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Objective: With increased signal to noise ratios, 7.0-T MRI
has the potential to contribute unique information re-
garding anatomy and pathophysiology of a disease. How-
ever, concerns for the safety of subjects with metallic
medical implants have hindered advancement in this field.
The purpose of the present research was to evaluate the
MRI safety for 39 commonly used medical implants at 7.0 T.
Methods: Selected metallic implants were tested for
magnetic field interactions, radiofrequency-induced heat-
ing and artefacts using standardized testing techniques.
Results: 5 of the 39 implants tested may be unsafe for
subjects undergoing MRl at 7.0 T.

INTRODUCTION

MRI is a well-established imaging modality commonly
used for diagnosis and treatment monitoring, as well as
utilized as an end point in clinical trials. In theory, the
observed MRI signal increases with the square of the
strength of the static magnetic field. Therefore, higher field
strengths translate to an increased signal to noise ratio,
which can be leveraged for higher achievable resolution,
better anatomical coverage or a decreased imaging time
compared with lower field strengths. As a result of the
differential contributions of various contrast mechanisms
compared with lower field strength MRI systems, 7.0-T
MRI scanners have increasingly been applied to examine
clinical pathology, suggesting improvements in sensitivity
as well as novel information regarding pathology in vivo.
The clinical utility of 7.0-T imaging of the brain' has
emerging applications in surgical planning” and patholo-
gies such as epilepsy,™ glioma,™® multiple sclerosis,””
Alzheimer’s disease,'”"" stroke'” and Parkinson’s disease."”

The increase in static magnetic field strength necessitates
better understanding of the challenges to ensure safety of

Conclusion: Implants were deemed either “MR Condi-
tional” or “MR Unsafe” for the 7.0-T MRI environment.
Further research is needed to expand the existing database
categorizing implants that are acceptable for patients
referred for MRI examinations at 7.0 T.

Advances in knowledge: Lack of MRI testing for common
metallic medical implants limits the translational potential of
7.0-T MRI. For safety reasons, patients with metallic implants
are not allowed to undergo a 7.0-T MRI scan, precluding part
of the population that can benefit from the detailed
resolution of ultra-high-field MRIs. This investigation provides
necessary MRI testing of common medical implants at 7.0 T.

the imaging subjects and patients. Biomedical implants are
commonly a contraindication for 7.0-T MRI examination
owing to interactions with the static magnetic field, radio-
frequency (RF) implications and the requirement for more
powerful gradients associated with 7.0-T MRI scanners.
Restrictions such as these preclude a large subset of patients
from the known advantages at 7.0-T MRI while accentuating
the need for systematic safety analyses of commonly used
surgical implants in order for 7.0-T MRI to attain its po-
tential clinical utility. Although standardized testing proce-
dures exist to properly determine the safety implications for
an implant in association with MRI scanners, to date, com-
prehensively testing of multiple metallic implants at 7.0 T is
still in its infancy.

MRI systems use multiple magnetic fields including static
magnetic fields (By), spatial gradient fields, time-varying
magnetic fields and pulsed magnetic fields (B;). The static
magnetic field is the homogeneous magnetic field strength
at the isocentre of the scanner. Within the static magnetic
field, as one moves towards or away from the isocentre of
MR, the field strength changes, creating what is called the



http://dx.doi.org/10.1259/bjr.20150633
mailto:Adrienne.N.Dula@vanderbilt.edu

BJR

spatial gradient magnetic field.'"* The pulsed magnetic field
refers to the RF fields transmitted during an imaging sequence.
This pulsed RF field produces energy that the body absorbs and
disperses typically in the form of heat. The time-varying mag-
netic field (dB/dt) provides position-dependent variation in the
magnetic field strength, which can induce electrical currents,
known to cause heating. All of these fields exert unique forces
upon a metallic implant in a patient undergoing MRL

