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Abstract

Purpose: To quantify the extent of gradient-induced vibrations, and the mag-
nitude of motion-induced displacement forces (“Lenz effect”), in conductive
nonmagnetic orthopedic prostheses.

Methods: The investigation is carried out through numerical simulations, for
a 3 T scanner. For gradient-induced torques and vibrations, a knee and a shoul-
der implant are considered, at dB/dt equal to 42 T/s (rms). For motion-induced
forces associated with the Lenz effect, a knee and a hip implant are stud-
ied, considering a patient who translates on the examination couch, or walks
next to it.

Results: Gradient-induced torques may be within the same order of magnitude
as the worst case gravitational torque defined in the ASTM standards. However,
for all investigated cases, they result to be lower. In vacuum, the extent of the
corresponding vibration reduces with frequency. At the lowest investigated fre-
quency (270 Hz), it keeps below 25 pum. For an implant partially embedded in
bone, the extent of the vibration increases with frequency. Nevertheless, the dis-
placement is far lower than the worst case observed in vacuum (negligible in
contact with the bone; ~1 pm or less where the implant emerges from the bone).
The Lenz effect induced by the motion of the patient through the stationary mag-
netic field produces forces on the order of a few millinewtons (i.e., at least two
orders of magnitude lower than the implant weight).

Conclusion: Comparing the results with mechanical loads caused by ordinary
activities of daily living, and with the levels of tolerable micromotions, a good
safety margin is confirmed.
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displacement force, dynamic torques, implants, Lenz effects, Lorentz force, mechanical
vibrations
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1 | INTRODUCTION

According to ASTM F2503, medical devices that are antic-
ipated to enter the MR environment may be marked as
MR Safe, MR Conditional, or MR Unsafe.! To identify the
proper label, many potential risks have to be investigated.
One of them is the possible dislocation of the device, due
to mechanical actions exerted by the stationary magnetic
field of the MRI scanner. This field can interact with fer-
romagnetic objects, which are attracted towards the center
of the scanner. If the objects are elongated, they also tend
to align with the direction of the field.

Another mechanical effect may take place even if the
object is nonmagnetic, due to the Lorentz force.? The latter
originates from the interaction of the stationary magnetic
field with an electric current circulating inside the object.
In case of passive conductive devices implanted in the
patient’s body, eddy currents may be the result of electro-
magnetic induction, which, in MR environments, can be
driven by two physical processes. The first is associated
with the gradient fields, which, typically, have trapezoidal
waveforms. In this case, the eddy currents flow back and
forth, following the slope of the gradient field waveform.
Thus, the interaction with the stationary magnetic field
gives rise to a distribution of Lorentz forces that act back
and forth as well, stimulating the vibration of the object.>*
This process requires the presence of the gradient field;
hence, it can occur inside the scanner, during the applica-
tion of an MR pulse sequence.

The second process that can trigger electromagnetic
induction is the motion of the conductive object through
the stationary magnetic field, during patient position-
ing. In this case, the Lorentz force is generated by the
interaction between the stationary magnetic field and
the eddy currents induced by the motion through the
magnetic field itself. This effect takes place when the
patient translates with the examination couch, or walks
near the scanner. Unlike gradient-induced eddy cur-
rents, motion-induced eddy currents are typically uni-
directional, and therefore give rise to push/pull force
pulses, instead of vibrations. These pulses tend to
counteract electromagnetic induction, according to Lenz
law.> For this reason, in the literature these mechan-
ical actions are sometimes identified as “Lenz effects”
(or “Lenz forces”).

The empirical evidence suggests that the risk of
injuries associated with gradient-induced vibrations and
motion-induced Lenz effects is low. To the authors’ knowl-
edge, no accident has ever been ascribed to these mechan-
ical effects. Nevertheless, some attention has been paid
to them. A heating sensation was reported by patients
wearing cervical fixation devices during MRI. Dedicated
investigations put in evidence that the skull pins remained
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cool but vibrated during the exam. The “drilling” sensation
might have been interpreted by the patient as a heating.”

Looking at the standards in force, gradient-induced
vibrations are discussed in ISO/TS 10974, which pro-
vides instructions to evaluate the corresponding harm.
However, this standard applies to active implants, and
gradient-induced vibrations are considered as a source
of malfunction of the device, rather than damage of the
surrounding tissues.® Despite this, some studies address-
ing the problem of the potential injury of tissues in the
presence of gradient-induced vibrations were carried on.
An optical measurement system was developed for the
contactless evaluation of gradient-induced vibrations in
neuronal implants.® This system was used to investigate
underdamped behaviors of neural interfaces, putting in
evidence the potential risk of amplified vibrations due
to on-resonance excitations, which might produce tissue
irritation.'° Gradient-induced vibrations were also investi-
gated for leadless pacemakers, obtaining oscillations that
can be considered negligible with respect to those due to
the cardiac cycle.!!

