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Abstract
Patients with implanted orthopaedic devices represent a growing number of subjects undergoing
magnetic resonance imaging (MRI) scans each year.MRI safety labelling is required for all implants
under the EUMedical Device Regulations to ensure regulatory compliance, with each device assessed
through standardised testing procedures. In this paper, we employ parametric studies to assess a range
of clinically relevant factors that cause tissue heating, performing simulations with both radio-
frequency (RF) and gradient coil (GC) switching fields, the latter of which is often overlooked in the
literature. A series of ‘worst-case’ scenarios for both types of excitation field is discussed. In the case of
GCfields, large volume implants and large plate areaswith thefield orientated perpendicular to the
plane cause the highest heating levels, alongwith sequences with high rates offield switching. Implant
heating fromRFfields is driven primarily from the ‘antenna effect’, with thin, linear implants of
resonant length resulting in the highest temperature rises. In this work, we show that simplifications
may bemade to thefield sequence and in some cases the device geometry without significantly
compromising the accuracy of the simulation results, enabling the possibility for generic estimates of
the implant heating for orthopaedic devicemanufacturers and opportunities to simplify the safety
compliance process.

1. Introduction

Orthopaedic implants representeda€9Bnmarket in theEU in2020 (MarketDataForecast Ltd2020).Approximately 50
millionEUcitizens carry amedical implant (Lidgren et al2020)andamajorityof thesewill need amagnetic resonance
imaging (MRI) scanduring the lifetimeof their device (Bhuva et al2020).However, the issueof implantheating from
switchedmagneticfield gradients andradio frequency (RF)fields represents aunique safetyhazard for thesepatients. It
is vital forbothpatient safety and the successof amedical implanton themarket that implantmanufacturers can
demonstrate safety compliance in anMRIenvironment (Schaefers andMelzer2006, Stijnman et al2020).

There are twocurrent safety standards applicable to implantdeviceheating inMRI scans:ASTMF2182 (ASTM
F2182—19e2, 2019)and ISO/IECTS10 974 (ISO/TS10974:2018, 2018), the formerbeing related toRFheatingof
passive implants,while the latterbeing restricted toactive implants in1.5T scanners.Theapplicationof those standards
is costly and lengthy: amistake canbedamaging forbothpatient andmanufacturer.While largeproducersof high-end
active implantablemedical devices are facing technological challenges todemonstrateMRIcompatibility, small and
medium-sizedenterprisesmanufacturingpassivemedical implants areoverburdenedby thenecessity todemonstrate
MRI safety for eachnewsize and shapeof aparticulardevice, therefore limiting their innovationpotential.

This paper aims to evaluate the implant-related factors affecting tissue heating for both RF and gradient coil
(GC) heating, providing commentary on the relevant factors involved in heating in orthopaedic implants. This
understanding helps in identifying a subset of worst-case configurations for evaluation, potentially allowing for
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reduced numbers of simulations andmeasurements required to demonstrate regulatory compliance. This
analysis is conducted in a complementary waywith respect to the procedures proposed for searching for the
worst case configuration in Liu et al (2013), Zheng et al (2020a, 2020b) and can help in the identification of the
fundamental parameters in artificial neural networkmodelling, as proposed in Zheng et al (2020a, 2020b).

2.Methods

2.1. Gradient coil heatingmodels
The thermal heating due to theGCfieldwas evaluated by computing (a) the distribution of the power density
within the implant consequent to the interaction between themagnetic field and themetallic object and (b) the
subsequent heating of themetallic object and thermal diffusion towards a rectangular gelled saline phantomof
size 0.65 m× 0.42 m× 0.09 mandmaterial properties in accordancewith ASTMF2182 (ASTMF2182—
19e2, 2019). The implant and the surrounding phantomwere discretized into homogeneous cubic voxels of
given electrical and thermal properties. The size of the voxels ranges from0.25mm to 1 mmdepending on the
geometrical details of the simulated implant. The size guarantees stable results and is always significantly lower
than the penetration depth of the gradient field in themetallic implants for all the simulated pulse sequences. For
step (a), the electromagnetic problemwas conveniently limited to the region of themetallic objects, assuming
that induced currents and related power deposition are confinedwithin the implant at the low frequencies of the
GCfield. In order to account for the complex time evolution of realistic sequences, the approach proposed and
validated in (Arduino et al 2019)was adopted. The timewaveforms of themagnetic field signals were
decomposed into truncated Fourier series. For each signal the related electromagnetic problem,which involves
thefield reaction caused by induced currents, was solved in the frequency domain using the hybrid Finite
Element/Boundary Element solver described in (Bottauscio et al 2015) and (Zilberti et al 2015). Finally, the
induced currents and the powers deposited in each voxel were evaluated.

For step (b), the thermal problem generated by the power deposition in themetal was solved in thewhole
domain (metallic object and phantom) using Pennes’ bioheat equation in terms of the temperature elevationϑt
after time twith respect to the temperature at restT0. Robin boundary conditionswere set on the external
surface of the phantom to account for the heat exchangewith the ambient atmosphere. The bioheat equation
was numerically solved by afinite differencemethod (FDM) using aDouglas-Gunn (DG) time split scheme,
which allows for an efficient parallel implementation on graphics processing units (GPUs) (Arduino et al 2017).

For all the simulations reported in the paper, theGC fieldwas assumed to be spatially uniform in the region
of the implant. This assumptionmakes the resultsmore general, freeing them from the complex spatial
distribution ofGCfields, which are specific to the scannermodel (Arduino et al 2019). Thanks to the linearity of
the electromagnetic and thermal problems, the results can be adapted to anyGCfield amplitudeBGC, by
rescaling the total deposited power and the peak temperature elevation by the factor BGC

2 .
Because of the different sizes, numbers of harmonics and conditioning numbers, the computational time

varied between different problems, but it was always of the order of some hours.

