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Purpose: To theoretically investigate the feasibility of a novel procedure for test-
ing the MRI gradient-induced heating of medical devices and translating the
results into clinical practice.
Methods: The concept of index of stress is introduced by decoupling the time
waveform characteristics of the gradient field signals from the field spatial dis-
tribution within an MRI scanner. This index is also extended to consider the
anisotropy of complex bulky metallic implants. Merits and drawbacks of the pro-
posed index of stress are investigated through virtual experiments. In particular,
the values of the index of stress evaluated for realistic orthopedic implants placed
within an ASTM phantom are compared with accurate heating simulations per-
formed with 2 anatomic body models (a man and a woman) implanted through
a virtual surgery procedure.
Results: The manipulation of the proposed index of stress allows to identify
regions within the MRI bore where the implant could affect the safety of the
examinations. Furthermore, the conducted analysis shows that the power dissi-
pated into the implant by the induced eddy currents is a dosimetric quantity that
estimates well the maximum temperature increase in the tissues surrounding
the implant.
Conclusion: The results support the adoption of an anisotropic index of stress to
regulate the gradient-induced heating of geometrically complex implants. They
also pave the way for a laboratory characterization of the implants based on elec-
trical measurements, rather than on thermal measurements. The next step will
be to set up a standardized experimental procedure to evaluate the index of stress
associated with an implant.

K E Y W O R D S

gradient coil heating, medical devices, MRI safety, numerical simulation

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2022 The Authors. Magnetic Resonance in Medicine published by Wiley Periodicals LLC on behalf of International Society for Magnetic Resonance in Medicine.

930 wileyonlinelibrary.com/journal/mrm Magn Reson Med. 2022;88:930–944.

https://orcid.org/0000-0002-4829-5130
https://orcid.org/0000-0002-5437-4396
https://orcid.org/0000-0003-0049-3792
https://orcid.org/0000-0001-6415-9967
https://orcid.org/0000-0002-2382-4710
http://creativecommons.org/licenses/by/4.0/


ARDUINO et al. 931

1 INTRODUCTION

MRI diagnostics for patients carrying medical devices may
involve safety hazards that have to be properly addressed.
The relevance of this problem is growing because of the
increasing number of citizens carrying implants and, also
considering comorbidity effects, because of the increase in
the probability for elderly people to both need an implant
and an MRI scan. Available data show that, in the Euro-
pean Union, ∼50 million citizens carry some kind of
implant and, in the age group between 60 and 80 years,
∼50% of them need an MRI scan during the lifetime of
their implant.1–3

Demonstrating compliance with MRI safety and get-
ting the “MR conditional” labeling is a challenging and
costly process for implant manufacturers.4 This problem
is also relevant for MRI scanner producers, who have to
improve the device safety for handling the exposure of
patients with an implant.

When scanning a patient with an implant, one of
the main safety issues is given by the MR-induced heat-
ing of the tissues surrounding the metallic parts of the
implant. Significant progress in the analysis of this kind
of risk was achieved in the last decade, but the pro-
cess is far from being completely settled.5,6 The litera-
ture on radiofrequency (RF) heating of metallic implants
is nowadays quite wide, exploring most of the critical
issues arising in clinical scanners, both for passive7–13 and
active14–18 implants. It is often assumed implicitly that the
MR-induced heating in presence of implants is because of
the RF field,19–21 but recently an additional hazard caused
in bulky passive implants (like joint replacements) by the
exposure to MRI gradient fields has been shown.22–28

The RF heating is induced directly in the biological
tissues by the electromagnetic field, whose spatial distri-
bution can be severely affected by the presence of metallic
implants. On the other hand, the gradient field may induce
significant eddy currents and Joule losses only within the
implant, which heats up and successively diffuses the heat
toward the biological tissues.

The current state of the art implant safety can be sum-
marized with reference to the standards ISO/TS 10974 on
active implants29 and ASTM F2182 on RF-induced heat-
ing of passive implants,30 which are periodically updated
to account for the new findings coming from the scientific
literature.31

The ASTM F2182 document describes a standard test
method that covers RF-induced heating on or near a pas-
sive medical implant within a phantom undergoing mag-
netic resonance imaging.

The standard ISO/TS 10974 is applicable to active
implantable medical devices in patients who undergo

an MR scan in 1.5T whole body scanners. It cov-
ers protection from harm caused by RF-induced
heating and gradient-induced heating, as well as
gradient-induced vibrations, B0-induced forces and
torques, gradient-induced extrinsic electric potentials and
possible malfunctions. Regarding the gradient-induced
heating hazard, ISO/TS 10974 requires that the device
under test is oriented and positioned inside the bore to
maximize the root mean square of the time derivative of
the gradient field component orthogonal to the largest
conductive surface of the active implantable medical
device. Exceptions are considered when the device has
a complex shape. In this case, the orientation at which
the maximum heating occurs must be identified experi-
mentally. The gradient waveform to be used in the testing
is selected according to a 2-tier approach, with a Tier 1
using a standardized waveform and a Tier 2 using clinical
waveforms. The test procedure is based on the measure-
ment of the temperature hot spot on the surface of the
metallic object immersed in a gelled solution. In the case
of devices with a complex shape, it can be difficult to find
the location of the main hot spot.