Regarding the forces associated with the Lenz effect,
the research focused mainly on the possible braking action
undergone by artificial cardiac valves operating in the
presence of the stationary magnetic field of MRI scan-
ners.!>”1> In general, these studies agree that, in some
cases, the Lenz effect may manifest itself as a resistive pres-
sure comparable to cardiac pressure, which hinders the
opening/closing of the valve. The effect is stronger in case
of valves with full conducting disks, whose safety in MRI
should be carefully evaluated.

Speaking about orthopedic implants, a few references
are available. Gradient-induced vibrations and Lenz effects
were investigated by Graf et al in 2006.1° The study focused
on torsional moments, using, as a reference threshold,
the “worst case gravitational torque” (WCGT) adopted
as an acceptance criterion in the ASTM F2213 standard
(the standard that covers the measurement of the torque
induced by the stationary magnetic field on objects having
a non-null magnetic susceptibility).!” Such a threshold is
equal, by definition, to the product of the maximum device
dimension and the device weight, and provides a con-
servative safety limit. Computations applied to simplified
geometries (wire frames and plates) predicted dynamic
gradient-induced torques that may exceed the WCGT. The
presence of such torques was confirmed experimentally
on some implants, but only in a qualitative way, without
measuring the extent of the vibrations. Gradient-induced
torques exceeding the WCGT were also predicted by Nyen-
huis, for an acetabular hip shell made of stainless steel.'®

In the aforementioned paper,'® Graf et al also eval-
uated (and observed experimentally) torques associated
with the Lenz effect. In general, the intensity of these
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torques was low with respect to both the WCGT and the
gradient-induced torques, but the authors suggested that
the relevance of this phenomenon could increase in the
future, depending on the evolution of the MRI technology.
Interestingly, the article concentrated on torsional strains,
and did not discuss motion-induced displacement forces.
The latter, according to some authors, might be perceived
and reported by the patient, creating the wrong concern
that the implant has ferromagnetic parts (possibly leading
to the cancelation of the exam).*!° Regarding this, stan-
dard ASTM F2052 (the standard that covers the measure-
ment of the displacement force induced by the stationary
magnetic field on objects having a non-null magnetic sus-
ceptibility)*® recommends using the weight of the object
as a conservative reference to evaluate the risk. By anal-
ogy, the same criterion might be used to assess the risk
related to the forces due to the Lenz effect in conductive
nonmagnetic implants.

In this paper, we use numerical simulations to deepen
the investigation of both gradient-induced torques and
Lenz effects on bulky orthopedic implants, with a twofold
objective. For gradient-induced torques, the aim is to
estimate the extent of the vibrations produced on the
implants. For the Lenz effect, the aim is to quantify the
net force exerted on the implants and compare it with the
stress that occurs in daily life. In both cases, the atten-
tion is entirely concentrated on the Lorentz force driven
by the eddy currents. Possible mechanical effects due to
a non-null magnetic susceptibility of the materials are
therefore disregarded.

Our findings confirm the common belief about the
absence of significant risks for the tissues surrounding the
implants. Nevertheless, we believe that a rigorous quan-
tification is beneficial. On the one hand, because it allows
identifying the width of the current safety margin, in view
of future developments of the MRI technology. On the
other hand, because of its pedagogical value.

2 | METHODS

2.1 | Analytical solution
for gradient-induced vibrations

The investigation of gradient-induced vibrations was
conducted preliminarily through the following analyti-
cal solution, useful to put in evidence the effect of some
parameters.

Let us consider a conductive, nonmagnetic, homoge-
neous sphere, with radius R, sketched in Figure 1. The
sphere has magnetic permeability u,, electrical conduc-
tivity o and mass density 6. The sphere is subjected to
a homogeneous, time-harmonic, magnetic induction Bg

RIGHTS L
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FIGURE 1
gradient-induced vibrations in a homogeneous sphere. The

Be

Geometry adopted in the analytical description of

time-harmonic magnetic induction B (used to represent the
gradient field) oscillates along the y axis, whereas the stationary
magnetic induction By is directed along the z axis. Colatitude and
longitude are indicated by 6 and ¢, respectively.