2.2. RFheatingmodels
RFheating simulationswere constructed usingComsolMultiphysics v5.5 ( Comsol, 2020); model results have
been validated against analytical solutions for simple implant geometries (Zilberti et al 2020), and against
measurement results by other authors (Ruoff et al 2012). A 16 rung birdcage coil wasmodelledwith a geometry
tomatch those of body coils in typical commercial scanners (birdcage radius of 0.3m, length of 0.6 m, high-pass
design). AnRF shield (of radius 0.4 m and length 0.7 m) is placed around the birdcage coil (Giovannetti et al
2002). The entire system is enclosedwithin an air sphere of radius 1.5 m,with the phantom located centrally
within the coil. Implants are placedwithin the phantom centred on the isocentre plane of the coil, located close
to the edge of the phantomwithin the highest intensity andmost uniform section of the electric field
(see appendix A).

The coil and shield are bothmodelledwithinComsol as perfect electrical conductors. The coil is excited at
themid-point of each rungwith sinusoidal inputs of 63.9 MHz and 127.7 MHz (a stationarymagnetic flux
densityB0 of 1.5 T and 3 T respectively), varying in phase from0 rad to 2π rad around the circumference of the
coil. A capacitor is placed at the top and bottomof each rung, and a series of parametric sweeps in capacitance
were performed to tune the coil to the desiredmode 1 resonance frequency (Giovannetti et al 2002) for eachB0
field. The outermost sphere in the geometry is defined as an absorbing boundary to prevent any reflections into
themodelling domain. Finally, given the skin depth of themetallic implants is in the range 30–80 μmfor the
materials and frequencies considered in this study, the internal parts of the implant were not calculatedwithin
the electromagnetic part of the simulation; rather the surface of the implant wasmodelled using an impedance
boundary condition (Zilberti et al 2020).

2
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Within the thermal simulations, an initial temperature of 294.15 Kwas set for all the geometric domains
and, following thewhole body Specific AbsorptionRate (SAR)measurement protocol in ASTMF2182 (ASTM
F2182—19e2, 2019), the outer boundaries of the phantomwere defined as thermally insulated. The gelled saline
within the phantom is assumed to be a solid, with no convective currents present. The amplitude of the voltage
applied to the coil was adjusted in bothB0models to achieve an average temperature rise in the phantom (with
no implant) after 900 s, equivalent to awhole body SAR of 2W kg−1

c
t

SAR , 1P
t ( )J

=

where cP is the specific heat capacity of the phantom,ϑt the temperature rise in kelvin and t the time in seconds.
Post processing of the simulations established this calculation for average SAR in the phantom to be numerically
equal (within 3 ppm) to the SAR calculated from the electric field

E

m
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2
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whereσ is the electrical conductivity, E is the electric field andmd is themass density.
The RF induced heating around the implants ismodelledwith the coupled electromagnetics and transient

heat transfermodules inComsol. The propagation of the RF fields generated by the birdcage coil is described by
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where μr is the relativemagnetic permeability, k0 thewave number of free space, òr the relative permittivity, ò0
the permittivity of free space andω the angular frequency.

The heatflow in solids is derived from the heat equationwith Fourierʼs law

m c
t

Q, 4d
t

t· ( ) ( )J
k J

¶
¶

=   +

whereκ is the thermal conductivity andQ the heat source. The heat source in this case is generated by the SAR
from the electromagnetic field, and from Joule heating arisingwithin the implant, which represents the coupled
physics within themodel.

Within the simulation geometry, theminimummesh element size employedwas dependent on the
particular implant under investigation, however was set to 0.1 mm for the smallest diameter cylinders and
thinnest plates.Mesh convergence studies were completed on the empty phantom to achieve stable results for
the incidentBRF field. The total number of elements in the simulations ranged from1.4× 105 to 1.3× 106. Each
simulation took approximately 1 h to complete, however the parametric studies were carried out in parallel on
an high-performance computing facility reducing the overall simulation times.

2.3. Prostheses and scan sequences
Within the subsequent sections, a range of simplified implant geometries and commonorthopaedic implants
has beenmodelled, alongwith investigations into the effects of different GC sequences and a variety ofmaterials
properties (bothwithin the implant and the phantom). The intention is to cover as broad a range of clinical
situations as reasonably possible, and to investigate howwell predictionsmade fromgeneric shapes can be
applied to realistic implantmodels. The electromagnetic and thermal properties of thematerials simulated in
this study are presented in appendix B.

Table 1.Characteristics of the trapezoidal sequences considered in the
analysis. The amplitude ofBGC is set to 23 mT m−1.

Trapezoidal Fundamental

sequence
t

2
s (ms) td(ms) frequency f (Hz) Is(T/(ms))

SEQ1 0.147 0.32 815 110.6

SEQ2 0.500 0.32 379 40.9

SEQ3 0.147 1.00 386 76.2

SEQ4 0.100 0.32 962 145.8

SEQ5 0.300 0.32 543 63.2

SEQ6 0.147 0.00 1695 159.9

SEQ7 0.147 3.00 152 47.8

SEQ8 0.100 0.25 1111 156.7

SEQ9 0.500 3.00 125 27.5

SEQ10 3.000 4.00 50 13.5
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Since the timewaveforms of theGC sequences aremainly composed of trapezoidal signals, a set of
trapezoidal waveforms of theBGCfield, with variable rise time ts/2 andflat level duration td, were adopted in the
analysis. The results given by thesewaveforms, denoted by the symbols SEQ1 to SEQ10, were also comparedwith
those provided by actual clinical sequences. An index of thermal stress Is, which neglects the skin effect, was
associatedwith eachwaveform, computed as

I
T

G

t
t

1 d

d
d , 5s

T

0

2

( )⎛⎝ ⎞⎠ò=

whereG is themagnetic field gradient,T is the period of the trapezoidal waveformhaving fundamental
frequency f= 1/T, and the field amplitudeBGC is set to 23 mTm−1. The characteristics of the considered
trapezoidal signals, including their stress index, are reported in tables 1 and 2 together with the characteristics of
some clinical sequences considered in the further analysis. For the clinical sequences, the three signals associated
with theGCswere superposed assuming that all theGCs generate the same homogeneous fieldwithin the
implant; hence, the stress indexwas computed for the signal resulting from their sum.

