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Background: Image artifacts caused by metal knee implants in 1.5T and 3T magnetic resonance imaging
(MRI) systems complicate imaging-based diagnosis of the peri-implant region after total knee arthro-
plasty. Alternatively, metal-free knee prostheses could effectively minimize MRI safety hazards and offer
the potential for higher quality diagnostic images.
Methods: A novel knee arthroplasty device composed of BIOLOX delta, an alumina matrix composite
(AMC) ceramic, was tested in a magnetic resonance (MR) environment. American Society for Testing and
Materials test methods were used for evaluating magnetically induced displacement force, magnetically
induced torque, radiofrequency-induced heating, and MR image artifact.
Results: Magnetically induced displacement force and magnetically induced torque results of the AMC
ceramic knee indicated that these effects do not pose a known risk in a clinical MR environment, as
assessed in a 3T magnetic field. Moreover, minimal radiofrequency-induced heating of the device was
observed. In addition, the AMC ceramic knee demonstrated minimal MR image artifacts (7 mm) in
comparison to a cobalt-chromium knee (88 mm). The extremely low magnetic susceptibility of AMC (2
ppm) underlines that it is a nonmetallic and nonmagnetic material well suited for the manufacturing of
MR Safe orthopaedic implants.
Conclusions: The AMC ceramic knee is a novel metal-free total knee arthroplasty device that can be
regarded as MR Safe, as suggested by the absence of hazards from the exposure of this implant to a MR
environment. The AMC ceramic knee presents the advantage of being scanned with superior imaging
results in 3T MRI systems compared to alternative metal implants on the market.
© 2023 The Authors. Published by Elsevier Inc. on behalf of The American Association of Hip and Knee
Surgeons. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Introduction

Ceramics have been used as orthopaedic implant materials for
total joint arthroplasty for decades. Alumina-based ceramics, in
particular, have an excellent track record of biocompatibility and
high wear resistance [1e7]. However, unlike the widespread use of
ceramics in hip arthroplasty, most knee prostheses are composed of
metal femoral (mainly cobalt-chromium [CoCr]) and tibial (mainly
ingen 73207, Germany. Tel.:

Inc. on behalf of The American As
y-nc-nd/4.0/).
titanium [Ti] or CoCr) components combined with a polyethylene
(PE) insert. Ceramic implant alternatives in total knee arthroplasty
(TKA) have yet to gain acceptance among orthopaedic surgeons [8].
There is clinical need for nonmetallic knee implants due to metal
corrosion-induced ion release at the implant site and high abun-
dance of wear-induced PE particles with metal compared to
ceramic as tribological pairing [9e15]. Both metal ions and wear
debris are suspected causes of implant-associated pathology and
subsequent implant failure [11,16,17]. Adverse local tissue reaction
(ALTR) around the implant arises from inflammatory responses to
wear particles and is regarded as an origin of pain, instability, and
arthroplasty dysfunction [18]. Moreover, metal wear andmetal ions
sociation of Hip and Knee Surgeons. This is an open access article under the CC BY-
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are suspected to facilitate periprosthetic joint infection (PJI) [19,20].
In case of both ALTR and PJI, high-quality imaging of the affected
implant site can be helpful for postoperative medical treatment.
Studies have described a reduced risk for PJI with ceramic
compared to metal bearings in hip arthroplasty [20e25].

Implant failure due to metal allergy, a type IV delayed hyper-
sensitivity reaction to ions released from the implanted metallic
device, is another clinical complicationwhere ceramic implants can
provide an alternative for patients with signs of allergic reactions
[26,27]. Diagnosis of metal hypersensitivity is, however, chal-
lenging, and diagnostic tests for metal allergens are not always
conclusive or do not fully reflect the periprosthetic tissue response
[28,29]. Although the lymphocyte transformation test (LTT) is
thought to be more sensitive than the patch test on skin, LTT is not
readily available, and blood testing comes at higher material and
time expenses [30]. Of note, it was shown recently that there is little
relationship between positive LTT results and the synovial tissue
response to TKA implants and revision outcomes [31,32].