(intended to represent the gradient field), directed along
the y direction, oscillating at frequency f. The analytical
description of the current density J induced in the sphere,
written in complex notation, is known.?! When R is small
with respect to the penetration depth of the field in the
material (a condition that occurs for sufficiently low val-
ues of the product cf),?? the “skin effect” may be neglected
and the current density can be safely approximated as

J = wofBsrsin 0 uy, (@8]

where r is the distance of the considered point from the
sphere center, 0 is the colatitude (measured from the y
axis), and ¢ is the longitude (measured in the zx plane,
from the z axis). Symbol u indicates a basis unit vector.
The current density in Eq. (1) has azimuthal direction
(i.e., it circulates around the y axis). For reasonable fre-
quency values (up to about 10 kHz), the penetration depth
in the alloys commonly used to manufacture orthope-
dic implants is on the order of some centimeters.?! This
corroborates the validity of the approximation adopted
in Eq. (1).

Let us now assume that the sphere is also immersed in
ahomogeneous stationary magnetic induction By, directed
along the z direction (i.e., perpendicular to Bg). The vol-
ume density of the Lorentz force is

F, =JX By = —ncfBgBorsinf cos ¢u,,. 2
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Due to symmetry, the volume integral of F, is null.
Thus, there is no net force acting on the sphere. However,
the sphere is subjected to a torque density equal to

T, = r X F, = nofBBor*(sin 0)° cos ¢ [cos du, — sin pu]|.

(3)

Integrated over the spherical volume, this torque den-

sity gives the total torque acting on the sphere, evaluated
with respect to its center:

2z b4 R
T= / / / T, (r*sin 0)drdod¢ = i1257z2(;j]36130ux.
0 0 0 15

4)
Complex notation implies that all quantities calculated
in Egs. (1)-(4) oscillate at frequency f. Hence, the sphere is
forced to oscillate back and forth around the x axis. For the
sphere, the moment of inertia (i.e., the ratio between the
instantaneous value of the torque and the instantaneous

value of the angular acceleration) is

8
I=—n6R. 5
15 (5)
If the sphere is free to move without constraints (i.e.,
it is subjected to its inertia only), in the harmonic regime

we have
T = I2xf)*Q, (6)

where Q is the amplitude of the oscillation angle. Thus, the
latter results to be

o = %BéBo, @)
8xfé

This angle increases with the amplitude of both applied
fields, and decreases with density. Under the adopted
approximation, it decreases linearly with frequency and
does not depend on the sphere size. In Egs. (4) and (7), f
and Bg are considered as independent parameters. Their
product is proportional to the maximum (or the rms) value
of dB/dt of the gradient field. Hence, the torque in Eq. (4)
is proportional to such a quantity as well. Based on Eq. (7),
if one expresses Bg in terms of the rms value of dB/dt,
the amplitude of the oscillation angle results to be propor-
tional to the inverse of the square of the frequency:

_a_Bo\/5<dB> 1

“Sweor\d)

The formula in Eq. (1) is valid for a sphere that does
not move. Whenever a gradient-induced vibration takes
place, it necessarily implies the onset of a Lenz effect,
which produces additional electromagnetic induction and
influences the motion itself. According to Lenz law, this
additional effect always acts as a viscous drag, reducing

(®)
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the amplitude of the oscillation angle Q. Hence, conser-
vative results are obtained if it is neglected. As shown
below (see the Results section), the amplitude of the oscil-
lation angle calculated through Eq. (7) is small for realistic
values of the parameters. Additional analytical and numer-
ical calculations, not reported for brevity, shows that the
braking torque acting on the sphere due to the additional
Lenz effect amounts to about 1 % of the gradient-induced
torque. Hence, the additional Lenz effect may be seen as
a “higher order” correction, which does not modify the
results significantly.

2.2 | Numerical simulations
of gradient-induced vibrations

Electromagnetic simulations were performed, under
time-harmonic conditions, using the magnetoquasistatic
frequency domain solver of the CST software.? Two metal-
lic, nonmagnetic, orthopedic implants were considered:
a right shoulder prosthesis designed for hemiarthroplasty
and a left knee implant suitable for total arthroplasty,
including femoral and tibial components.?* For simplic-
ity, the prostheses were assumed to be entirely composed
of Ti6Al4V alloy (¢ =0.58 MS/m, & =4420kg/m?). Their
features are collected in Table 1.