In order to ensure the safety of research participants and health-
care workers, the behaviour of metallic implants needs to be
assessed in the presence of these fields. Each field interacts with the
implants in a unique way, resulting in displacement, RF-related
heating or even disturbances in the images produced. The spatial
gradient field causes translational attractive forces to act on some
metallic implants, pulling them towards the isocentre of the
magnet.'” Because ferromagnetic objects are inclined to accelerate
towards the isocentre of MRI, the possibility of a translating im-
plant must be taken into consideration, as it could cause critical
injury to the patient or others in the MR suite. The static magnetic
field also creates rotational displacement, or torque, on some
implants resulting in alignment of the metallic implant to the static
magnetic field, potentially resulting in a serious injury. The speed
of alignment and force of the torque depends on the shape and
composition of the implant. Differences in the susceptibility of the
implant vs the surrounding tissue to the static magnetic field cause
disruptions in the signal and produce image artefacts.'® Image
artefacts do not cause the patient physical harm but can make
image analysis within the region around the implant difficult for
physicians and researchers. The pulsed RF field transmits energy
that is absorbed by the body that can cause heating in the implants
to such a degree that when the heat disperses to the surrounding
tissue, it causes damage.

It is necessary to establish and maintain a database for commonly
used metallic medical implants, such as that existing for clinical
field strengths (www.mrisafety.com),'”” which can be used as
a guide for inclusion of volunteer subjects and patients to undergo
MRI procedures using 7.0-T MRI scanners in research studies. The
critical limits for relevant safety concerns related to the static,
gradient and RF fields must be assessed using regulations and
methods such as those provided by the American Society for
Testing and Materials or the joint working group between the
International Standards Organization and the International Elec-
trotechnical Commission. Efforts are made by all standards
organizations to address MRI safety and compatibility for the
entire spectrum of medical devices and equipment that may be
introduced into the MRI environment without duplication.'®

The American College of Radiology, through its Subcommittee
on MR Safety, has proposed a standardized terminology that will
contribute to greater safety and understanding for screening
metal implants and/or devices prior to MRL'’ Through testing,
implants are categorized as being “MR Safe”, “MR Conditional”
or “MR Unsafe” in the MRI environment."” “MR Conditional”
describes an implant that has been demonstrated to pose no
known risks in a specific MRI environment (static magnetic field
strength, spatial gradient, dB/dt, and RF field) according to the
ASTM standards.'®™' This could include metallic implants and

Feng et a/

requires testing for all effects listed above, while any parameter
or condition that affects the item must be listed and described.
“MR Unsafe” implants are known to pose danger as a result of
interactions with the magnetic field during one of the four tests
listed above and are seen as unfit for the MRI environment
according to the standards given by the ASTM. These implants
should not be allowed into the MRI environment. All testing is
unique to the specific MRI environment and implant compo-
sition, necessitating accurate labelling and cataloguing of each
implant model number and composition.

Safety in 1.5- and 3.0-T MRI environments, including the testing
of over 5000 medical implants, has been well characterized (www.
mrisafety.com),'” while studies®**° looking at the effects of a 7.0-T
MRI environment on said implants have only recently occurred
and few implants have been tested for safety precautions at this
higher magnitude. As a result, any biomedical implant that has not
been classified as “MR Safe” is currently a contraindication for
7.0-T MRI examinations, thus limiting the pool of possible can-
didates for important research and clinical studies. The present
study provides information on the effects of the 7.0-T MRI en-
vironment on 39 common biomedical implants to continue
expanding this database. The implants selected ranged from aortic
stents to orthopaedic implants, as shown in Table 1, although none
of the implants examined had any active mechanical functions. As
further studies document the safety of more implants, the list of
contraindications can be reduced to expand subject participation
and support further development of this promising technology.

METHODS AND MATERIALS

All testing was performed on a 7.0-T MRI scanner (Philips Ach-
ieva®, Philips Healthcare, Cleveland, OH) operating at 298 MHz.
All medical implants underwent a series of tests in consecutive
order including: (1) translational displacement, (2) rotational
displacement, (3) image artefact production and (4) RF-related
heating. If an implant was found to be “MR Unsafe” for a specific
test, subsequent testing was not performed. 39 medical implants
were gathered through a campus-wide network of physicians and
researchers as well as through manufacturers, assigned a testing
number and catalogued using their make, model, manufacturer,
location in the body and material (as seen in Table 1). The
implants included 26 orthopaedic implants, 8 vascular implants,
3 cranial implants and 2 ocular implants.

Translational attraction testing

The translational displacement forces were assessed for all 39
medical implants listed in Table 1. Since the force of the magnet
correlates directly with the spatial gradient, the point at which the
highest magnetic gradient occurs poses the most potential hazard to
patients. This area was located by mapping the static magnetic field
using a vector magnetometer (model THM-1176; Metrolab Tech-
nology, Geneva, Switzerland) and measuring the magnetic strength
at 5-cm increments starting at the isocentre of the magnet.