Knee implant longevity is becoming increasingly important,
given the dramatically increased numbers of primary and revision
TKA surgeries in ever-younger patients (65 and younger) [33e36],
who are mostly active and knee-loading. Material safety of the
implant in the magnetic resonance imaging (MRI) environment is
another need arising from clinical practice [37]. An estimated 1.18
million people underwent knee arthroplasty surgery in the United
States in 2021 [38] with projections of exceeding 1.9 million TKA
surgeries in 2030 [39]. Albeit routine, postoperative care involves
conventional radiographic imaging; many patients undergo MRI,
for example, to evaluate reasons for stiffness or nonspecific knee
pain, which are common complications after TKA [40]. Also, pa-
tients with suspected periprosthetic pathology, such as damage of
the surrounding soft tissues, ALTR, osteolysis, implant loosening, or
infections might not routinely undergoMRI [41e47]. In comparison
with other imaging modalities, MRI can offer additional soft tissue
diagnosis, and compared to computed tomography, in particular,
MRI provides superior soft tissue contrast, easier assessment of
periprosthetic anatomical structures while not exposing the patient
to ionizing radiation [46,48].

When metallic implants are introduced into the strong external
magnetic field of MRI systems, which are commonly 1.5 Tesla (T) or
3T in clinical practice, these devices can become potential safety
hazards for patients by displacement due to the magnetic field or
heating due to radiofrequency pulses, also of the adjacent tissue
[45,49]. Metal implants that have been demonstrated to pose no
known hazards in a magnetic resonance (MR) environment with
specified conditions of use are referred to as “MRConditional,” thus
allowing the patient to be scanned only if additional conditions for
safe use are met. Moreover, material magnetization of metallic
implants is influencing the MR image artifact at the bone/pros-
thesis interface [45,50]. Thus, MR technologists and radiologists
face potential problems with image distortion and misregistration
of the acquired image signal possibly resulting in uninterpretable
or nondiagnostic images or images mimicking nonexisting disease
[51,52]. To overcome this problem, MRI scanning sequences were
optimized, and advanced techniques have been developed, such as
multiacquisition variable-resonance image combination, metal
artifact reduction sequence, or slice encoding for metal artifact
correction [50,53], with slice encoding for metal artifact correction
being largely applied in knee implant imaging [52,54]. However,
even with improved scanning modes, it remains challenging to
detect reasonable MRI abnormalities of metal implants in arthro-
plasty to support clinical decision-making [46,50,55].

The purpose of this study was to evaluate a novel ceramic TKA
device without metallic components (ie, metal-free) to determine
any device hazards resulting from a clinically relevant MR
environment. Standardized test methods were applied to investi-
gate magnetically induced displacement force, magnetically
induced torque, and radiofrequency (RF)-induced heating of the
implant. In addition, the extent of MR image artifacts was evalu-
ated, and results were compared to a metal (CoCr) knee implant of
analogous design. The magnetic susceptibility of alumina matrix
composite (AMC) ceramic and metal alloys (CoCr and Ti) was
assessed to further describe material interactions with and distor-
tion of the applied magnetic field.

Material and methods

Test materials

A total knee replacement implant (CeramTec GmbH, Plochingen,
Germany) consisting of a femoral and tibial component made with
AMC (BIOLOX delta, CeramTec GmbH, Plochingen, Germany) and a
vitamin E cross-linked insert was tested to evaluate magnetically
induced displacement force, magnetically induced torque, RF-
induced heating, and MR image artifacts.

An analogous CoCr knee implant consisting of a femoral and
tibial CoCr component and an ultra-high molecular weight PE
insert was tested to evaluate MR image artifacts.

Cylindrical shaped BIOLOX delta ceramic, CoCr alloys, and Ti
alloys (diameter of 3.2 mm, length of approx. 4 cm) were used for
magnetic susceptibility testing.