Because of the suggested conservative approach, based
on the worst orientation and positioning of the implant
within the scanner, the extension of the ISO/TS 10974
to bulky orthopedic implants could lead to excessively
strict conditions. Although for many active implantable
medical devices it is reasonable to assume a complete
lack of knowledge about the implant orientation, large
orthopedic implants like hip, knee and shoulder joints are
inserted in the body with a specific orientation, which is
known with respect to the scanner reference system up to
a reasonable uncertainty.

To address this issue, this paper proposes an
anisotropic index of stress that, taking into account the
(possibly partial) knowledge of the orientation of bulky
orthopedic implants, provides a less conservative con-
dition than that obtained from a direct extension of the
ISO/TS 10974. In particular, a simple hardware-agnostic
procedure for testing these implants can be devised, both
addressing the needs of testing labs and keeping the capa-
bility to translate the testing results into a real clinical
scenario. This allows overcoming another limitation of
the ISO/TS 10974, which currently prescribes to perform
the tests using tabulated values of the root mean square
of the time derivative of the magnetic field generated by
the gradient coils. However, these values in the future
could be no longer representative, considering the devel-
opment of new technologies32 and the introduction of
new sequences,33 therefore provoking the need for a con-
tinuous update of the standards in order to keep trace of
the new reference values.
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2 THEORY

Let Bi(x) denote the magnetic field produced by the i-th
gradient coil (GC) when the gradient at the isocenter is
1 T/m along the coil reference direction (Figure 1). The
time evolution of the magnetic field produced in x by the
considered system of GCs powered according to a given
pulse sequence is

B(x, t) =
3∑

i=1
Gi(t)Bi(x), (1)

where Gi(t) is the waveform of the gradient, expressed in
T/m, produced by the i-th GC during the application of the
pulse sequence (Figure 2).

F I G U R E 1 Spatial distribution in the plane y = 0 of the
magnetic field components produced by tubular gradient coils with
a unit gradient (1 T/m) around the isocenter. The first row depicts
the x components, the second row the y components and the third
row the z components

It is well known that, for frequencies low enough
to not incur in the skin effect, the energy density
deposited by a time-varying magnetic field within a
metallic object through the induced eddy currents is
proportional to29

I(x) = 1
T∫

T

0

‖‖‖‖
𝜕B
𝜕t
(x, t)

‖‖‖‖

2
dt, (2)

where T is the period, or the repetition time, of the
pulse sequence. This averaging is justified by the different
time-scales of the electromagnetic and thermal phenom-
ena28,34 and it is consistent with the use of the root mean
square of the time derivative of the magnetic field as a
reference test value in ISO/TS 10974.

Therefore, if B(x,t) is the magnetic field generated by
the GCs during the execution of a given pulse sequence of
length T, the quantity I(x) is an index of the thermal stress
that the metallic implant experiences if located in x. In this
case, the separation of quantities provided in Equation (1)
is used to elaborate Equation (2) obtaining

I(x) =
3∑

i=1

3∑

𝑗=1

1
T∫

T

0

dGi

dt
(t)

dG
𝑗

dt
(t) dt

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

Qij

Bi(x) ⋅ B
𝑗
(x). (3)

Here, the symmetric and positive semi-definite matrix Q
collects all the information related to the adopted pulse
sequence, or, more precisely, to its slew rates.

In the definition of the index of stress I(x) provided
by Equation (3), all the directions along which the mag-
netic field could be oriented are weighted in the same
way, leading to an isotropic index of stress meaningful
only for a spherical elementary volume, in which the
magnetic field is assumed to be uniform. In the case of
a real implant with a complex shape, I(x) cannot dis-
cern the actual implant orientation. As such, its limitation
in a safety perspective can only lead to a conservative
approach analogously to the testing procedure described
by the ISO/TS 10974. To take into account the anisotropy of
a real orthopedic implant, a unitless weighting coefficient
𝜂u can be associated to each direction u along which the
magnetic field produced by the GCs could be oriented. The
anisotropic index of stress associated to the implant is then
written as

Ianiso(x) =
3∑

i=1

3∑

𝑗=1
Qij 𝜂Bi(x) 𝜂B

𝑗

(x) Bi(x) ⋅ B
𝑗
(x). (4)

Here, the field is assumed to be uniform within the implant
volume.
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F I G U R E 2 Waveforms of the gradients produced by each gradient coil during 1 repetition time of a 3D FISP or an EPI-X pulse
sequence with the frequency encoding signal associated to the coil X (A,B) and their time derivatives (C,D)

3 METHODS

3.1 Definition of the weighting
coefficient

The weighting coefficient 𝜂u that appears in Equation (4)
is determined through an experimental characterization of
the bulky metallic implant under test. A dosimetric quan-
tity D is assumed as representative of the thermal stress
and measured experimentally when the implant is sub-
jected to a low frequency uniform magnetic field with a
given intensity oriented along the direction u. The choice
of a low frequency field (on the order of some hundreds
hertz at most, close to the 270 Hz frequency of the sinu-
soidal waveform for Tier 1 in the ISO/TS 10974) avoids the
onset of the skin effect for the alloys commonly adopted in
implants.