The translational displacement test as described by the ASTM
standard F2052-06°° was performed on each implant at the lo-
cation of the highest accessible spatial gradient. The implants
were tied to a 20-cm string (<1% the mass of each implant) that
was placed at the centre of an apparatus to which a protractor
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Table 1. Biomedical implants tested for magnetic field interactions at 7.0 T

00-5764-015-51

Item
Manufacturer Description Implant type Material(s
number P P RL (s)
i ® AAA
Cook Medical Zenith .Flex En dovascular Polyester fabric sewn to
1 Bloominaton. IN Graft Bifurcated Main Body Vascular stainless steel
grom. Graft G48409
) Cook Medical Zenith TX2® TAA Endovascular Vascular Polyester fabric sewn to
Bloomington, IN Graft with Pro-Form G53422 stainless steel
i ® AAA
Cook Medical Zenith 'Flex En dovascular Polyester fabric sewn to
3 Bloominaton. IN Graft Bifurcated Main Body Vascular stainless steel
gton, Graft G48406
4 Cook Medical Zenith TX2® TAA Endovascular Vascular Polyester fabric sewn to
Bloomington, IN Graft with Pro-Form G53418 stainless steel
5 Cook Medical Zenith TX2® TAA Endovascular Vascular Polyester fabric sewn to
Bloomington, IN Graft with Pro-Form G53433 stainless steel
Cook Medical GORE PROPATEN® Polyester fabric sewn to
6 . Vascular .
Bloomington, IN Vascular Graft stainless steel
7 Cook Medlcal G2 Vena Cava Filter G21360 Vascular Conichrome
Bloomington, IN
8 Cook Medlcal Filter inserted into stent Vascular Stainless steel
Bloomington, IN
9 Alcon Fort Worth, TX IQ Toric Intraocular Lens Ocular Acrylate/methacrylate copolymer
10 Alcon Fort Worth, TX Intr.aocular Convexoplano Ocular Polymethylmethacrylate
Optic Lens
DePuy Synthes Orthopaedics Titanium Femoral Solid -
H Warsaw, IN Nails 467.36 Femur Titanium
DePuy Synthes Orthopaedics Locking Calcaneal Plate short, .
12 Warsaw, IN right 241.622 Calcaneus Stainless steel
DeP h h i
13 ePuy Synthes Orthopaedics 4.5 mm Broad LCP Plates 226.621 Fractured bone Stainless steel
‘Warsaw, IN
DePuy Synthes Orthopaedics 4.5 mm Narrow LCP .
14 Warsaw, IN Plates 224,621 Fractured bone Stainless steel
DePuy Synthes Orthopaedics Proximal Tibia Less Invasive e -
15 Warsaw, IN Stabilization System 422.304 Tibia Titanium
DePuy Synthes Orthopaedics 2.7mm LCP Distal Fibula Plate . .
16 Warsaw, IN System 02.112.148 Fibula Stainless steel
DePuy Synthes Orthopaedics 3.5mm Wide Angle, Straight . .
17 ‘Warsaw, IN Reconstruction Plate 02.100.215 Pelvis Stainless steel
18 DePuy Synthes Orthopaedics Proximal Femur Plate 242.112 Femur Titanium
Warsaw, IN
19 DePuy Synthes Orthopaedics 3.5mm LC-DCP Plate 223.6 Pelvis Stainless steel
Warsaw, IN
DePuy Synthes Orthopaedics LCP Medial Distal Tibial Plates .
20 Warsaw, IN (right) 239.912 Calf Stainless steel
21 DePuy Synthes Orthopaedics LCP Medial Distal Tibia Plates Orthopaedic Titanium
‘Warsaw, IN 85-mm Screw
DePuy Synthes Orthopaedics 65 mm Screw for LCP Fibula . I
22 ‘Warsaw, IN Plate System 422.395 Orthopaedic Titanium
Zimmer Zimmer NexGen LPS-Flex
23 Mobile Bearing Knee Knee joint Stainless steel
Warsaw, IN