For the sake of generality, and considering that the size
of the implants is relatively small, the field produced by
the gradient coils was simulated as a uniform field. This
avoids binding the results to a specific coil design. To get
results of practical interest, the implants were oriented in
space to simulate the orientation they would have in case
of a patient placed supine inside a tubular scanner. The
time-harmonic field was applied either along the x (lat-
eral), y (vertical), or z (longitudinal) direction, thus consid-
ering the possible action of the concomitant components.
Following ISO/TS 10974,% the rms value of dB/dt was set
to 42 T/s. We notice that, based on a survey involving com-
mercial scanners, this should be the highest value that can
take place in the volume accessible to the patient (in posi-
tions |x| ~ 23 cm, |z| ~ 30 cm, which are likely outside the
FOV, but relevant for safety, anyway), achieved when run-
ning TrueFISP or echo-planar sequences.? The amplitude
Bg was set, conservatively, to 35 mT. This resulted in a
frequency of 270 Hz.

The simulations provided the distribution of the cur-
rent density induced in the metallic objects. The volume
density of Lorentz force was obtained as the vector prod-
uct of the current density and a uniform, z-directed,
stationary magnetic induction equal to 3 T (this is a rea-
sonable assumption, considering that the adopted 42T/s
value can take place in points where B is almost perfectly
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homogeneous and longitudinal). The spatial distribu-
tion of the force density was used as an input for the
mechanical simulation, performed, in harmonic regime,
using the software Ansys Mechanical.?® Finite Element
models of the implants were developed, applying a tetra-
hedral mesh. The Ti6Al4V alloy was modeled as an elastic
isotropic material, with Young modulus and Poisson ratio
of 110 GPa and 0.32, respectively. To keep the problem
simple, the mechanical response of the implants was first
evaluated in a vacuum, where the extent of the vibra-
tion is limited by the periodic change in the sign of the
applied torque. To extend the analysis, the simulation of
the shoulder implant exposed to an x-directed B field was
repeated at 500 Hz and 1750 Hz, keeping dB/dt rms equal
to 42T/s (i.e., setting B; equal to 18.9 mT and 5.40 mT,
respectively). To get a rough quantification of the damping
effect due to the tissues, these simulations were further
repeated, embedding the stem of the shoulder implant
within a cylinder with average mechanical properties of
cortical bone (Young modulus: 16.7 GPa; Posson ratio:
0.3).26 The interface between the implant and the bone
was simulated as a bonded contact, which prevented any
creep at the bone-implant interface. No tissue was placed
around the implant head.

2.3 | Numerical simulations
for motion-induced Lenz effect

Motion-induced Lenz effects were simulated using a
homemade code, validated and described in a previous
paper,?’ implemented to investigate motion-induced elec-
tric fields in a body moving through the fringe field of
MRI scanners.?® The same knee implant considered for
gradient-induced vibrations was simulated. In addition, a
left hip implant composed of stem and acetabular cup,*
both made of Ti6Al4V, was simulated (see Table 1). In
order to move these implants along realistic trajectories,
they were placed in the left leg of the Glenn body model,?
following a “virtual surgery” procedure.*

The human model with prostheses was moved through
the stationary magnetic field generated by a realistic model
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of a 3 T actively shielded magnet. The latter is composed
of 13 circular coils, symmetric with respect to the cen-
tral xy plane, with the longitudinal axis located 1 m above
the floor. Two motion trajectories, indicated with A and
B, were simulated. Trajectory A implied the translation
of the body placed supine on the examination couch. At
the starting position, the head of the body was placed just
outside the scanner entrance. Then, a longitudinal 2.3 m
translation was performed, at a quite high speed of 0.3 m/s,
inside the scanner. At the final position, the knee pros-
thesis reached the center of the scanner. Trajectory B was
conceived to simulate the motion of a patient who walks
towards the scanner bore, with the leg carrying the pros-
theses moving next to the examination couch. A 1.5m
longitudinal translation was performed, at the speed of
1m/s, keeping the vertical axis of the body at x=—0.55 m.
At the final position, the face of the human model was
close to the frontal surface of the scanner. Figure 2 sketches
the position of the two implants with respect to the scan-
ner, for both trajectories. Figure 3 shows the Cartesian
components of B, for the simulated scanner, on two planes
that span the range of motion of the two trajectories.

The computational code provided the distribution of
the current density induced in the metallic implants. At
each instant, this current density was used, together with
the local value of By, to obtain the volume density of the
Lorentz force. The latter, integrated on the volume of
the implants, provided the time-behavior of the net force
due to the Lenz effect.