Repeating the measurement for a certain number of
directions, a function D(u) is obtained by interpolating the
measured quantities. Therefore, the weighting coefficient
𝜂u is defined as

𝜂u =
√

D(u)
max

v
D(v)

, (5)

assuming that the dosimetric quantity depends quadrati-
cally on the magnetic field intensity. The weighting coef-
ficient so defined belongs to the interval [0,1], so that

the anisotropic index (Equation [4]) is always less than
or equal to the isotropic one (Equation [3]). In particu-
lar, the indexes are equal only when the field orientation
is associated with the maximum value of the dosimetric
quantity.

Possible choices for the dosimetric quantity, depending
quadratically on the magnetic field intensity, are: the local
peak of the volume power density averaged over the period
T (pmax); the total power deposited in the implant averaged
over the period T (P); the local peak of the temperature
increase after 360 s (ΔTmax,360s) or after 900 s (ΔTmax,900s).
Other physical quantities could be identified to fulfill this
purpose.

Measurements are performed using a phantom with
the features described in ASTM F2182. In this case,
the phantom container is a parallelepiped of sizes
650 mm× 420 mm× 90 mm, filled with a saline gel. The
thermal properties of the gel are: thermal conductivity
equal to 0.54 W/(m K), specific heat capacity equal to
4152 J/(kg K), mass density equal to 998 kg/m3.

In this paper, as a proof of concept, laboratory exper-
iments are replaced by virtual experiments, where sim-
ulations are performed using computational tools.28 The
adopted virtual model consists of the studied implant (hip,
knee, or shoulder), with metallic parts made of CoCrMo
alloy and without porous or ceramic coating, placed inside
the phantom. All the models, presented in Table 1, are
discretized with a uniform voxel mesh of 2 mm.
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T A B L E 1 Description of the simulated implants and anatomic human model where they are located

Implant Model Description 3D view

Hip Glenn 140 mm long stem
Hemispherical head of diameter 34 mm
Acetabular shell 5 mm thick and diameter 54 mm
8.5 mm thick liner

Hip Yoon-Sun 125 mm long stem
Hemispherical head of diameter 28 mm
Acetabular shell 3.5 mm thick and diameter 42 mm
3.8 mm thick liner

Knee Glenn Tibial component of maximum size 77 mm
Femoral component of maximum size 77 mm

Knee Yoon-Sun Tibial component of maximum size 66 mm
Femoral component of maximum size 66 mm

Shoulder Glenn 115 mm long stem
Hemispherical head of diameter 35 mm

Shoulder Yoon-Sun 105 mm long stem
Hemispherical head of diameter 40 mm

Note: The metallic parts are always assumed to be made of CoCrMo alloy without porous or ceramic coating.

The simulation results have been validated by com-
parison with experimental measurements performed with
realistic setups. In previous publications,28,35 the heat-
ing of the acetabular cup of a hip implant exposed to
the field generated by a GC supplied with a trapezoidal
waveform has been recorded and compared with simula-
tion results. Analogous comparisons for the knee and the
shoulder implants are reported in the Supporting Infor-
mation Appendix A. Different orientations of the implants
with respect to the GC system are considered, highlighting
the effect of anisotropy.

To estimate the weighting coefficient, the following
remarks have to be considered. The minimum set of admis-
sible directions of the magnetic field with respect to the
implant is represented through a hemisphere. Precisely,
each direction of the magnetic field is identified by a seg-
ment OP connecting the center of the hemisphere (O) to a
point on the hemisphere (P). The adoption of a spherical
coordinate system allows to identify each direction in the
hemisphere with a longitude (between −180◦ and 180◦)
and a latitude (between 0◦ and 90◦). Because any reversal
of the magnetic field with respect to the equatorial plane
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would not change the dosimetric results, the complemen-
tary hemisphere (latitude between 0◦ and−90◦) is of no
interest. The experiments are conducted with magnetic
field orientations derived from a structured mesh of longi-
tudes and latitudes. The measured weighting coefficients
can be easily extended to any other direction by interpola-
tion on the plane of longitudes and latitudes, for example
using a spline interpolator. This procedure is sketched in
Figure 3.

In the following, for each considered implant, 5
latitudes and 16 longitudes are simulated in the pre-
liminary virtual experiments, as reported in Figure 3
for the hip implant. This discretization determines a
grid with resolution of 22.5◦ along both angles, rep-
resenting a good trade-off between spatial reconstruc-
tion and number of experiments. A similar outcome
could be produced by laboratory experiments setting
up the procedure to get all these measurement data
properly.