(Continued)
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Table 1. (Continued)
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Item
Manufacturer Description Implant type Material(s
number P P P (s)
. Zimmer NexGen LPS-Flex
Zimmer . . ..
24 Mobile Bearing Knee (pre-coated Knee joint Cobalt chrome alloy
‘Warsaw, IN
stemmed plate)
Zimmer N . . I
25 Warsaw, IN Grade 5 titanium alloy Hip and femur Ti6Al4V titanium alloy
Zimmer Extension for femoral head
26 coverings to ball and socket joint Hip and femur Ti6Al4V Titanium alloy
Warsaw, IN
(Implants 30 and 31)
27 Zimmer BIOLOX® OPTION Ceramic Hip and femur Aluminium oxide matrix
Warsaw, IN Femoral Head System 12/14 P composite ceramic
. Femoral head covering ball .. . .
Zimmer . . Aluminium oxide matrix
28 attached to hip implant (Implant Hip and femur . .
Warsaw, IN . composite ceramic
30) to form ball and socket joint
29 Henry Schein Melville, NY Single Tooth Bridge Restoration Maxdle}ry Titanium
Camlog Screw /mandibular bone
30 KLS Martin Jacksonville, FL Burr Hole, Lot 32569770 Skull Titanium
31 Gpe Medl.cal Ltd Vikaspur, Orbital Plate with Bridge 818.156 Skull Titanium
New Delhi
32 ere Medl.cal Ltd Vikaspuri, Mini Plate with Bridge 817.156 Skull Titanium
New Delhi
DePuy Synthes Orthopaedics S-ROM (Femoral Stem) Revision . T . .
33 Warsaw, IN Hip Solutions Hip and femur Titanium with hydroxyapatite
34 Convidien Monofilament Steel 3151 Sternum Stainless steel
Non-absorbable Suture
Gamma3 Locking Nail (Long . Titanium alloy with Type II
» Stryker Section) 1822-1242 Hip anodization (Ti-6Al-4v)
Gamma3 Locking Nail (Short . Titanium alloy with Type II
3 Stryker Screw Section) 3125-1180X Hip anodization (Ti-6Al-4v)
Omnifit Cemented Head/Neck*
37 Stryker Long Stem Implants Hip Cobalt chromium alloy
6080-0530-200L
Distal Medial Tibial Plate Model - .
38 Stryker W20576 and 437228 Tibia Stainless steel
39 Strvker Dall-Miles Trochanter Cable Grip Hi VITALLIUM—Cobalt,
¥ System 14841701 P chromium and molybdenum

was attached in order to measure the deflection angle caused by
the pull of MRI. At a displacement angle of 45° the force of
gravity is equal to the translational force of the magnet; there-
fore, if the magnet exerted more force on an object than gravity,
i.e. the measured deflection angle exceeds 45°, the object fails the
translational test. Each implant was tested for displacement
angles three times, and the resulting angles were averaged. Those
implants with a mean deflection angle >45° were classified as
“MR Unsafe” for this 7.0-T MRI environment. Implants with
a mean deflection angle =45° progressed to the qualitative test
for rotational displacement.

Qualitative torque test
To qualify the rotational displacement resulting from torque, the
speed at which the implant rotated and aligned with the magnetic

field was directly observed and rated at the isocentre. Qualifying
implants were subjected to rotational displacement testing using
adapted methodologies approved by the ASTM Standard F2213-
06.”” Implants were placed at the isocentre and on an apparatus
marked with a gridded circle, segmented every 45° (Figure 1).

Each test object was directly observed for any type of possible
movement with respect to alignment or rotation to the magnetic
field. The investigator observed the torque test from within the
magnet bore. The test object was moved 45° relative to its
previous position and again observed for alignment or rotation
to encompass a full 360° rotation of positions for each implant
or device. Based on the speed of alignment, the implants were
then qualitatively ranked on a scale of 0—4.”® The following
qualitative scale was used to describe alignment or rotation; 0,
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Figure 1. A schematic of the apparatus used to test the
rotational displacement of the implants. The black rectangle
represents the implant. This apparatus consisted of a gridded
circle with every 45° increment for the entire 360° of the
circle marked.

no torque; +1, mild or low torque, the device slightly changed
its orientation but did not align to the magnetic field; +2,
moderate torque, the device aligned gradually to the magnetic
field; +3, strong torque, the device showed rapid and forceful
alignment to the magnetic field; +4, very strong torque, the
device showed very rapid and very forceful alignment to the
magnetic field. The highest qualitative torque values are repor-
ted. This procedure was repeated three times for each implant
tested, and the mean value was calculated. Implants evaluated
between 0 and 2 were deemed safe for further analysis. Implants
that received a rating of 3—4 were marked as “MR Unsafe” and
were not evaluated for image artefacts or RF heating.