TheGC analysis was performed considering seven large orthopaedic implants (fivemodels of hips, one
model of knee and onemodel of shoulder), four classes of smaller plate orthopaedic implants (humeral plates of
length 90 mm to 230 mmand gridfixation plates of length 45 mm to 86 mm) and six screws,modelled as
cylinders, whose diameter and axial length range from2mm to 7 mmand from4mm to 140 mm, respectively.
The large and small orthopaedic implants under analysis are shown infigure 1. RF simulationswere performed
on the smaller orthopaedic implants and cylinders. These simulations did not include the large implants; there
aremany published studies describing RF heating in orthopaedic prostheses already (Stenschke et al 2007,
Powell et al 2012, Kabil et al 2016,Mosher et al 2018) and, as will be described in the sections below, implant
mass ismore of an issue forGCheating comparedwith RF heating.

In addition, the investigations were extended to spheroids (GConly) and generic rectangular plates (both
GC andRF simulations). The spheroids are fully defined by the semi-axis Ls along the z-axis and the radiusRs in

Table 2.Characteristics of the clinical sequences considered in the analysis.

Clinical Number of Fundamental

sequence signals frequency f (Hz) Is(T/(ms))

EPI (only fre-
quency

encoding)

1 961 11.8

3D-FISP 3 156 78.7

3D-FSPGR 3 86 71.1

ax T1HR (fat sat) 3 17 40.9

ax T2 (fat sat)
(FRFSE)

3 0.86 54.8

TrueFisp bSSFP 3 256 160.2

slab ax 3Dmdc

(3D—FSPGR)
3 68.5 58.4

Figure 1.Orthopaedic implants considered in this study (not to scale).
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the xy-plane, the cylinders similarly by the length Lc along the z-axis and radiusRc in the xy-plane, and the plates
by the dimensions in the xy-plane and the thickness. For spheroids, parametersRs and Lswere varied in the range
from2mm to 20 mmand from2mm to 90 mm, respectively, generating in total 40 spheroids, whose
dimensions covermost of the sizes of realistic prostheses, from small screws to large knee implants.With the
cylinders,Rc and Lcwere varied over the range from1mm to 10 mmand 10 mm to 300 mm, respectively,
resulting in a data set of 600 points for bothB0 fields. The predominant effect in RF heating relates to the antenna
effect (Winter et al 2020) and so the parameter values covered, whilst extending outside the range considered for
‘small’ implants, were designed to cover the half-wavelength range for the RF fieldwithin the phantom. For
generic plates the sizes were varied from20mm to 250 mmand thickness from1mm to 3.5 mm.

3. Results

3.1. Parameters affectingGCpower deposition and heating
The power deposition P in ametallic implant is determined by the amplitude of the eddy currents flowingwithin
the object, which in turn is strictly related, besides the object size, to its average cross section perpendicular to the
direction of the appliedmagnetic field. In approximately 2Dobjects, i.e. objects where one dimension ismuch
smaller than the others, the strongest coupling between field and object occurs when thefield is perpendicular to
the implant surface. On the contrary, the definition of themost severe condition is not straightforward for
complex 3Dobjects, so that different orientations of the fieldwith respect to the objectmust be investigated. For
this reason, in the subsequent analysis the behaviour of approximately 2D implants will be discussed separately
from their 3D counterparts.Most of the orthopaedic plates are classified as 2Dobjects, whereas orthopaedic
implants such as hip, shoulder and knee prostheses belong to the 3D category, as well as screws, despite their
small size.

Power deposition is also affected by theGCfield amplitude and the harmonic content of theGC signals,
which is accounted for in the stress index Is, defined in section 2.3, as well as from the local value of theGCfield
and the electrical conductivity of the implant. All these contributions were separately analysed and P is
modelled as

P k B f I , 6p sG
2 ( ) ( )b=

where kp is a coefficient related to the implant characteristics (size/shape and electrical conductivity of the
material),BG is a coefficient related to theGCfield amplitude in the considered positionwithin the scanner (it is
the amplitude of the local GCmagnetic flux density corresponding to a gradient field equal to 1 Tm−1), f (Is) is a
coefficient which depends on theGC sequence characteristics (summarised in the stress index Is), andβ� 1 is a
factorwhich accounts for the relative orientation of theGCfieldwith respect to the implant.

The temperature increasesϑ360 andϑ900 inducedwithin the implant and the surrounding tissues due to the
power deposited by theGCfieldwere evaluated after 360 s and 900 s of exposure, respectively. Both the
considered temperature increases can bewritten as

g P, , 7t ( ) ( )J = X

whereΞ accounts for the heat exchangewith the phantom (including thermal properties of the phantom and
external surface of the object).

3.1.1. Sequence parameter: effect of the stress index
The characteristics of the timewaveformof theGC signals determine the number and amplitude of the
harmonic components of themagnetic field and, consequently, the amplitude and evolution of the eddy
currents inducedwithin themetallic object. The deposited power P obtainedwith ten simplified trapezoidal
waveforms, having various rising time and dwell time, was computed for a selection of large and small
orthopaedic implants.