3.2 Determination of the maximum
admissible index of stress

The maximum admissible index of stress for the implant
under analysis is determined reusing the same measure-
ments performed to estimate the weighting coefficient. In

this case, the implant is exposed to a simple sinusoidal
magnetic field

B(t) = B sin(𝜔t)û, (6)

of amplitude B and angular frequency𝜔. The related index
of stress defined in Equation (3) is

I = B2ω2

2
. (7)

This index of stress is associated with the maximum value
measured for the dosimetric quantity D and scales linearly
with it, being the skin effect negligible in the range of fre-
quencies of the gradient fields. Therefore, for a given safety
limit of the dosimetric quantity, the corresponding safety
limit of the index of stress computed in Equation (7) can
be evaluated by rescaling.

In the following, a peak temperature increase after
900 s of 1 K on the implant surface is assumed as safety
limit. This arbitrary choice can be changed with respect
to both the reference dosimetric quantity and the safety
limit without invalidating the procedure. The limit on the
index of stress is obtained by rescaling it directly with
reference to the temperature increase observed in the sim-
ulated phantom. The comparison between the index of
stress obtained for an imaging procedure in presence of the
implant and the identified limit determines if the implant

F I G U R E 3 Sketch of the procedure for the evaluation of the weighting coefficient associated with a generic direction of the magnetic
field starting from a limited number of measured samples. The set of the admissible directions coincides with a hemisphere, where each
direction is identified by a segment OP from the center of the hemisphere (O) to a point on the hemisphere (P). The hemisphere is described
in spherical coordinates, in which the latitude is the angle between OP and its projection on the plane z = 0, whereas the longitude is the
angle between the projection of OP in the plane z = 0 and the x-axis. The reported weighting coefficient is the one obtained for the hip
implant of Yoon-Sun model with total power as dosimetric quantity
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position falls in a region of exclusion for the imaging pro-
cedure, as sketched in Figure 4. An accurate comparison
should include a correction coefficient that translates the
result from in vitro to in vivo (see below). Moreover, when
the total power deposited in the implant (or, alternatively,
the peak of power density) is used as a dosimetric quantity,
a correlation coefficient that relates the deposited power to
the temperature increase is needed.

3.3 In vivo versus in vitro results

The results obtained using phantom experiments cannot
be directly taken as an assessment of in vivo situations
(e.g., Guo et al, Guo et al, and Fiedler et al).36–38 This
problem is particularly complex for RF exposure, when
both electrical and thermal properties of tissues affect the
heating. Gradient-induced heating, instead, originates in
the implant independently of the low conductivity of the
tissues. Therefore, its diffusion toward the surrounding tis-
sues is determined only by their thermal properties. The
main issues in translating results obtained in a phantom
to in vivo results are related to the subject-specific patient
anatomy, the actual thermal properties of the biological
tissues, and the thermoregulation effects, like blood per-
fusion. Despite correcting the phantom measurements to
reflect the in vivo behavior is far from the scope of this

F I G U R E 4 Schematic summary of the proposed procedure.
The input data are in bold

article, a correlation between the 2 situations is estimated
by comparing numerical results.

To this purpose, the Glenn and Yoon-Sun anatomic
models (Virtual Population: Zurich MedTech AG, Zurich,
Switzerland)39 are considered. Glenn is an 84-year-old
adult male (height, 1.73 m; weight, 61.1 kg), composed
of 72 different biological tissues, whereas Yoon-Sun is a
26-year-old adult female (height, 1.52 m; weight, 54.6 kg)
composed of 71 different biological tissues. Both mod-
els are discretized with a uniform voxel mesh of 2 mm.
Electrical and thermal properties are taken from the IT’IS
Database.40 Non-linear thermoregulation effects for blood
perfusion and metabolic heat are included in the model.28

The 2 models received a virtual surgery to implant the
most appropriate hip, knee, and shoulder prosthesis with-
out porous or ceramic coating and the metallic parts made
of CoCrMo alloy (Table 1). To reproduce a realistic surgery,
some pieces of the bones are severed. Where the implant
does not replace the removed tissues perfectly, a filling
material with the properties of connective tissue or syn-
ovial fluid (assumed equal to those of the cerebrospinal
fluid) is inserted.

For each implanted anatomic model, 2 sets of simu-
lations are performed, considering the implant immersed
in an ASTM phantom or inserted in the anatomic model
with the virtual surgery. The position of the implant with
respect to the MRI system is the same in the 2 cases. In
the case of the phantom, the latter is centered around the
implant (the heating is localized in close proximity to the
implant, its relative positioning with respect to the phan-
tom does not affect the result). For each set, 9 positions
of the implant within the scanner are considered to expe-
rience different gradient field amplitude and directions.
At each position, 4 pulse sequences are simulated: a 3
dimensional (3D) fast imaging with steady-state preces-
sion (FISP) and 3 EPI, one for each possible direction of the
frequency encoding (Figure 2). The simulations with the
anatomic models are repeated twice, changing the thermal
properties of the filling material.