Image artefact testing

All implants receiving a status of “MR Conditional” in the
translational and rotational tests were included in the image
artefact testing according to the ASTM Standard F2119-07.*
The implants were suspended within a phantom comprised of
a solution of copper sulfate.” The aqueous copper sulfate solu-
tion had a concentration of 1.5g1™" and was used to shorten the
T, relaxation time with negligible effects on signal reception.

The phantom was then placed in the transmit/receive head RF
coil (Nova Medical Inc., Wilmington, MA) and placed at the
isocentre of the 7.0-T MRI scanner. MRI images for each im-
plant were gathered using gradient-echo sequences (repetition
time/echo time (TR/TE) = 166 ms/3.5 ms; field of view (FOV),
140 X 160 mm®; matrix, 72 X 70 pixels; 30 slices) with the im-
aging planes along the long axis of the implant. Data analysis
was performed in MATLAB® (Mathworks®, Natick, MA) for the
calculation of signal void area. The artefact volume was then
manually delineated by three independent users and quantified
by combining the areas of each image slice and producing

BUR

a voxel value given in cubic millimeters along with the maxi-
mum area affected given in square millimeters. The mean cal-
culated volume is reported.

Radiofrequency-induced heating testing

This experiment examined each implants’ heat absorption ca-
pacity. When implants absorb excessive thermal energy (as is the
case when imaging using RF pulses), the heat is able to dissipate
into the surrounding tissue, which, if significant, can cause
damage. Eight implants that represented a wide range of implant
locations across the body were chosen for RF heating assess-
ment. The ASTM Standard F2182-11a was used as a guide for
these procedures.”® Saline gel was created to mimic the con-
ductivity of the human body using NaCl of concentration
2.92gl™" and poly acrylic acid of concentration 20g1~". The
solution had a conductivity of 0.47Sm™" * 10%. Each implant
tested was suspended in the gel solution in the location of the
highest background local specific absorption rate (SAR) as de-
termined experimentally. Four fibre optic temperature probes
(model FOT-M; Fiso Technologies Inc, Quebec, Canada) were
arranged around the implant in locations presumed to have the
highest energy deposition, i.e. the tips of elongated devices.*’
The implant and temperature probes were suspended in the
solution and placed in the transmit/receive head coil.

MR-related temperature changes were continuously measured
using fluoroptic thermometry prior to (300s) and during ap-
plication of a pulse sequence designed to create extreme MRI-
related heating conditions. Thus, an RF-intensive spin-echo se-
quence was implemented with a TR of 681 ms, initial TE of
6.8 ms and flip angle of 90°. An imaging matrix of 80 X 80 pixels
was used with FOV equal to 240 mm? with 15 dynamic scans
performed, resulting in a total imaging time of 14 min, 41s. To
elicit maximum SAR, a fat saturation band was placed over the
volume of interest with a 60-mm thickness transmitted at 4 . T.
The positions of the thermometry probes were inspected and
verified immediately before and after the MRI-related heating
experiment. The highest temperature rises are reported, herein.

RESULTS

Table 2 summarizes the findings for the deflection angles, torque
values, measured image artefacts and RF heating for the 39
implants. In general, the test results for one test were not indicative
of those for another, i.e. those implants that exhibited a large de-
flection angle were not necessarily experiencing a strong torque or
producing larger image artefacts. The Zimmer NexGen® LPS-Flex
Knee Joint (Warsaw, IN) comprised of stainless steel demonstrated
the most magnetic field interactions with a deflection angle of 16°,
a mild torque and the largest measured image artefacts.