The adopted parameter to describe the sequenceswas the stress index Is defined in section 2.3, whose values
range from about 13 T/(ms) to about 160 T/(ms), covering large classes of clinical sequences (see table 2).
Panel A offigure 2 shows the total power P deposited into the large orthopaedic implants versus the parameter Is,
comparing the results obtainedwith trapezoidal waveforms and a set of clinical sequences. For each implant, the
maximumpowerwith respect to the reciprocal orientation of the field and the implant is reported in the plot.
PowerP scales with a good approximationwith the square of Is as evident from fitting polynomials to the data
(degree 2was found to be satisfactory) reported in the figure (dashed lines), such that f (Is) can be stated as
f I Is s

2( ) = in equation (6). In the case of larger implants, higher electrical conducitivty (see also section 3.1.4) or
in the case of signals having a higher harmonic contents, skin effects can arise within themetal; this effect will
give rise to a dependence of power P versus Ishaving a slightly lower exponent. For the same trapezoidal
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sequences, simulationswere performed both on large and small orthopaedic implants, showing a similar trend
forP.

Panel B of figure 2 shows the results obtainedwith 2D implants, comparing small orthopaedic implants with
generic plates of different size. In this case, theworst condition of thefield perpendicular to the implant surface
was considered. Again, a square dependence ofP on Is is found (see curve fitting for the generic plate of size
160 mm× 23 mm× 3.5 mm), independently from the geometrical characteristics (shape, size, presence of
holes).

This analysis shows how the parameter Is provides a good quantitative indicator, able to correlate the
characteristics of theGCfield timewaveformwith the power deposition. This observation suggests the
possibility of using simplified sequences in laboratory tests instead of complex sequencewaveforms to
reproduce similar thermal stresses.

3.1.2. 3D objects: effect of size and field direction
All the considered objects belonging to the three categories of devices (large orthopaedic implants, screws,
spheroids)were analysed, evaluating P,ϑ360 andϑ900 for a givenGC signal (SEQ8 from section 2.3). The devices
were assumed to bemade of CoCrMo-alloy and insertedwithin a phantomhaving the thermal properties of the
ASTMgel. For the spheroid, the orientation of the applied fieldwas varied alongfive directions with respect to
the z-axis, taking advantage of the rotational symmetry of the object. For the hip, shoulder and knee implants, 13
orientations were explored coveringmost of the relative orientations. For the screws, only the field directions
parallel and normal to the screw axis were analysed. For each implant, the deposited power and the temperature
increase were evaluated considering all the field orientations related to the device category and themaximum
computed values (Pmax,ϑ360,ϑ900)were associatedwith the implant under analysis. The dependence of the
power deposition on theGCfield orientation is presented infigure 3, where results refer to themore complex 3D
large implants and their components; in particular, the variability is larger for the knee and the ‘hip5’ implants,
whereas it is limited for devices with a simpler structure, like ‘hip4’. Figure 4 collects all the results obtained for
the family of considered spheroids, the realistic large orthopaedic implants and the screws; for each implant the
maximumpowerwith respect tofield orientation is considered and the corresponding parameter kp is shown.
The volume is found to be a crucial parameter affecting both the power deposition and the temperature increase.
In particular,figure 4 shows how the values of kp are well correlatedwith the implant volume. Indeed, all kp
values are locatedwithin a narrow strip along a straight line in logarithmic scale, regardless of the device
category. The correlation between the results obtainedwith spheroids and actual implants (including screws)
gives at least the possibility ofmaximising the value of the deposited power in devices with a complex geometry
by using simplified shapes having a similar volume.

3.1.3. 2D objects: effect of cross section
The analysis of 2D objects was carried out only for theworst condition, assuming theGCfield to be
perpendicular to the object plane (xy-plane) and evaluating the corresponding value of the total powerP. The
results can be generalised to any value of the angleα between theGCfield and the unit vector perpendicular to
the object plane, rescalingP by the factor cos2a.

The power deposited in the 2Dobjects can be reasonably assumed to have a linear dependencewith the
thickness d, so that the ratio between coefficient kp and thickness was analysed. Figure 5 shows how this

Figure 2. Influence of parameter Is on power deposition for large orthopaedic implants (panel A) and 2D implants (panel B). For each
object, themaximumpowerwith respect to the relative orientation of the field and the object is reported. For the large implants, the
results obtainedwith trapezoidal waveforms are comparedwith those obtainedwith some clinical sequences.
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parameter, defined on a chromatic scale, depends on the aspect ratio (ratio of themaximumandminimum sizes
in the xy-plane) and the cross-sectional area S, for several generic plates and for the considered small orthopaedic
plates. It is evident that kp/d increases when increasing the surface area or decreasing the aspect ratio. In
particular, a variation of the aspect ratio from1 to 10 gives rise to a reduction of about one order ofmagnitude in
kp/d.

3.1.4. Effect of implant conductivity
Implant electrical conductivity directly affects power depositionwithin the simulations. The total power scales
linearly with electrical conductivity until the skin effect starts playing a role within themetallic object, that is
until the penetration depth, 2d r w m= , withω the angular frequency of thefield, ρ the resistivity and μ the
permeability of the implant, becomes smaller than the object size. As the harmonic content of theGC signal
moves towards high frequencies or the electrical conductivity of the implant increases, the reduction offield
penetration determines a sub-linear dependence of the total powerwith respect to the electrical conductivity.

Figure 4.Effect of implant volumeV on the kp coefficients. The results refer to the parametrised objects (spheroids), large orthopaedic
implants and screws. For each implant the parameter kp is plotted, which is related to themaximumpowerwith respect to field
orientation.