For each exposure scenario, the total power deposited
within the implant (P) and the maximum temperature
increase after 900 s (ΔTmax,900s) are computed. By denot-
ing the area of the external surface of the metallic implant
with the symbol S, the slope m of the linear regression
between ΔTmax,900s and the ratio P/S is accounted to asso-
ciate a temperature increase with the total power through
a simple fit. The use of the quantity P/S is motivated by the
significant influence of the implant surface on the thermal
exchange (the smaller the external surface S, the lower the
heat exchange).

Finally, to estimate the correction coefficient needed to
translate in vitro results to in vivo results, the ratio between
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the coefficient m obtained simulating in vivo data (mvivo)
and the one obtained in vitro (mvitro) is computed.

3.4 Testing of the procedure

To verify the relevance of the anisotropic index of stress
Ianiso(x) described in Equation (4) with the weighting coef-
ficients defined in Equation (5), some in silico test cases
are performed exciting a tubular GC system (Figure 1) with
a 3D FISP and a EPI pulse sequence (Figure 2) where the
frequency encoding is along the x direction (EPI-X). The
thermal effects induced by the presence of a hip, a knee,
and a shoulder implant embedded in the ASTM phantom
are then evaluated.

The test cases consist of 2 steps. First, the weighting
coefficients are determined by a set of virtual experiments,
in which the eddy currents induced in the implant by uni-
form magnetic fields of 1 mT at 100 Hz are computed with
a validated FEM–BEM numeric method28,35 (Supporting
Information Appendix A). Next,ΔTmax,900s is estimated by
simulating the implant placed within the phantom and
exposed to the actual magnetic field generated during the
execution of the 3D FISP and the EPI-X pulse sequences.
The simulation is repeated moving the phantom with the
implant in a number of different positions within the scan-
ner. For each position, the result is compared with the
value of the index of stress calculated in the barycenter of
the implant.

3.5 Uncertain orientation of the
implant

The orientation of the implant within the body of the
patient (and therefore, within the scanner) is usually not
completely known. For example, the hip implant will cer-
tainly be oriented along the longitudinal axis, but small
rotations because of the patient anatomy, as well as its
posture, could be present along any axis.

To include this uncertainty in the anisotropic index
(Equation [4]), a Monte Carlo approach41 is adopted. The
orientation of the implant with respect to the reference
system is sampled many times according to a defined prob-
ability distribution. The index Ianiso(x) is computed for
each sampled orientation and, in a conservative viewpoint,
the maximum value is kept for each position x.

In the computations where the uncertain orientation
is taken into account, the anisotropic index is computed
with 1000 Monte Carlo samples assuming that small rota-
tions, with an amplitude uniformly distributed between
−15◦ and +15◦, could be present along any axis. The
axis of rotation is identified by a unit vector whose

direction is uniformly distributed on the solid angle of the
sphere.42

4 RESULTS

4.1 Weighting coefficient

Figure 5 shows the weighting coefficients for each con-
sidered implant and with reference to different dosimetric
quantities. The 65 virtual experiments, conducted for each
implant with a uniform magnetic field of 1 mT at 100 Hz
varying only its orientation, lead to a variability of the
dosimetric quantities in the ranges:

• from 12.4 W/m3 to 39.1 W/m3 (hip), from 5.39 W/m3 to
66.7 W/m3 (knee), and from 17.0 W/m3 to 48.5 W/m3

(shoulder) for pmax;
• from 89 μW to 171 μW (hip), from 13.3 μW to 107 μW

(knee), and from 42 μW to 109 μW (shoulder) for P;
• from 137 μK to 238 μK (hip), from 12 μK to 131
μK (knee), and from 77 μK to 221 μK (shoulder) for
ΔTmax,360 s; and

• from 205 μK to 358 μK (hip), from 18 μK to 187 μK
(knee), and from 118 μK to 334 μK (shoulder) for
ΔTmax,900 s.

These values can be rescaled quadratically with respect
to the magnetic field intensity and, by neglecting the skin
effect, with respect to the frequency.

4.2 From in vitro to in silico results

A linear regression between ΔTmax,900s and P/S is com-
puted for each implanted model. The results obtained
with the prostheses implanted in the Yoon-Sun model
are reported in Figure 6 (see also Supporting Information
Figures S1 and S2 for the entire set of results). For each
case, the plots include 72 data (9 positions, 2 filling mate-
rials, 4 pulse sequences) or 36 data (9 positions, 4 pulse
sequences) for virtual surgery and phantom, respectively.
The linear fitting leads to the coefficients m collected in
Table 2, together with a range Δm such that the lines with
slope m−Δm and m+Δm include 95% of the scattered
data between them.