Translational attraction

The largest patient-accessible spatial gradient (720Gcm™") was
found to be located 145cm from the isocentre at the external
boundary of the magnet housing, and this point was used for
translational displacement testing (Figure 2). 39 implants were
tested with results shown in Table 2. 34 implants were classified as
“MR Conditional” based on the translational test. Two of the
endovascular grafts (Implants 1 and 4), a calcaneal plate (Implant 12)
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Table 2. Summary of testing results

Implant Deflection Torque Average artefa;ct Largest artegact Temperature
angle (°) value volume (mm”) area (mm”) change (°C)

1 90 N/A N/A N/A N/A
2 2 0 152,090 5366 N/A
3 0 0 52,168 2509 0.14
4 90 N/A N/A N/A N/A
5 3 0 129,280 4437 N/A
6 1 0 6021 634 N/A
7 5 0 4155 549 N/A
8 5 0 25,551 1022 —0.16
9 0 0 0 0 N/A
10 0 0 0 0 N/A
11 1 0 N/A N/A N/A
12 46 N/A N/A N/A N/A
13 44 N/A 482,279 10,280 N/A
14 44 N/A 352,186 10,231 N/A
15 4 0 93,582 3976 N/A
16 36 0 105,319 3573 0.41
17 43 0 198,764 8256 N/A
18 44 0 N/A N/A N/A
19 45 0 129,320 4243 —0.54
20 42 0 371,082 10,287 N/A
21 3 0 19,010 746 N/A
22 4 0 14,890 5531 0.21
23 16 1 1,000,477 11,362 N/A
24 5 0 173,226 5694 N/A
25 5 1 N/A N/A N/A
26 4 0 202,937 3613 N/A
27 0 0 61,979 3178 N/A
28 17 0 392,328 6137 N/A
29 7 0 5990 347 0.20
30 7 2 3430 191 —0.07
31 7 0 2488 268 N/A
32 6 0 5983 476 N/A
33 4 1 N/A N/A N/A
34 32 0 N/A N/A —0.17
35 0 0 N/A N/A N/A
36 7 0 N/A N/A N/A
37 15 0 N/A N/A N/A
38 47 N/A N/A N/A N/A
39 18 0 N/A N/A N/A

For evaluation in the 7.0-T MRI environment, medical implants underwent a series of tests including (1) translational displacement, (2) rotational
displacement, (3) image artefact production and (4) RF-related heating in the consecutive order.
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Figure 2. The static magnetic field strength gradient as
a function of distance from the isocentre of the magnet. The
largest spatial gradient is located 135 cm from the isocentre of
the 7-T MRI scanner.
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and a tibial plate (Implant 38) (as named in Table 1) had average
deflection angles above the ASTM mandated 45° and were auto-
matically classified as “MR Unsafe” and underwent no further test-
ing. It is important to note that various orthopaedic plates (Implants
13, 14, 18 and 19) had average deflection angles near or equal to 45°.

Qualitative assessment of torque

33 implants underwent the rotational testing. Two implants that
were determined to be “MR Conditional” in the deflection angle
test were excluded from the rotational testing owing to large
deflection angle measurements including Implant 13 (4.5 mm
Synthes Broad LCP Plates, Warsaw, IN) and Implant 14 (4.5 mm
Synthes Narrow LCP Plates). The results of the qualitative as-
sessment of torque (shown in Table 2) ranged from 0, no torque,

BUR

to 2, moderate torque—the test object aligned gradually to the
magnetic field. The highest value recorded, moderate torque,
only occurred with the Burr Hole manufactured by KLS Martin
(Implant 30 from Table 1), while the other 32 implants had
values of either no torque or mild torque.

Image artefact testing

The artefact testing included 26 implants with measured artefact
volumes ranging from 0 to 1,000,477 mm?, which was produced
by the Zimmer NexGen LPS-Flex Mobile Bearing Knee (Implant
23 in Tables 1 and 2). Image artefact areas ranged from 0 to
11,362 mm? with the largest area within one slice affected, also
created by the Zimmer NexGen LPS-Flex Mobile Bearing Knee.
In order to appreciate average artefact sizes, example image ar-
tefact data for the Cook Medical Endovascular Graft with Pro-
Form Model G53422 (Implant 2) and the Zimmer Hip Implant
(Implant 28) are shown in Figure 3a and Figure 3b, respectively.
The resulting image artefacts are shown below in panels
Figure 3c and Figure 3d, respectively. When comparing panels
Figure 3c and Figure 3d, the different manifestations of signal
loss are apparent, further supporting the need for comprehen-
sive safety testing implants prior to routine use.