BIOLOX delta is a ceramic composite consisting of yttria-
stabilized zirconia grains (17 vol%) and platelet-shaped crystals of
strontium hexa-aluminate (3 vol%) that are homogenously
dispersed in the fine-grained alumina matrix (80 vol%).

MRI systems used for testing

A 3T MAGNETOM Prisma MRI scanner (Siemens Healthcare
GmbH, Erlangen, Germany) operating at resonance frequency of
123 MHz was used for assessment of MR image artifacts. A 3T
Discovery MR750 MRI scanner (GE Healthcare, Chicago, IL) oper-
ating at resonance frequency of 128 MHz was used for evaluating
magnetically induced displacement force, magnetically induced
torque, and RF-induced heating.

Magnetically induced displacement force

Magnetically induced displacement force was evaluated in a 3T
MRI system using the deflection angle test method outlined in
American Society for Testing and Materials (ASTM) Standard Test
Method F2052-21 [56]. The implant was mounted onto a custom
fixture at a location of known static magnetic field strength and
magnetic spatial gradient. The resulting deflection angle (a) was
used to calculate the magnetically induced displacement force.

Magnetically induced torque

Magnetically induced torque was evaluated according to ASTM
F2213-17 [57] using the equation displayed in the Supplement. The
test article was placed on a low-friction acrylic surface centered
near the isocenter of the scanner. The test article was subsequently
rotated in 45� increments and observed for movement.

Radiofrequency (RF)-induced heating

RF-induced heating was evaluated according to ASTM F2182-
19e2 [58]. The temperature rise of the implant was measured in a
gelled saline phantom (1.32 g/L NaCl and 10 g/L polyacrylic acid in
distilled water). The electrical conductivity of the gelled saline was



Table 1
Measured and scaled maximum temperature rise for the AMC ceramic knee in a 3T MRI system after 15 minutes of RF-induced heating.

Description Scan time (min) Whole phantom average SAR (W/kg) Maximum temperature rise (�C)

Probe 1 Probe 2 Probe 3 Probe 4

AMC ceramic knee 15 1.3 0.66 0.86 0.75 0.21
4.0a 1.64 2.14 1.87 0.52

Background (no test article) 1.3 0.48 0.31 0.58 0.19

SAR, specific absorption rate.
a The maximum temperature values are scaled from 1.3 W/kg to 4.0 W/kg.
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0.47 ± 10% S/m at room temperature (22�C). The Luxtron Fiber
Optic Thermometry Probe STF-5M (Advanced Energy, Denver, CO,
US) recorded temperatures with a resolution of 0.01�C and tem-
poral resolution of 1 s. Positioning of the fiber optic thermometry
probes (Fig. S2), details on MRI acquisition parameters (Table S1),
and calculation of temperature rise are provided as Supplement.
Magnetic resonance image artifact

MR image artifact of the AMC ceramic knee and the CoCr knee
was assessed according to ASTM F2119-07 (2013) [59]. The implants
were immersed in a copper sulfate solution (2 g/L). Spin echo and
gradient echo pulse sequences were used to acquire image pairs
with and without (background) the implants in each orientation
(axial, coronal, and sagittal). The distance from the test article
boundary to the fringe of artifact (±30% zone) was measured.
Digital Imaging and Communications in Medicine image with the
implant was subtracted from the background and filtered to show
only the pixels that changed by >30% according to a custom MAT-
LAB code. For each image, the approximate dimension of the
implant was removed from the artifact measurement and divided
in half, providing the image artifact distance. MRI system scanning
parameters are provided as Supplement (Table S2).

For performance of the described tests, the United States Food
and Drug Administration guidance document Testing and Labeling
Medical Devices for Safety in the Magnetic Resonance (MR) Environ-
ment [60] was followed in addition to the relevant ASTM standards.
Magnetic susceptibility

Volumetric magnetic susceptibility of AMC ceramic, CoCr alloys
and Ti alloys was calculated using an MSB Mk1 Evans Balance
(Sherwood Scientific Ltd., Cambridge, UK) and then converted to
units of parts per million (ppm).