Figure 3. Influence of theGC field orientation on large orthopaedic implants and their components on the deposited power P, plotted
against implant volumeV. Results for the knee, shoulder and hip1 prostheses are reported here.
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Figure 6 shows the coefficient kp for large orthopaedic implants, a selection of spheroids and a selection of
generical plates. The considered range of electrical conductivity covers themetallic alloysmost used for
orthopaedic implants (CoCrMo-alloy, Ti-alloy, Ti, Steel). The trend is identical for large and small implants.

3.1.5. Effect of phantom properties
The power deposition causes the temperature increase within the implant and the surrounding tissues. For a
given object and power deposition, the heating is related to the thermal exchange coefficient of the phantom
material, whichmodifies the heat transfer at the interface between implant and phantom. In order to estimate
the function g in equation (7), themaximum temperature rise in large orthopaedic implants was plotted against
the ratio of total power P to the external surface of the implant (seefigure 7) for three phantommaterials
(ASTM-gel, bone-type,muscle-type). By linearlyfitting the data in the scatter plot related to each phantom

Figure 6.The influence of implant electrical conductivity on coefficient kp for a selection of large orthopaedic implants, spheroids and
generic plates.

Figure 5.Effect of plate cross-sectional area S and aspect ratio on parameter kp/d. The results refer to the worst condition of GCfield
perpendicular to the implant plane (α = 0°).
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property, despite a large dispersion of data being present, a statistically significant correlation of the line slope
with the phantom thermal conductivity is found.

3.2. Parameters affecting RFpower deposition and heating
Aswith theGCfields, the RF electromagnetic fields produced by anMRI transmitter coil induce currents within
the implant. The heating is caused by associated ohmic losses. However, in this case the heating ismaximised in
linear conductors, when the induced currents are standingwaves formed by reflections at the open ends of the
conductor (Dempsey et al 2001). In this so-called ‘antenna effect’, a resonant system is achievedwhen the length
of the conductor is approximately half thewavelength of the RFfieldwithin the surroundingmedium. In this
case, the conductor can be considered as a simple dipole antenna. Even in antennas of negligible thickness, the
electrical resonant length is always slightly less than the physical resonant length, such that the reactance is
‘tuned out’ to present a pure resistance component to the impedance (American Radio Relay League 1949). The
resonant length is further reduced in antennawires offinite thickness (Kozlov and Schaefers 2016); assuming the
current within thewire can be approximated by a sinusoid, the resistive and reactive components of the
impedance in thewire can be derived using the induced electromotive force (EMF)method (Lee 1984) to
calculate a resonant length reduction factorwhich depends on the diameter of the conductor (appendix C).

The assumption of sinusoidal current distribution breaks down forwires with larger radii or non-cylindrical
geometries; in such cases the actual current distributionmust be calculated using numericalmethods.
Approximating solutions such as Pocklintonʼs orHallenʼs Integral equation (Balanis 2005) can be used for such

Figure 7.Maximum temperature increase after 360 s (panel A) and after 900 s (panel B) versus the ratio between the total power P and
the implant external surface area S. Colour identifies the phantommaterial (ASTMgel,muscle or cortical bone), while symbols relate
to different implants. Each point relates to a given combination of implant electrical conductivity, sequence andGC field orientation.
The curves are the straight-line fits for the set of data corresponding to the same phantomproperties.

Figure 8.ϑ as a function of time in a 1 mmdiameter resonant length Ti-alloy cylinder (176 mm for 1.5 T and 112 mm for 3 T).
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purposes; however, the general principle remains that the physical resonant length is decreased for devices of
larger sizes in the directions perpendicular to resonating current density. Thus, the resonant length of the
implant is often empirically stated to sit between one quarter to one half of the RFwavelength. In the sections
below, Comsolmodels were utilised to generate heating data on cylinders, plates and realistic implants. This
information is used to investigate the influence of device geometry on implant heating; no attempt has been
made at producing numerical approximations to the current density or to calculate the resonant length
correction factors directly.

With the time varyingmagnetic fieldBRF orientatedwithin the cross-sectional planes of the coil, the antenna
effect is largest for linear implants orientated along the coil axis. Similar to theGCheating as set out in
equation (6), the heating results can be generalized to any point within the RF coil with a particular incident E
field amplitude, and any value of the angleα between the coil axis and implantmajor length by rescaling the
results by a factor cosa. The angle is an important consideration for screw implants, which in typical clinical
presentations are placed at right angles to themajor bones of the body, and therefore tend to not present any
major heating risk. On the contrary, items such as intramedullary nails are orientatedwithin a patient such that
theworst-case heating is achieved, although absolute heating isminimised by the larger radii of these devices in
comparison to screws (Muranaka et al 2007).

The results presented in the sections below represent themaximum temperature increase within the
phantomand implant combined geometry. For the cylinders, themaximum temperature is located at the ends
of the implant. However for the plates and realistic CADmodels, larger temperature rises occurwithin the
phantom (or human tissues in situ) comparedwith the implant, which scatters the electric fields and induces
currents within the phantommaterial (Winter et al 2020).

3.2.1. Effect of time
The rate of change of temperature with time is governed by the balance between the absorbed power density
from the RF source and the thermal conductionwithin the phantommaterial. In a humanphantomwewould
also need to consider the internalmetabolic heating and perfusion of bloodwithin vasculated tissues (Guy et al
1974). In the initial period the heating rate is almost linear, after which the temperature rise becomes large
enough that thermal conduction plays a role in transferring the heat from the implant to the surrounding
material. Steady state is achieved once the absorbed power and heatflux to the surroundingmedium are equal.