Radiofrequency-induced heating testing

RF heating tests were performed in a select subset of eight
implants and resulted in only a slight increase in temperature
with results found in Table 2 and Figure 4. Only Implants 16, 22
and 29 demonstrated an increase in temperature as a result of
the applied RF pulses (Figure 4a—c), with the highest tempera-
ture rise being 0.41°C arising from the 2.7-mm LCP Distal
Fibula Plate System manufactured by DePuy Synthes (Implant
16). Implants 19, 30, 34 and 8 did not display an increase in
temperature for the duration of the examination (Figure 4e-h),
while Implant 3 demonstrated a slight increase in temperature

Figure 3. The implant size/shape relative to the artefact in scale. Panels (a) and (b) show photographs of Implants 2 and 28,
respectively, while panels (c) and (d) display example MRI data used to measure artefact area and volume.

= <

3 4 85 &
« LLOOISTAY
133

.,
ESSSSSSSSE 0‘ Bos
§L ¢ <
85 S oS /

7 of 10 birpublications.org/bjr

Br J Radiol;88:20150633


http://birpublications.org/bjr

BJR

(Figure 4d). The greatest increase in temperature recorded was
0.41°C over the 30 min observed, which was found for the
Synthes 2.7-mm LCP distal fibular plate system (Implant 16).
Implants 19, 33 and 45 exhibited decreased temperature meas-
urements throughout the MR procedures.

DISCUSSION

MRI at 7.0 T allows for higher resolution imaging, but owing
to the current lack of implant testing done to ensure partici-
pant safety in a 7.0-T MRI environment, the applicable pop-
ulation is limited. This study expands the growing safety
database of rated implants at 7.0 T.>*>° Of the 39 medical
implants tested, the 4 implants that failed included 2 stents, 1
heel implant and 1 fibular implant. All four of these implants
failed during the translational testing as they were immediately
reactive to the field. All other safety tests conducted on the
remaining implants did not result in any implant failing,
meaning no implant had a deflection angle >45° a greater
than moderate torque or a temperature change >1C.

Image artefact testing quantifies the distortion of the images
caused by the interaction between the implant and the magnetic
field manifesting as a signal void in the images. Artefacts do not
cause physical harm to the patient, although it is important to
note that a patient screened with one of the designated implants
would have an area of distortion near the implant that could
limit image accuracy in that area. For example, the burr hole
cover reviewed in this study (Implant 30 manufactured by KLS
Martin) has the potential to mask an abnormality in the brain.
The largest single-slice signal dropout observed was approxi-
mately 11,362 mm?, while the largest signal void volume created
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by an implant was 1,000,477 mm®, produced by the Zimmer
NexGen LPS-Flex Mobile Bearing Knee.

During an MRI scan, the pulsed RF field induces currents in the
human body causing tissue heating. The presence of an elec-
trically conducting medical implant will concentrate these RF-
induced currents potentially causing additional tissue heating
and posing danger to the subject. In particular, the probability of
elongated objects coupling with the RF electric field of the
scanner increases with heightened static magnetic field
strengths. High local RF-induced voltages at the tips of these
objects can cause a localized increase of power deposition,
proportional to the square of the electric field strength. Fur-
thermore, according to Faraday’s law, the induced voltages in the
implant increase with the increase in Larmor frequency (pro-
portional to the static magnetic field) and hence are also a con-
sideration for 7.0-T MRI examinations. It is important to note
that the orientation of the implant will influence the locally
focused electric fields and therefore determine the extent of
heating.

RF heating test results showed minimal change in the temper-
ature of the implants tested, with the change in temperature
ranging from —0.5 to 0.41 C, although these results are specific
to the implant location, orientation and coil. Three of the tested
implants exhibited a decrease in temperature during the RF
heating tests. These temperature decreases near the surface of
the implants could be due to a number of variables. It is possible
that the implants were not placed at the location of the highest
RF deposition, which could have been specifically determined
with more detailed information from the coil manufacturer and

Figure 4. Changes in temperature over time from radiofrequency-induced heating on selected medical implants. Panels (a-c)
display those implants that increased in temperature. Panel (d) shows the time course of Implant 3 which did not change in
temperature and panels (e-h) display those implants that had decreasing temperature during the observed time.
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subsequent numerical simulations of the RF field pattern. It is
also possible that these implants did not reach temperature
equilibrium prior to the start of the RF heating experiment, in
which case the recorded decrease in temperature would be
a result of the phantom/implant adjusting to the ambient tem-
perature in the scan environment. With the development of
body part-specific coils, further research is necessary to ensure
that this minimal change in temperature is valid for the implant
in its corresponding coil (e.g. testing a knee implant in a leg-
specific coil). Although with the SAR set to 212% to cause the
“worst case scenario” in which an implant would be exposed to
the greatest increase in temperature, differences in temperature
change between the coils may be nominal.