No institutional review board approval was required for this
in vitro study.
Figure 1. RF-induced temperature rises for the AMC ceramic knee after 15 minu
Results

Magnetically induced displacement force

The maximum deflection angle measured for the AMC ceramic
knee at the test location (al ¼ 0�) and the deflection angle calcu-
lated at the desired labeling MRI safety conditions (ac ¼ 0�)
demonstrated that no magnetically induced displacement force
(Fm ¼ 0 N) acted on the device; therefore, the force due to gravity
(Fg) of 4.2 N is greater than any other force present on the implant
in the MR environment.
Magnetically induced torque

The AMC ceramic knee remained static during the test, and
therefore, the magnetically induced torque of the device (tmag) was
less than the cross product of the friction force between the test
article and acrylic table and the test article length (0.18 N m). For
comparison, torque due to the earth’s gravity (tgrav) of the device
was 0.59 N m.
RF-induced heating

Results for RF-induced heating are shown in Table 1 and
Figure 1. The AMC ceramic knee demonstrated minimal tempera-
ture rise (less than 1�C) after 15 minutes of scan time in a 3T MRI
system with a whole phantom averaged specific absorption rate of
1.3 W/kg. After scaling the whole phantom’s averaged specific ab-
sorption rate to 4.0W/kg to simulate first level operating mode, the
temperature rise was approximately 2.1�C.
Magnetic resonance image artifact

Results for MR image artifact distance within a 3T MRI system
for both implants are shown in Table 2. The maximum image
artifact distances were 6 mm and 7 mm for the AMC ceramic knee
and 69 mm and 88 mm for the CoCr knee using a spin echo and
gradient echo pulse sequence, respectively.
tes of scanning in a 3T MRI system, normalized to the initial temperature.



Table 2
Maximum image artifact distance for each scan orientation with SE and GRE pulse sequences for the AMC ceramic knee and the CoCr knee.

Description Sequence Orientation Artifact dimension (mm) Test article dimension (mm) Artifact distance (mm)

AMC ceramic knee SE Axial 84 81 2
Coronal 92 81 6
Sagittal 144 140 2

GRE Axial 95 81 7
Coronal 94 81 6
Sagittal 154 140 7

CoCr knee SE Axial 155 75 40
Coronal 213 75 69
Sagittal 259 140 60

GRE Axial 252 75 88
Coronal 269 140 64
Sagittal 305 140 82

SE, spin echo; GRE, gradient echo.
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Images of the implant, respective background images, and
resulting MR image artifacts are shown for the AMC ceramic knee
(Figs. 2 and 3) and CoCr knee (Figs. 4 and 5).
Figure 2. AMC ceramic knee with a spin echo pulse sequence in a 3T MRI system. Wors
surements are in millimeters.
All results of the hazard tests and the assessment of MR image
artifacts are summarized in Table 3, according to recommendations
and relevant guidelines [60,61].
t-case image (left), background image (middle), resulting image artifact (right). Mea-



Figure 3. AMC ceramic knee with a gradient echo pulse sequence in a 3T MRI system. Worst-case image (left), background image (middle), resulting image artifact (right).
Measurements are in millimeters.

Y. M€odinger et al. / Arthroplasty Today 22 (2023) 101170 5
Magnetic susceptibility

The magnetic susceptibility of the AMC ceramic and of medical-
grade metal alloys (CoCr and Ti) commonly used in orthopaedic
applications were determined (Table 4).