3 | RESULTS

3.1 | Extent of gradient-induced
vibrations

Eq. (7) has been used to calculate the oscillation angle
of a sphere made of Ti6Al4V, immersed in a stationary
magnetic field (By =3 T) and exposed to a time-harmonic
magnetic field perpendicular to it (B = 35 mT, f = 270 Hz).
Angle Q results to be about 2 mrad (i.e., 0.116°). For a
sphere with a radius of 2 cm (similar to the femoral head

TABLE 1 Physical features of the considered orthopedic implants made of Ti6Al4V alloy.

Volume Maximum linear Weight

Implant Component (cm?) dimension (cm) (mass)
Shoulder - 21.7 11.7 941 mN (95.9g)
Knee Femoral 36.8 7.5 1600 mN (163 g)
Tibial 11.8 6.8 513 mN (52.3g)
Hip Acetabular cup 14.9 5.2 645mN (65.8g)
Stem and ball 55.2 17.0 2390 mN (244 g)
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FIGURE 2  Scheme of the two trajectories simulated to study

the Lenz effect, including the initial and final positions of the
bounding boxes of the hip implant (blue rectangle) and knee
implant (red rectangle). Upper plot: Trajectory A (translation of the
body placed supine on the examination couch; top view); speed:
0.3 m/s; total displacement: 2.3 m. Lower plot: Trajectory B (patient
who walks towards the scanner bore; lateral view); speed: 1 m/s;
total displacement: 1.5 m. In both images, the position of the
isocenter and the direction of the Cartesian reference frame are
indicated. The direction of the motion is indicated by the black
arrow. The position of the prostheses within the body is sketched in
the upper plot. The height of the prostheses with respect to ground
is indicated, for the standing patient, in the lower plot.

of a hip implant), such a vibration corresponds to a max-
imum linear displacement of 40 pm (i.e., 80 pm for the
entire span of the oscillation). This analytical solution has
been used to validate the numerical model used to inves-
tigate the behavior of more realistic objects, obtaining an
excellent agreement (discrepancy lower than 1 %).

Table 2 shows the magnitude of the Cartesian com-
ponents (T, Ty, T;) of the torque acting on the shoulder
and knee implants (using the center of mass as a refer-
ence point). Values are given for the three directions of
the applied time-harmonic magnetic field. In each case,
the rms value of dB/dt is equal to 42T/s. The value
of the WCGT is also reported, for comparison. In all
cases, the gradient-induced torque is weaker than the
WCGT. The maximum displacement caused by the vibra-
tion at 270 Hz, when the implants are placed in vacuum,
is reported in Table 3. The table also indicates the part of
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the implants where it takes place. Since an almost perfectly
rigid rotation around the center of mass occurs, the maxi-
mum displacement occurs at the point that is farthest from
the axis of rotation. Maximum torques and displacements
are similar for the two implants. The highest values are
found for the femoral part of the knee prosthesis, when Bg
is directed along the y direction. In this case, the strongest
torque component is T.

Figure 4 shows the behavior of the shoulder implant,
in terms of maximum displacement, for three frequencies
of the driving term (270 Hz, 500 Hz and 1750 Hz), keep-
ing the same rms value of dB/dt (42 T/s) and applying Bg
along the x direction. The results are reported for the case
of the implant placed in vacuum (blue circles) or with
the stem embedded in a cylinder of bone (orange dia-
monds). In vacuum, the maximum displacement occurs
at the tip of the stem. It amounts to 19.1 pm, 5.81 pm
and 1.04 pm for the three frequencies, respectively. This
trend is decreasing. However, it does not strictly follow
the f =2 scaling rule described by Eq. (8), indicating that,
as f increases, the motion is no longer perfectly rigid (i.e.,
some deformation occurs). When the prosthesis is par-
tially embedded in bone, the displacement of the tip of
the stem is almost nullified. By virtue of the material elas-
ticity, the implant head, which is not embedded in bone,
undergoes the largest displacement. The latter amounts
to 0.234pum at 270 Hz, and then increases to 0.245 pm at
500 Hz and 1.06 pm at 1750 Hz.