Four implants showed signs of potentially dangerous interactions
with the 7.0-T MRI environment, although, by the ASTM stand-
ards they would not be classified as “MR Unsafe”. A few of the
orthopaedic implants manufactured by Synthes, specifically
Implants 13, 14, 18 and 19, had average deflection angles slightly
=45°, which is still considered safe by the ASTM standard,?® but
should be carefully considered prior to placement in the 7.0-T MRI
environment. Overall, Implants 2, 3, 8, 16, 19, 29, 30 and 34 can be
marked as “MR Conditional” for this 7.0-T MRI environment.

Despite having similar manufacturers, functions, models and
structures, some implants had drastically different results. The
implants tested were primarily composed of either titanium or
stainless steel, as listed by the supplier. The composition of the
implants had an influence on the outcomes of the safety testing.
In the case of Cook Medical’s endovascular grafts (Implants 1, 2,
3 and 4), even though all came from the same manufacturer
who listed them as produced from the same material with
comparable structure, the deflection angle assessment produced
very different outcomes. This may have been due to the different
grades of steel involved in production. Accurate information in
regards to model number and version is essential to ensure that
the exact composition of the implants is known, and care must
be taken when generalizing results.

It is important to highlight the contrasting results of specific
implants when tested at varying field strengths. For example, all
coronary artery stents chosen for this study were rated at most
“MR Conditional” at 1.5 and 3.0 T strengths,17 but two of these
stents (Implants 1 and 4) displayed deflection angles of 90°
before even reaching the location of the largest gradient and
hence were classified as “MR Unsafe” for the 7.0-T MRI envi-
ronment. Orthopaedic implants followed this same pattern,
where all implants tested at 1.5 and 3.0 T were at most “MR
Conditional”, but two orthopaedic implants tested in this study
had average deflection angles of >45°.

The implants assessed for safety in the 7.0-T MRI environment for
this study represent only a small sample. The majority of research

BUR

conducted using 7.0-T MRI focuses on the brain and upper
regions of the body; therefore, the presented RF heating and image
artefact assessments were limited to the standard head coil.
However, with the development of imaging coils for other areas of
the body, the focus of research may shift in the future and en-
compass other anatomies. Accordingly, future work will expand on
implant location and available coils. Situation-specific assessment
is necessary to ensure safety in regards to RF heating for the
implants tested as the degree of energy absorbed and dissipated are
sample, coil and sequence specific.

CONCLUSION

This study presents a total of 39 common biomedical implants
tested for magnetic field interactions in the 7.0-T MRI envi-
ronment. All 39 implants were tested for translational dis-
placement with 4 exhibiting substantial magnetic field
interactions, with all 4 implant types considered at least con-
ditional if not safe in a 3.0-T MRI environment. Of the 33
implants tested for rotational displacement, only 1 exhibited
moderate torque. RF heating effects for the eight implants
tested showed no significant increases in temperature. Of the
implants tested, only Implant 19 (Limited Contact Dynamic
Compression Plate for the Pelvis, 3.5mm, manufactured by
Synthes) has shown signs of being potentially hazardous in
a 7.0-T MRI environment owing to its high but still allowed
deflection angle and therefore could be labelled as “MR Con-
ditional”. Three other implants demonstrated signs of condi-
tionally passing, but complete testing needs to be conducted
before proper labelling occurs. All results gathered in this study
and future medical implant safety studies are vital in ensuring
the safety of potential research participants for studies using
the 7.0-T MRI and are helping to further the expansion of the
biomedical implant safety database in the 7.0 T MRI environ-
ment. Medical implant safety testing at 7.0 T is an imperative
conduit for more in-depth extensive research on pathologies
such as cancer, multiple sclerosis, Parkinson’s disease and many
others. Recently, an FDA-approved 7.0-T MRI scanner was
announced. Clinical use of this field strength will foster the
growth of research, hence increasing availability and further
justifying safety studies such as that presented herein.
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