRI; however, it is not always in the
best interest of the patient. From a safety perspective,
the fixation of such devices should be inspected before
and after MRI.

Figure 5 Magnetically induced torques of the tested devices.
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