Within the simulations, the RFfield is applied for 900 s; then the simulation is continued for a further 300 s
with thefield switched off. The temperature rise infigure 8 does not tend to zero since the boundary surfaces of
the phantomare set with thermal insulation boundary conditions. The temperature prior to 900 swas fitted to a
Hill function (Hill 1910) for bothB0fields. The temperature rise at 360 s and 900 swas 58% and 68%of the
steady state value, respectively.

Figure 9.ϑ after 900 s in a 1 mmdiameter resonant length Ti-alloy cylinder of variable conductivtiy inASTMgel.
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3.2.2. Effect of implant conductivity
Whilst it is still the case that low electrical conductivitymaterials result in less Joule heating than is achieved in
higher conductivitymaterials, the absolute value of theσ plays amuchmoreminor role in determining the size
of the heatingwhen compared to theGC case. To demonstrate this fact, a 1 mmdiameter resonant length
cylinder was simulatedwith variable conductivity in the range 0.1 MSm−1 to 10MSm−1. The observed
variation infinal temperature over this range is just 6% in the 1.5 Tmodel and 8% in the 3 Tmodel, indicating
that differences in heating arising frommaterials properties is a secondary effect to those observed from changes
in the implant geometry.

The thermal properties of the implant are also important to consider.Within figure 9, results are plotted for
a resonant length 1 mmcylindersmade of pure Ti andCoCrMo-alloy, in bothB0fields. The electrical
condutivity of Ti is nearly twice that of CoCrMo-alloy, however the resultant heating is lower in the former
comparedwith the latter. This is due to the combined effect of the higher values of the heat capacity and thermal
conductivity in Ti comparedwithCoCrMo-alloy (16%and 36% larger respectively). Larger specific heat values
serve to increase the energy input required to raise the temperature by a set amount, and the larger thermal
conductivity increases the heatflow through the implant and reduces the amplitude of thermal ‘hot spots’.

3.2.3. Effect of phantom properties
Within the RF simulations, the electrical properties of the phantom aremore important to consider than the
thermal properties, since thewavelength of the EMfieldwithin the phantommaterial is the primary factor
controlling the antenna effect. Thewavelength in a lossymedium (Ulaby 2015) can bewritten as

2

1 1

, 8

2

2( ) ( )⎛⎝ ⎞⎠l
p

w

=

+ +m s
w




where ò is themediumpermittivity, and all other parameters are as previously defined. To illustrate the influence
of the EMfieldwavelength on the antenna effect, a series of simulationswere performed on 5 mmdiameter Ti-
alloy rods of variable lengths situatedwithin phantommaterials of various properties (table B2). The calculated
temperature rise was normalised to a background local SAR, as calculated by equation (2) at the centre point of
the cylinders, of 1W kg−1. Since the conductivity of both bone types ismuch lower than that of the ASTMgel or
muscle, amuch higher applied voltage is required to achieve the same SAR in the phantom. It should also be
noted that in order to determine the resonance curve for all tissue types, we have extended the implant size to
lengths well beyond those found in real devices. The combination of these factors results in artificially inflated
heating that would not exist within clinical scans, requiring the use of a log-scale in panel A offigure 10; however,
they have been applied here to ensure equivalence between the simulations.

Panel B shows the general agreement between the simulated resonant lengths in the cylinders extracted from
panel A, and the theoretical (reduced half-wavelength) values calculated using the induced EMFmethod on
dipole antennas as set out in appendix C. At a diameter of 5 mm, the assumption of pure sinusoidal current
patterns along the length of the cylinders no longer holds and so the scatter in the data in this plot is to be
expected.

Figure 10.Panel A:Maximumϑ900 due to the presence of 5 mmdiameter Ti-alloy rods, in the presence of a local background SAR of
1 W kg−1, in various phantommaterials. Panel B: Comparison between the peak centre positions as plotted in the panel A and the
theoretical resonant length for a cylindrical dipole antenna.
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3.2.4. RF heating: cylinders
Ti-alloy cylinders were simulatedwithin the ASTMphantom, placed 18.5 cm from the central axis of the coil,
close to the outer edge of the phantom. Plots ofmaximum temperatures found in the cylindermodels in the
range 1 mm to 10 mmdiameter and 10 mm to 300 mm length are shown infigure 11 for both 1.5 T and 3 T
models. The predominant factor in the implant heating relates to the resonant length, with values ofϑ900
decreasing gradually with increasing diameter.

A small amount of noise is visible within the results. The simulations performed to generate panel A of
figure 10 utilised afixed geometry of stacked cylindrical blocks, sequentially changing thematerials property of
each block to elongate the implant. However thismethodwas too labour-intensive to employ for the large
numbers of simulations required for these parametricmodels, and resulted infinermesh sizes and therefore
longer simulation times. A simple geometrical parametric sweepwas therefore used instead; however this
method generates a differentmesh for each simulation, which results in differentmesh discretisation errors. The
result is the introduction of a small amount of seemingly random error into the results, but no observable
systematic errors.

3.2.5. RF heating: cuboids
Ti-plates were simulatedwithin theASTMphantom, the centre point placed in the same location for the
cylinders, with the normal to the largest surface area along the y axis, to replicate an in vivo positioning of a plate
attached to the outer surface of a bone.Whilst the temperature distributionwithin the implant is reminiscent of
those of a linear conductor, with themaximum increase found at the extremes along the z axis, in these plate
simulations the azimuthal symmetry as found in the cylinder results is broken; the result is especially
pronounced for thewider plates. The temperature rise in one top corner of the plate is found to be larger than
that in the equivalent corner on the opposite side of the plate, due to the non-uniformity of the incident Efields
(appendix A). The full distribution ofmaximum temperature rises found in all the platemodels (of thicknessTP
1 mm,widthWP 5–25 mmand length LP 25–250 mm) is shown infigure 12 for both the 1.5 T and 3 Tmodels.
Equivalent plots for all the thicknesses (1–3.5 mm) are provided in appendixD.