Similar values of m are obtained for analogous
implants between Glenn and Yoon-Sun, with the excep-
tion of the shoulder implant, that shows mvivo = 51± 11
mK/(W/m2) for Glenn and mvivo = 38± 4 mK/(W/m2)
for Yoon-Sun. The knee implants always show the largest
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F I G U R E 5 Weighting coefficient distributions in spherical coordinates for each considered implant (hip, knee, and shoulder of
Yoon-Sun model) computed with 65 virtual experiments with reference to different dosimetric quantities: peak power density (pmax), total
power (P), temperature increase after 360 s (ΔTmax,360s), and after 900 s (ΔTmax,900s). For the latter, the direction with the maximum coefficient
is highlighted by a red circle and is represented by arrows in the 3D representation

values of m, as well as the largest uncertainties. The ratio
between the slopes obtained in vivo (mvivo) and those
obtained in vitro (mvitro) ranges between 1.20 and 1.30 for
Yoon-Sun and from 1.04 to 1.10 for Glenn, with an average
of 1.16 grouping all data together. Therefore, the in vitro
analysis with the ASTM gel properties always underesti-
mates the in vivo results and needs a correction coefficient
to provide conservative estimates.

4.3 Index of stress and test case
validation

The symmetric and positive semi-definite matrix Q used to
compute the index of stress is evaluated for the considered
3D FISP and EPI-X pulse sequences (Figure 2). The matrix
Q is about

Q∕(T∕m∕s)2 =
⎛
⎜
⎜
⎜⎝

2888 −16 −448
− 16 1166 0
− 448 0 3150

⎞
⎟
⎟
⎟⎠

, (8)

for the 3D FISP pulse sequence, and

Q∕(T∕m∕s)2 =
⎛
⎜
⎜
⎜⎝

10928 60 −6
60 161 −1
− 6 −1 698

⎞
⎟
⎟
⎟⎠

, (9)

for the EPI-X pulse sequence. Other choices of the fre-
quency encoding direction give rise to a proper permuta-
tion of the matrix rows and columns. The values in the
diagonal of Q suggest that the 3 signals have a comparable
heating potential in the 3D FISP pulse sequence, whereas
only the frequency encoding direction has some relevance
in the EPI pulse sequence.

Figure 7 shows the distribution of the isotropic index
of stress I defined in Equation (3) related to the mag-
netic field generated by a tubular GC system (Figure 1)
during the execution of the 3D FISP pulse sequence (the
distribution for the EPI-X sequence is reported in Support
Information Figure S3). The same figure also presents the
distribution of the anisotropic index of stress Ianiso defined
in Equation (4) with weighting coefficients estimated from
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F I G U R E 6 Scatter plots of ΔTmax,900s versus P/S (ratio
between the total power deposited inside the implant and the
external surface of the implant itself) for Yoon-Sun model with
each considered implant (first column), compared with the
corresponding cases in phantom (second column). The color is
representative of the considered sequence: EPI-X (red), EPI-Y
(blue), EPI-Z (green), 3D FISP (yellow). The results obtained
combining all implants together are reported in the last row.
The linear fits (green lines) are depicted together with lower
(cyan) and upper (magenta) lines that include 95% of data

T A B L E 2 Coefficients of the linear regressions computed for each implanted model and ratio between the coefficients computed in
vivo outcomes, and those computed in vitro

Yoon-Sun Glenn Yoon-Sun + Glenn

Hip Knee Shoulder All Hip Knee Shoulder All All

mvivo (mK/[W/m2]) 49± 7 64± 20 38± 4 44± 31 45± 12 60± 15 51± 11 48± 25 46± 27

With ASTM phantom properties

mvitro (mK/[W/m2]) 40± 11 52± 15 32± 4 36± 25 42± 13 54± 13 47± 8 44± 21 41± 22

mvivo/mvitro 1.23 1.23 1.20 1.22 1.07 1.11 1.09 1.09 1.12

ΔTmax,900s for the 3 considered implants. The maximum
value of I in the analyzed plane is equal to ∼3600 T2/s2

for the 3D FISP and ∼8800 T2/s2 for the EPI-X. The index
Ianiso reaches lower maximum values, equal to∼2100 T2/s2

(FISP) and ∼5100 T2/s2 (EPI-X) for the hip and the knee
implants and ∼3000 T2/s2 (FISP) and ∼8000 T2/s2 (EPI-X)
for the shoulder implant.

For each implant, the correlation between Ianiso and
ΔTmax,900s computed by simulating the implant exposed
to the actual non-uniform magnetic field generated by
the GC system when located in different positions is

reported in Figure 7. For this analysis, the barycenter
of each implant is moved in the plane y = 0 along the
x-axis (from 0.025 m to 0.275 m in 0.05 m steps) at the
quote z = 0.3 m. The reported plots put in evidence the
linear correlation between the 2 quantities. The angular
coefficients of the linear regressions with the 3D FISP
pulse sequence are∼1.8 mK/(T2/s2),∼0.9 mK/(T2/s2), and
∼1.5 mK/(T2/s2) for the hip, knee, and shoulder implants,
respectively. When the EPI-X pulse sequence is used,
the coefficients are∼2.0 mK/(T2/s2),∼1.1 mK/(T2/s2), and
∼1.5 mK/(T2/s2).
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F I G U R E 7 In the first row, spatial distribution in the plane y = 0 of the index of stress associated to the heating induced by the
magnetic field generated by a tubular gradient coil system during the application of a 3D FISP pulse sequence. The isotropic index
(Equation [3]) and the anisotropic index (Equation [4]) for 3 implants with weighting coefficient estimated from the peak temperature
increase after 900 s are reported. In the second row, for each implant, the correlation between the anisotropic index of stress and the peak
temperature increase after 900 s is shown by evaluating them when the implant is located in the position denoted by the white circles in the
color maps. The considered implants are those implanted in the Yoon-Sun model