Discussion

Primary and revision knee arthroplasty is increasing due to an
aging population and rising TKA procedures also in younger pa-
tients [33,35,62]. Due to this increase, postoperational MRI-based
evaluations of the knee implant area are gaining importance.
Moreover, a number of patients (10-20%) remain unsatisfied after
TKA procedures [63e65], for instance due to pain at rest or limited
range of motion [66], and MRI might aid in diagnostics of these
cases. Technical advances in MRI allow postarthroplasty diagnoses
of the knee joint and adjacent tissues in cases of suspected pa-
thology. However, the devicematerial impacts image quality and, in
consequence, influence quality of diagnosis and clinical decision-
making. Metal alloys are commonly used as knee implants,
which, based on the nature of thematerial, interact with and distort
the applied magnetic field during MRI. The magnetic susceptibility
of a device is directly related to its interaction with the MRI system
in terms of magnetically induced displacement force, magnetically
induced torque, and MR image artifacts [52,67,68]. Both magneti-
cally induced force and torque may trigger unwanted dislodgement
or movement of the implant, possibly causing tissue damage or
presenting a projectile hazard in a worst-case scenario [37]. The
radiofrequency coil of the MRI system can cause heating of the
implant or of the adjacent tissue, especially during long scan du-
rations [37]. Therefore, knee implants should ideally be evaluated
regarding potential device hazards in a clinically relevant MR test
environment before clinical use. This information should be given
to both the clinicians and the patients. To the best of our knowl-
edge, all commercially available knee implants in the United States
to date are labeled as “MRConditional” (the device poses no known
hazards in a specifiedMRenvironmentwhere additional conditions
for safe use are met). Moreover, the labels “MR Unsafe” (the device
poses known hazards in all MR environments) and “safety in MRI
not evaluated” exist, the latter able to be used in certain



Figure 4. CoCr knee with a spin echo pulse sequence in a 3T MRI system. Worst-case image (left), background image (middle), resulting image artifact (right). Measurements are in
millimeters.
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circumstances, such as for devices that have historically not pro-
vided anyMRI safety information [60]. In contrast, and according to
ASTM F2503-20 Standard, an item that poses no known hazards
resulting from exposure to any MR environment can be marked as
“MR Safe.” Specifically, MR Safe devices are composed of materials
that are electrically nonconductive, nonmetallic, and nonmagnetic
[36].

The presented results show that the herein investigated AMC
ceramic knee does not pose a significant risk in a clinical MR
environment with a static magnetic field of 3T. Moreover, RF-
induced heating testing establishes that a patient with the AMC
ceramic knee may be safely scanned in a 1.5T or 3T MRI system for
60 minutes in first level operating mode. This was assessed under
worst-case scenarios in a heat-insulating gel phantom closest to the
radiofrequency coil. These results suggest that the AMC ceramic
knee can be labeled as MR safe, meaning that patients with the
implant have no scanning restrictions.

Given the broad use of CoCr knee systems in TKA, the maximum
image artifact distances between the AMC ceramic knee and a CoCr
knee were assessed in a 3T MRI system. Results show that the AMC
ceramic knee enables scanning at 3T in and around the implant
with minimal image artifacts in comparison to substantially
stronger by the CoCr knee. Of note, the best artifact reduction for
many metallic devices is obtained using a lower field strength,
which is 1.5T in the clinical setting [46], and lower field strengths
enable better visualization of the peri-implant region compared to
metal artifact reduction techniques used at 3T [52]. This was
confirmed for a zirconia femoral implant, producing minimal arti-
facts both at 1.5 and 3T, compared to significant image artifacts of a
CoCr femoral implant, with hardly recognizable shape at 3T [69].
Although 1.5T scanners remain the standard technology in most
hospitals to date, 3T scanners come with higher image resolution
and a considerably reduced scan time, which is of great value for
the patient both in terms of comfort and reduced risk of heating.
Thus, the demonstrated safety of the herein tested AMC ceramic
knee in 3T scanners provides a significant advantage over other
metallic knee implants.