3.2 | Amplitude of motion-induced
forces due to the Lenz effect

Figures 5 and 6 show the net forces acting on the hip and
knee implants, composed of Ti6Al4V alloy, along trajecto-
ries A and B, respectively. The Cartesian components of
the force (expressed in the reference frame of the scanner)
and its norm are displayed. In all cases, the z-component is
prevailing, but x- and y-components can be also observed.
For trajectory A, the peak of the force occurs when the
implants enter the bore and pass through the first coils
embedded in the scanner. This roughly occurs at 1 m from
the initial position for the hip implant, and at 1.45m for
the knee implant. For the patient on the examination
couch, the strongest force acts on the femoral part of the
knee implant. For trajectory B, the force is monotonic and
reaches the maximum value at the end of the motion,
when the patient faces the frontal wall of the scanner. For
the patient walking towards the bore, the strongest force
acts on the stem and ball of the hip implant. Comparing
the results of trajectories A and B, the peak of the forces
are higher for the former.
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Magnitude of the Cartesian components of the stationary magnetic induction produced by the scanner simulated to study

the Lenz effect (x-, y- and z-component, from top to bottom). Left side: 2D maps (top view) on a plane at y = —0.05 m, covering trajectory A.

Right side: 2D maps (lateral view) on a plane at x = —0.45 m, covering trajectory B. Each map has its own color scale. The volume taken up by

the scanner is indicated by the gray rectangle. The origin of the reference frame is at the center of the scanner.

TABLE 2
mass.
Worst case gravitational
Implant torque (N m)
Shoulder 0.110
Knee kemoral 0.120
Knee tibial 0.0349

Direction of the applied

magnetic field T, (Nm)

x 6.52x1073
y 2.49 %1072
z 6.97x1073
X 1.59x 1073
y 6.63x 1072
z 1.59 x 102
X 3.94x1077
y 1.13x1072
z 6.18x 1073

T, (Nm)

4.07x1072
6.52%x1073
1.69 x 1072
7.65x 1073
1.59x 1073
6.24x107*
5.36x 1073
3.46x107°
3.74x107°

Gradient-induced torque for the shoulder and knee implants made of Ti6Al4V alloy, evaluated with respect to the center of

T, (Nm)

7.43x10°°
1.45%x 1073
2.40%x107°
1.47x107°
1.32x107°
1.63x 107~
1.53x107°
8.85x 1076
2.23x107°

Note: The maximum gravitational torque is, by definition, the product of the weight and the maximum linear dimension of the object, as for Standard ASTM
F2213-17. In all cases, the applied harmonic magnetic field (dB/dt rms: 42 T/s) is superposed to a uniform z-directed stationary magnetic field of 3T.
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TABLE 3 Maximum amplitude of vibration for the shoulder and knee implants made of Ti6Al4V alloy, placed in vacuum, at 270 Hz.

Direction of the applied Maximum Position of maximum

Implant magnetic field displacement (pm) displacement

Shoulder X 19.1 Tip of the stem
y 13.4 Tip of the stem
z 8.50 Tip of the stem

Knee femoral X 2.22 Top surface of the medial posterior flange
y 21.6 Top surface of the anterior flange
z 4.34 Top surface of the anterior flange

Knee tibial X 3.99 Lateral edge of the tibial plate
y 14.2 Tip of the tibial stem
z 7.82 Tip of the tibial stem

Note: In all cases, the applied harmonic magnetic field (dB/dt rms: 42 T/s) is superposed to a uniform z-directed stationary magnetic field of 3 T. The maximum
displacement is evaluated for the combined action of the Cartesian components of the torque, with respect to the original position of the implant. In the whole
period of vibration, the entire range of motion is double.

20.00
o
= @ Implant in vacuum
= 15.00
;C: O Stem embedded in bone
g
< 10.00
&
©
g ©
3
g 5.00
<
]
£
0.00 o
0 500 1000 1500 2000
frequency (Hz)
FIGURE 4 Maximum displacement that occurs during the

vibration of the shoulder implant when it is exposed to a z-directed

stationary magnetic induction of 3 T and an x-directed
time-harmonic field (rms value of dB/dt: 42T/s), at three different
frequencies (270 Hz, 500 Hz and 1750 Hz). The cases of the implant
placed in vacuum (blue circles) and with the stem embedded in a

cylinder of bone (orange diamonds) are compared. In the first case,

the maximum displacement occurs at the tip of the stem. In the

other case, it takes place on the spherical surface of the implant

head, which is not embedded in the bone. The maximum

displacement is evaluated with respect to the original position of the

implant. The entire span of the oscillation is double.

In all cases, the peak of the force is at least two orders
of magnitude lower than the weight of the corresponding
implant component, reported in Table 1.