4.4 Regions of exclusion

The safety limit on the index of stress is determined
for each implant with reference to ΔTmax,900s in the
homogeneous ASTM phantom. This approach leads to
a threshold in the index of stress equal to ∼550 T2/s2,
∼1050 T2/s2, and ∼590 T2/s2 for the hip, knee, and shoul-
der implant, respectively, not to overcome the safety limit
of 1 K after 900 s.

Figure 8 shows the contour lines of the threshold value
in the maps reporting the distribution of the index of stress
during a 3D FISP and an EPI-X pulse sequences (Figure 2)
executed by a tubular GC system (Figure 1). The index of
stress is computed with the Monte Carlo method assum-
ing an uncertain orientation of the implant. This proce-
dure allows to identify the regions of exclusion, where the
implant should not be located during the examination to
avoid a temperature increase after 900 s larger than 1 K
because of the GC-induced heating. For each implant, the
regions of exclusion are computed with reference to I and
to Ianiso with weighting coefficients estimated from the
different dosimetric quantities.

The extension of the regions of exclusion can be con-
trolled by changing the parameters of the acquired images
to reduce the stress in the GC waveforms. As an example,

2 variations of the EPI-X sequence are investigated in in
the Supporting Information Appendix B.

5 DISCUSSION

Currently, the ISO/TS 10974 prescribes to test the implant
using tabulated values of the root mean square of the
time derivative of the magnetic field (dB/dt) generated by
the GCs, according to values commonly adopted in clini-
cal scanners. This reference inevitably results in a strong
relation between the testing phase of the device and the
state-of-art of the GC technology, which is under rapid
evolution. The presented procedure aims to overcome this
limitation by decoupling the implant testing process, to
be performed in the laboratory under defined exposure
conditions, from the translation of the results into the clin-
ical practice, whatever GC system and pulse sequence are
used. The schematic summary presented in Figure 4 helps
highlighting it.

In this way, the role of the implant manufacturer
and testing laboratory is clearly separated from the role
of the scanner producer. The former can experimentally
characterize the implant (Figure 3), whereas the latter,
based on implant characterization and index of stress, can
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F I G U R E 8 The colored areas
represent the regions of exclusion for 3
implants during a 3D FISP (first row) and an
EPI-X (second row) pulse sequence executed
in a tubular gradient coil system. These
correspond to the positions where the
implants should not be located during the
exam to avoid a temperature increase,
induced by the gradient fields, larger than
1 K after 900 s. For each implant, the regions
are computed based on both the isotropic
index of stress (Equation [3]) and the
anisotropic index (Equation [4]), with
weighting coefficients estimated from
different dosimetric quantities. The
uncertain orientation of the implant is also
accounted. The considered implants are
those implanted in the Yoon-Sun model

determine the regions of exclusion (Figure 8) to be adopted
by the radiologist during the MRI session.

The proposed procedure, being based on an anisotropic
index of stress that takes into account the orientations of
the implant within the scanner, leads to restrictions that
are not unnecessarily strict. This is evident comparing the
regions of exclusion evaluated with the isotropic and the
anisotropic indexes (Figure 8). The isotropic index leads to
regions of exclusion that contain the regions obtained with
any anisotropic index. The anisotropic region grows when
the uncertainty in the implant orientation increases, up to
the point where it coincides with the isotropic region in the
case of complete lack of knowledge. It is worth noting that
the regions of exclusion, computed assuming the head of
the patient toward the positive z-axis, are not symmetric
with respect to the plane z = 0.

It must be remarked that the evaluation of the regions
of exclusion is conducted assuming a uniform distribu-
tion of the magnetic field within the implant. Therefore,
it is enough that a portion of the implant falls in a region
of exclusion to make the examination risky. In this case,
a complete analysis of the implant heating could be con-
ducted as a sort of Tier 2 approach.

The anisotropic index and the related regions of exclu-
sion depend on the selected dosimetric quantity. However,
whereas P, ΔTmax,360s and ΔTmax,900s show quite similar
results, those obtained with pmax are significantly differ-
ent. In particular, the results obtained with ΔTmax,360s are
not distinguishable from those obtained with ΔTmax,900s.
Because ΔTmax,900s quantifies the actual physical effect at

the basis of the selected safety limits, pmax cannot be con-
sidered a good dosimetric quantity for the GC-induced
heating. On the other hand, the total power P correlates
well withΔTmax,900s, suggesting its suitability as dosimetric
quantity.