Figure 11.Maximumϑ900 in all Ti-alloy cylinders inASTMgel as a function of diameter and length in 1.5 T and 3 T.
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3.2.6. RF heating: realistic geometries
Aseries of simulationswas carried outon thefivehumeral and twofixationplates (drawn in the right hand side of
figure 1) situated in anASTMgel phantom.Theplates rangebetween1mm and3.4mmin thickness, 8–13mmin
width and approximately 45–230mmin length.Theplateswere situated in theComsolmodelswith the same
position andorientation as the cuboids described above, and thedistributionofheatingwithin the implant follows
the expectedpattern as seen in the simplified geometries,with the largest temperature rise observable at the ends of
theplates.Maximumtemperatures after 900 s are provided in table 5, and follow theoverall patternof the resonant
curves as depicted infigureD1,with amaximumϑ900 found in implantmodelHumeral 4 (length∼170mm) in the
1.5 T simulations and in implantmodelHumeral 2 (length∼115mm) in the 3 T simulations. The effect of increasing
plate thickness is noticeable in the results for theHumeral 1 andFixation2models,which, despite being
approximately the same length, show slightly reducedheating in the thicker humeral plates.

4.Discussion

Thiswork has shown that significant heating in orthopaedic implants duringMRI scans is possible from
exposure to bothGC andRFfields. As set out in section 3, there are several factors that affect the power
deposition, and the subsequent heating of the implant and phantom. Thefirst factor is simply the size of the
applied time-varying field,BGC orBRF.Within theGC simulations, the field gradient is uniform throughout the
model with the value 23 mTm−1 (an achievable state inMRI coils by design (Domínguez et al 2014)) and the
amplitude ofBGC at the position of the implants is 9.2 mT. The situationwithin the RF simulations is a little
more complex.Whilst the birdcage coil is simulated at the correct resonance to produce themost uniform field
over the isocentre plane of the coil (Giovannetti et al 2002), in general the field strength varies greatly inside the
coil, especially as the implant ismoved vertically through the axis of the coil. The field (and field gradient)
amplitudes chosen in this study are reasonable representations of clinical situations. Regardless, the heating in
bothGC andRF simulationswill vary with the square of the appliedfield amplitude.

All the simulations conducted in this work consider the implant immersed in a homogeneous phantom, so
possible contributions due to anatomical differences on the RF electromagnetic field distribution and the

Figure 12.Maximumϑ900 in all 1mm thickTi-alloy platemodels in ASTMgel as a function ofwidth and length in 1.5 T and 3T
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temperature increase are not analysed. Taking into account the geometrical distribution of the anatomical
tissues would significantly increase the number ofmodel parameters,making impossible to obtain general
results in a reasonable computational time. It has been shown in the literature that the numerical results are
significantly influenced by the tissue distributionwithin the humanmodel (Fiedler et al 2018) and by the body
posture (Yang et al 2021), suggesting a sensitivity of themodels with respect to these parameters.

Total scan time naturally also plays a role in determining final temperature rise. Heat transfer between the
implant and the surroundingmediumwill varywith the thermalmaterial properties and overall surface area of
the device, however the ratio ofϑ360/ϑ900 was found to be approximately 0.76 and 0.92 for theGC andRF
simulations respectively. The choice of time sampling was alignedwith that in the availablemeasurement
standards; however it should be noted that recent advances in coil design and parallel imaging techniques have
enabled ultrafastMRI protocols (Peter et al 2020, Ahamed et al 2020)whichmaywell, in the future, negatemany
of the risks of implant heating as set out in this study.

A key consideration of heatingwithin theGC simulations is the sequence for switching the gradientfields. As
set out in section 3.1.1, the sequences can effectively be described by an index of thermal stress defined in
equation (5), proportional to the rate of change of the field switching. A range of clinical sequences was evaluated
and compared to simplified, trapezoidal waveformswith frequencies, rise times and peak durations designed to
map out the parameter space inwhich the clinical sequences lie. Figure 2 shows that the deposited power is
proportional to the square of the thermal stress index of the sequence for all types of implant. In addition,
simulation results of the simplified, trapezoidal sequencesmatched very closely to the real-world sequences at
similar values of Is, enabling the possibility in the experimental tests tomake use of simplifications inmodelling
techniqueswhilst achieving essentially the same result. Of all the simulated sequencesmodelled in this study,
SEQ8produces the highest level of heating due to its high frequency and short rise time as detailed in table 1; the
thermal stress index for this sequence is similar to a TrueFisp bSSFP sequence (table 2).

In contrast, the formof the applied fieldwithin the RF simulationswasmodelled as a simple harmonic
excitation. In practice, RF sequences inMRImachines generally comprise distinct pulses of sinc-shaped
waveforms, followed by (relatively) long pauses. However, previous studies (Wang andCollins 2010) have
shown that thewhole body normalisation process takes care of any disparities between pulse sequences, with
differences only visible on the sub-second level, which is inconsequential within a total scan time of tens of
minutes, after which time the samefinalϑt is reached regardless of the specifiedRF excitation profile.

Another parameter under investigationwas the size and shape of the implants.Whilst the fundamentals of
the physics behindGC andRFheating are the same, there remain a number of important differences that drive
the results presented in this paper. Volume is noted to be a strong correlate of implant heating from theGCfields
(figure 4); however there aremany shape configurationswhich can form a solid of the same volume. Aswe see in
figure 5, worst-case scenarios forGCheating include large surface area plates with the field orientated
perpendicular to the face plane so as tomaximise the capture area of this effective antenna. Antenna theory is
fundamental in understanding the variability of RF heating across the studied geometries and implants. As set

Table 3.GCHeating: Comparison betweenϑ900 in 3D realistic CAD implants,
comparedwith approximating spheroid geometries of similar size. Results
shown are for CoCrMo-alloy implants inASTMgel, with a field angle of 0°, for
sequence number 8.