The torques acting on the implants, not reported for

brevity, are also far lower than the WCGT (the highest
torque has been obtained on the acetabular cup along
trajectory A; its peak amounts to about 2 % of the corre-
sponding WCGT).

RIGHTS L

4 | DISCUSSION AND
CONCLUSIONS

41 | Extent of gradient-induced
vibrations

Under the domain of validity of the adopted approxi-
mations (reasonable for the present investigation, as dis-
cussed previously) the analytical solution clarifies the role
played by the different parameters. Specifically, the extent
of the vibration is:

« proportional to ¢, Bg and By;

« inversely proportional to § and, under the assumption
of a rigid motion that takes place without mechanical
constraints, to f.

Notably, working in terms of dB/dt rms (which links
Bg and f) the extent of the vibration becomes proportional
to f =2 for a rigid motion.

For the Ti6Al4V implants, some of the calculated
torques have the same order of magnitude of the WCGT,
but they are always lower (in the worst case reported in
Table 2, the magnitude of the gradient-induced torque
is about one half of the WCGT). This result has been
obtained for a high dB/dt rms value (42T/s). Stronger
torques, potentially exceeding the WCGT, would take
place in stronger B, fields (e.g., at 7 T). However, torques
higher than the WCGT do not necessarily represent a
danger. Indeed, although torque is a practical metric,
the real mechanical effect is the displacement under-
gone by the implants. Moreover, it must be remarked
that the WCGT defined in ASTM F2213-17 is a static
torque, whereas gradient-induced torques are dynamic
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FIGURE 5 Netforce acting on the Ti6Al4V implants, due to the Lenz effect, as a function of the position along trajectory A (translation

of the body placed supine on the examination couch). Upper left: Acetabular cup of the hip implant; upper right: Stem and ball of the hip
implant; lower left: Femoral part of the knee implant; lower right: Tibial part of the knee implant. Each graph reports the Cartesian

components of the force and the norm.

and their effect changes with frequency. Potentially,
micromotions at the implant-bone interface represent a
danger for the tissues (e.g., due to inflammatory reac-
tions) and for implant stability.3° At early post-operative
stages, excessive micromotions may create conditions
for implant failure.3°-3* Because of its dependence on
many factors, no general consensus exists about the
lower threshold for critical micromotion.’*** In some
cases, implant loosening was ascribed to micromotions
as low as 30 um.3%3* In general, micromotions in excess
of 150 pm are accepted to inhibit osseointegration, facili-
tating the development of fibrous tissue rather than bony
ingrowth.30-3%33

For the shoulder implant with the stem embedded
in bone, the maximum gradient-induced displacement
increases with frequency, indicating that bone becomes
less effective in limiting the extent of the vibration (and
suggesting the possibility that a mechanical resonance
exists). Despite this, the displacement is always small
(1 pm or less for the implant head; far less for the stem).
Even if this result is probably affected by some underes-
timations (because of the use of a bonded contact at the
implant-bone interface, and the adoption of a homogenous
stiffness in the bone),*3 it suggests that gradient-induced
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vibrations produce negligible micromotions in case of
good levels of osseointegration.

In vacuum, at constant dB/dt rms, the displacement
is maximized at the lowest frequency (270 Hz). This con-
figuration, in which no constraint is applied, gives an
upper limit, which should cover conservatively the cases of
failed osseointegration (where the implant is surrounded
by a periprosthetic layer, much less rigid than mineralized
bone). In the worst case (femoral part of knee implant,
with Bg along y) the maximum displacement amounts
to 21.6 pm, corresponding to a full range of motion of
43.2 pm. Similar values, which can take place during the
healing phase if ordinary loads are applied,*® are still
considered to be in the safe range by many studies.’!-3?
Taking into account the wide level of overestimation
of the adopted model, these results lead to the conclu-
sion that an impairment of the osseointegration due to
gradient-induced vibrations is unlikely at 3 T.

Before concluding, it is interesting to discuss what
would occur for CoCrMo, which is another alloy com-
monly adopted for orthopedic prostheses. The conduc-
tivity of CoCrMo (6 =1.16 MS/m) is almost double with
respect to the conductivity of Ti6Al4V. Hence, for the
same applied fields and implant geometry, the value of the
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Net force acting on the Ti6Al4V implants, due to the Lenz effect, as a function of the position along trajectory B (patient

who walks towards the scanner bore). Upper left: Acetabular cup of the hip implant; upper right: Stem and ball of the hip implant; lower left:

Femoral part of the knee implant; lower right: Tibial part of the knee implant. Each graph reports the Cartesian components of the force and

the norm.

gradient-induced torque would be double for this material.
Incidentally, also the density of CoCrMo is about double
(6 =8445kg/m?), meaning that the WCGT used as a term
of comparison doubles as well. Moreover, also the moment
of inertia doubles. Thus, the amplitude of the oscillation in
vacuum, according to Egs. (6), (7), would keep almost the
same as that reported for Ti6Al4V.