A testing procedure measuring P through electri-
cal measurements could have practical advantages with
respect to the measurement of the maximum tempera-
ture increase. If it is adopted, a reliable correlation coeffi-
cient between P and ΔTmax,900s should be determined for
any implant. According to Table 2, it can be identified
with a relative variability ranging from 10% to 30% taking
into account differences due to implant positioning and
adopted sequence.

Finally, to identify the threshold on the dosimetric
quantity, the results obtained in vitro and in vivo must be
correlated. Table 2 shows that, referring to the gel recom-
mended by the ASTM standard, the ratio between in vivo
and in vitro results varies from 1.09 to 1.23, being always
higher for the former despite the absence of thermoregu-
lation effects. This outcome is not surprising, because the
thermal properties of the gel are quite similar to those of
the muscle,40 whereas the implants, where the energy is
directly deposited by the gradient fields, are mainly sur-
rounded by bone. Because the thermal conductivity of
the bone is significantly lower than that of the gel,40 the
bone surrounding the implant acts like a thermal insulator,
producing a larger temperature increase. The weak blood
perfusion of the bone tissues is not enough to hinder this
effect at the interface between bone and metal. New tissue
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mimicking materials could be designed to reproduce better
the in vivo results with phantom measurements.

6 CONCLUSIONS

A contribution to future extension of the testing procedure
of implants exposed to the gradient field of MRI scanner is
described. The main attempt of the proposed approach is
to decouple the testing phase of the device and the trans-
lation of the result in the clinical practice, with the aim of
extending the applicability of the device characterization
to a variety of clinical operating conditions (adopted hard-
ware, clinical sequences, etc.). By integrating the results
of the laboratory testing with technical information of the
scanner producer, practical guides could be provided to the
radiologist on a case-by-case basis. Moreover, the proce-
dure for the definition of the index of stress has been devel-
oped considering the actual shape of orthopedic implants
to avoid unnecessarily strict limits introduced by the use
of simplified shapes.

The procedure has been presented adopting a theo-
retical approach based on numeric simulations, to put in
evidence merits and drawbacks. A future step will be to
implement this methodology into an experimental proce-
dure and to compare its indications with measurements
carried out on realistic setups. Finally, the procedure needs
to be validated against entire MRI protocols, consisting of
several pulse sequences.
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Figure S1. Scatter plots of ΔTmax,900s versus P/S (ratio
between the total power deposited inside the implant and
the external surface of the implant itself) for Glenn and
Yoon-Sun models with each considered implant (first and
third columns), compared with the corresponding cases
in phantom (second and fourth columns). The color is
representative of the considered sequence: EPI-X (red),
EPI-Y (blue), EPI-Z (green), 3D FISP (yellow). The results
obtained combining all implants together are reported in
the last row. The linear fits are depicted together with
lower and upper lines including 95% of data.
Figure S2. Scatter plots of ΔTmax,900s versus P/S (ratio
between the total power deposited inside the implant and
the external surface of the implant itself) combining all
the data together. The linear fits are depicted together with
lower and upper lines including 95% of data, and their
slopes are reported.
Figure S3. In the first row, spatial distribution in the plane
y= 0 of the index of stress associated to the heating induced
by the magnetic field generated by a tubular gradient coil
system during the application of an EPI-X pulse sequence.
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The isotropic index Equation (3) and the anisotropic index
Equation (4) for 3 implants with weighting coefficient esti-
mated from the peak temperature increase after 900 s are
reported. In the second row, for each implant, the correla-
tion between the anisotropic index of stress and the peak
temperature increase after 900 s is shown by evaluating
them when the implant is located in the position denoted
by the white circles in the color maps. The considered
implants are those implanted in the Yoon-Sun model.
Figure S4. Gradient coil setup adopted for the experi-
ments.
Figure S5. Shoulder (A) and knee (B) implant with the
optical fiber temperature probes positioned on their sur-
face. The labels of the channels are reported in the pictures.
Figure S6. Orientation of the shoulder (A) and knee (B)
implant with respect to the Cartesian reference system.
Both the implants are represented here in the position
denoted by the angle α = 0◦.
Figure S7. Gradient waveforms of the trapezoidal
sequences used during the experiments (A,B) and their
time derivatives (C,D).
Figure S8. Temperature increase in the shoulder implant
oriented with α = 0◦ (A) and α = 45◦ (B) with the Z-coil
waveform.
Figure S9. Temperature increase in the shoulder (A) and
the knee (B) implant with the X-coil waveform.

Figure S10. The colored areas represent the regions of
exclusion for Yoon-Sun hip implant during the 3 pulse
sequences executed in a tubular gradient coil system.
These correspond to the positions where the implants
should not be located during the exam to avoid a tem-
perature increase, induced by the gradient fields, larger
than 1 K after 900 s. For each sequence, the regions are
computed based on both the isotropic and the anisotropic
indexes of stress, with weighting coefficients estimated
from different dosimetric quantities. The uncertain orien-
tation of the implant is also accounted.
Table S1. GC system and amplifier setup maximum per-
formances.
Table S2. Main parameters of the sequences designed
to observe the influence of image parameters on the
GC-induced heating.
Appendix A.
Appendix B.
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