Magnetic susceptibility of the AMC ceramic material (BIOLOX
delta) was assessed. For comparison, the magnetic susceptibility of
medical-grade CoCr and Ti alloys was determined to be 410-1443



Figure 5. CoCr knee with a gradient echo pulse sequence in a 3T MRI system. Worst-case image (left), background image (middle), resulting image artifact (right). Measurements
are in millimeters.

Y. M€odinger et al. / Arthroplasty Today 22 (2023) 101170 7
times and 79-95 times higher compared to the AMC ceramic. The
magnetic susceptibility of the implant material positively corre-
lated with MR image artifact distance of the scanned knee implant.
This correlation between magnetic susceptibility and imaging ar-
tifacts was shown for different metal materials before [70].
Table 3
Summary of the performed hazard tests and image artifact assessment with correspond

Hazard addressed Test method Acceptance criterion

MR image artifact ASTM F2119-07(2013) [52] Information is useful for MR tec
to determine imaging feasibility
presence of an implant

Magnetically induced
displacement force

ASTM F2052-21 [49] Magnetic force less than or equ
device weight (ie, deflection an

Magnetically induced
torque

ASTM F2213-17 [50] Magnetic torque less than gravi
torque

RF-induced heating ASTM F2182-19e2 [51] CEM43 <16 min
No cooling period for 1 h of sca
if temperature rise is less than
after 15 min
This in vitro investigation has its limitations, such as not being
able to simulate the impact of the implant’s surrounding tissues on
MR imaging results in vivo. Furthermore, albeit the radiofrequency-
induced heating measurements were performed in worst-case
scenario in a gel phantom that prevents convection, heating of
ing pass/fail criterions.

Medical device
configuration tested

Summary of test results and pass/fail
if appropriate

hnologist
in the

AMC ceramic knee
CoCr knee

Maximum artifact extended 7 mm from AMC
ceramic knee and 88 mm from CoCr knee
(GRE scan at 3T)

al to
gle �45�)

AMC ceramic knee 0� deflection angle at location of maximum
force product; pass

tational AMC ceramic knee No observable torque at 3T; pass

nning
4�C

AMC ceramic knee Circularly polarized (CP) body coil, maximum
whole-body averaged SAR of 4.0 W/kg.
Temperature rise of 2.1�C over 15 min with
a CEM43 value of 0 min; pass



Table 4
Volumetric magnetic susceptibility of the materials tested.

Material Magnetic susceptibility (ppm)

CoCr alloysa 820-2885
Ti alloyb 157-190
AMC ceramic (BIOLOX delta) 2

a Measurement range of 2 different alloys and 2 metal working techniques.
b Measurement range of 2 metal working techniques.
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the device in vivo would likely be different from the obtained
values in this experimental setting. The ASTM gel phantom also
does not account for the effects of perfusion, which would also
lower systemic heating in vivo. Additionally, image artifacts of the
implants were assessed in a homogeneous copper sulfate phantom.
The actual size and appearance of the artifacts would likely be
different in vivo due to the heterogeneous tissue structure. Lastly,
this study was not performed with a regulatory approved device,
but with a device still under development.

Despite the so far limited use of ceramic components in TKA,
their overall safety for in vivo use was recently confirmed, showing
rare implant breakage and aseptic loosening [71]. Clinical long-
term follow-up data for alumina knee implants are described as
good or excellent in patients with rheumatoid arthritis and osteo-
arthritis [72,73]. AMC ceramic as bicondylar knee component
matching with a titanium tibial tray was first in-patient implanted
in 2006, and follow-up data showed significantly improved clinical
scores and an overall Kaplan-Meier survivorship of 96% at 5 years
[74,75]. First clinical data on a metal-free ceramic (BIOLOX delta)
TKA demonstrated significantly improved clinical scores, no peri-
prosthetic fractures or other sort of implant failure, and comparable
performance to a CoCr knee after 1-year follow-up in patients with
metal hypersensitivity [76,77]. These observations were confirmed
after 4 years in the same patient cohort, ascribing excellent
immuno-allergological compatibility to the implant [78]. Recently,
this TKA device was tested in vitro in a 1.5T MRI setting, showing a
temperature rise of less than 1�C and no observed movement or
displacement of the device [79].