Some simplifications adopted in this study are worth
remarking. First, the role played by the parameters in the
electromagnetic problem has been discussed, for the sake
of simplicity, neglecting the skin effect. This produces con-
servative torque values. The direction of By has been cho-
sen to represent only the most common situation, in which
it is directed along z. For the uniform time-harmonic field
intended to represent the gradient field, the direction has
been set along x, y, or z. This should have produced a
quite general overview of the problem, but it does not
provide, strictly speaking, a maximization of the mechan-
ical effect. Finally, the simulation of the shoulder implant
partially embedded in bone does not provide a detailed
mechanical model of the real anatomy (particularly, in
the post-operative healing phase). To get more accurate
quantifications, advanced models are therefore required,
especially to investigate possible resonant behaviors and
imperfect osseointegration situations.
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4.2 | Amplitude of motion-induced
forces due to the Lenz effect

The forces that act during the translation of the patient
on the examination couch have a prevailing z-component,
with negative sign. Such a component acts to oppose
the motion (which occurs parallel to the positive z-axis).
Specifically, the mechanical action tries to oppose the
increase of the field experienced by the prostheses, which
becomes stronger as the implants approach the bore. Once
the implants are at the center of the scanner, further
motion does not correspond to any field variation and the
braking effect ceases. Similarly, a viscous drag directed
along the negative z-axis acts also during the motion of
the patient who walks towards the scanner (which is again
parallel to the z-axis). In this case, the force is monotonic
and goes on increasing until the motion stops. For both
trajectories, minor force components, acting along the x
and y directions, are also present. In some cases (e.g., the
acetabular cup, along trajectory A) such forces “pull” the
object towards the axis of the scanner. We notice that, if
these forces succeeded, they would deviate the trajectory
of the implants towards regions where the field is more
homogeneous. As a result, the variation of the linkage
magnetic flux would be mitigated, consistently with Lenz
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law. Concerning this, we remind that the value of the link-
age flux depends on the local direction of the magnetic
field and on the geometry of the object. Due to the rel-
atively complicated shape of the implants, it may not be
straightforward to predict the sign of the forces that act
transversally with respect to the direction of the motion.

The Lenz effect depends on the spatial gradient of B.
The latter is determined by the design of the main mag-
net (including passive or active shielding). In general, each
magnet model has its own field pattern, which requires
a dedicated simulation to produce specific results. With
respect to the conductivity of the implants, the problem
is linear. If the investigated implants were composed of
the CoCrMo alloy, which has a conductivity double than
Ti6Al4V, the forces would double as well. Finally, the
magnitude of the motion-induced eddy currents is pro-
portional to the speed of motion and this proportionality
reflects on the Lorentz force. In Figures 5 and 6 the forces
are displayed as a function of the position. If, for the same
trajectory, the speed doubles, the values of the forces in
the graphs double, whereas the values in the abscissa keep
the same. However, the duration of the motion would
halve (i.e., the force pulses would be stronger and shorter).
Whereas the speed in trajectory B could be increased (e.g.,
to simulate a person who walks faster, or runs), the speed
of the MRI bed adopted in trajectory A is already quite
conservative (even if feasible, in many scanners).

For all investigated cases, the forces result to be far
lower than the weight of the implants. Specifically, the
highest force is about 6 mN (corresponding to less than 1 g,
in terms of equivalent gravitational mass). As discussed,
the possibility to perceive the Lenz effect enhances at the
increase of conductivity, of the speed of motion, and of the
gradient of the fringe field. Thus, this study cannot claim
to provide a fully exhaustive assessment. Nevertheless,
for patients moving in the field of a 3 T tubular scanner,
the observed safety margin seems to be large enough to
exclude any damage to tissues. Indeed, the latter should
be perfectly able to retain the implant in the proper posi-
tion considering that, during activities of daily living,
forces on knee and hip joints commonly exceed the body
weight,30:37.38

In a safety perspective, the reduction of the speed of
motion is a practical and effective way to minimize the
Lenz effect (and possible annoying sensations), anyway.
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