Clinical trials to prove a positive outcome regarding implant
survivorship and clinical effectivity of this novel device are to be
performed in the future.
Conclusions

The herein investigated AMC ceramic knee, which is currently
under development, is a novel metal-free TKA device that could
provide a reasonable and advantageous alternative to commercially
available metal knee implants. The AMC ceramic knee is composed
of electrically nonconductive, nonmetallic, and nonmagnetic ma-
terials. There are no known hazards resulting from exposure of this
implant to a magnetic resonance environment, suggesting that the
AMC ceramic knee can be regarded as MR Safe. Minimal MR image
artifacts at 3T result in high-quality images of the device, qualifying
this ceramic TKA device as a valuable alternative to alternative knee
implants on the market.
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Equations

Magnetically induced torque was calculated according to ac-
cording to Equation S1:

tmag � msmgl Equation S1

where tmag is the magnetically induced torque, ms is the coefficient
of static friction, m is the mass of the implant, g is the acceleration
due to gravity, and l is the length of the implant.

The measured temperature rise was calculated using Equation
S2. Temperature rise scaled to a whole phantom average specific
absorption rate (SAR) was calculated using Equation S3.

DTiðtÞ¼ TiðtÞ � Tið0Þ Equation S2

DTi;4:0ðtÞ¼DTiðtÞ$f Equation S3

where DTiðtÞ is the measured temperature rise of the i-th probe at
time t, DTi;4:0ðtÞ is the temperature rise of the i-th probe at time t
scaled to a whole phantom average SAR of 4.0 W/kg, TiðtÞ is the
temperature of i-th probe at time t, f is the SAR scale factor¼ 4.0W/
kg/SARmeasured, and SARmeasured is the whole phantom average SAR
measured with a calibration rod test and simulation (W/kg).

Table S1
MRI scanning acquisition mode for evaluation of RF-induced heating on a 3T MRI
system (Discovery MR750 [GE Healthcare]).

Parameters Values

Pulse sequence FSE
Repetition time (TR) 400 ms
Echo time (TE) 14 ms
Flip angle 125�

Pixel bandwidth 19 Hz/px
Acquisition matrix 256 � 256
Slice thickness 10 mm
Total slices 42
Scan time duration 15 min
GE: transmit gain 135 counts
B1þRMS, scanner reported 2.13 mT
Real-time power deposition monitor, 10 s average 1.3 W/kg

Table S2
MRI scanning acquisition mode for image artifact testing on a 3T MRI system
(MAGNETOM Prisma [Siemens Healthcare GmbH]).

Parameters Pulse sequence 1 Pulse sequence 2

Type of pulse sequence Gradient spin echo Spin echo
Repetition time (TR) 100 ms 500 ms
Echo time (TE) 10 ms 20 ms
Flip angle 30� 50�

Pixel bandwidth 120 Hz/px 125 Hz/px
Acquisition matrix 256 � 256 256 � 256
Slice thickness 10 mm 10 mm
Transmit coil Body Body
Receiver coil Body Body

Y. M€odinger et al. / Arthroplasty Today 22 (2023) 10117010



Fig. S1. Slices through the empty gel phantom of electric field in V/m (top) and SAR in W/kg (bottom) for simulated RF application in a 3T/123 MHz MRI system. Computational
analysis of the gelled saline phantom showed that the left side of the gelled saline phantom is associated with a greater electrical field. Thus, the test article was positioned on the
far-left side of the gelled saline phantom (not shown).

Fig. S2. Fiber Optic Thermometry Probe locations during RF-induced heating evaluation on a 3T MRI system (Discovery MR750 [GE Healthcare]). Three probes were placed on the
implant. The fourth probe served as a reference and was located on the opposite side of the gel phantom.
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