GC Simulations

CADModel

CAD

ϑ900

(K) Size (mm)
Spheroid

ϑ900 (K) Difference (%)

Hip1 5.57 RS = 13.1 4.97 −11

LS = 88

Hip2 2.05 RS = 8.9 1.69 −18

LS = 76

Hip3 1.67 RS = 9.9 2.27 36

LS = 77

Hip4 8.92 RS = 12.1 4.08 −54

LS = 92

Hip5 17.5 RS = 12.6 4.71 −73

LS = 116

Knee 11.8 RS = 16 7.35 −38

LS = 59

Shoulder 5.52 RS = 12.4 3.77 −32

LS = 47
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out in section 3.2 and appendix C,with the presence of an in-planeBRF in a birdcage coil, theworst-case heating
configurations exist for thin, linear implants orientatedwith their largest dimension along the coil axis.With this
configuration, a resonance of the current flowbetween the ends of the conductor can be achieved and, as would
be expected of a resonance phenomenon, this effect dominates the effects of other parameters that influence
implant heating. It is important to note that it is the electromagnetic properties of the phantommaterial that
define the resonant length of the implant (figure 10). In contrast to theGCheating, where increasing the size of
the implant results inmore heating, with RF heating any deviations in geometry from theworst-case scenario of
a resonant length thinwirewill result in reduced heating levels.

A series of simplified geometries was studied such that their simulated temperature rises could be compared
to the realistic CADmodels of implants when the approximate dimensions (and in the case of theGCheating,
volumes) arematched. GCheating data for spheroids as a function of size and incident field angle are shown in
figure E1. The effect of volume equivalence for heating in this dataset ismost clearly evident for the larger
incident field angles. Separate plots for spheroid heating data as a function of sequence number and incident
field are also provided infigure E2.Herewe see similar behaviour formost of the sequences, with the absolute
temperature increase dependent on the index of thermal stress parameter as set out in table 1.

The parametric plots for the RF heating in cylinders (figure 11) and cuboids (figureD1) provide evidence for
the resonant antenna effect described above. Comparison between the realistic CADmodel data and their
simplified equivalent geometries are provided in tables 3–5.Dimensions for the spheroids chosen to represent
the 3D implants in theGCheatingwere chosen tomaintain the longest length of the implant, but setting the
spheroid radius such that the volumes of the two geometriesmatched. In considering the 2Dorthopaedic plates,
themajor lengthwas replicated in the simplified cuboid geometries, alongwith the plate thickness. Thewidth
was chosen tomatch thewidth of the longest section of the implant, especially considering the humeral plates,
which becomemore curvedwith larger dimensions. Plots of the real and simplified geometries are provided for
comparison infigure F1.

Comparison of the data in tables 3–5 show that replacement of complex 3D geometries with simplified
shapes can provide a reasonable estimate of the expected heating rise, provided a sensiblemechanism is chosen
to define the dimensions of the replacement structures. The adoption of a simplified geometry is inappropriate
for the 3D implants in theGC simulations (see table 3), which present differences of up to 73%between the 3D
implants and the simplified geometries. In the case of the humeral plates, the difference in calculated volume

Table 4.GCHeating: Comparison betweenϑ900 in 2D realistic CAD implants,
comparedwith approximating cuboid geometries of similar size. Results
shown are for CoCrMo-alloy implants in bone, with afield angle of 0°, for
sequence number 8.

GC simulations

CADmodel

CAD

ϑ900

(K) Size (mm)
Cuboid

ϑ900 (K) Difference (%)

Humeral 1 3.76 LP = 88 2.20 -41

WP = 12

TP = 3

Humeral 2 3.83 LP = 115.5 2.55 -33

WP = 12.5

TP = 3

Humeral 3 3.84 LP = 142.5 2.88 -25

WP = 13

TP = 3

Humeral 4 3.63 LP = 171

WP = 13

TP = 3.4

Humeral 5 4.19 LP = 227.5 3.01 -28

WP = 12.5

TP = 3.4

Fixation 1 0.17 LP = 44.1 0.27 59

WP = 8

TP = 1

Fixation 2 0.29 LP = 85 0.37 28

WP = 8.5

TP = 1
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between the simple cuboids andrealdeviceswasnevermore than11%;however, the same isnot true for thefixation
plates thathavemultipleholes in the face.Nonetheless, for theRF simulationspresented in table 5, thedifference
between the real implants and their simplifiedcounterpartswasnevermore than0.7 Kor17%.The relativedifferences
are larger for theGCheating,withdiscrepanciesbetween the real implants and the simplifiedgeometriesofup to59%.

Finallymaterials properties of both the implant and thephantomwere investigated.WithinbothGCandRF
simulations, increased electrical conductivity in the implant naturally results in larger induced currents and therefore
increasedheating.The size of the effect ismorepronouncedwithGCheating thanwithRFheating.With regards to
thephantommaterials properties, theheat exchangebetween the implant andphantomwill determine the expected
final temperature rise as set out in equation (7).Whether theheating source is theGCorRFfield, an increase in
phantomthermal conductivity leads to increased thermalflux from the implant to the surrounding tissue and
therefore lowerheating.Asdiscussed in section3.2.3, however,within theRF simulations anydifference inϑdue to
thephantomthermal properties is secondary to the effect of changing the electrical properties,whichdefine the
resonant lengthof thedevice. There are two implicationsof this observation:

(i) The presence of the electrical conductivity in the denominator of equation (8) results in large variations of the
resonant lengthbetween tissue types (for example,ASTMgel/muscle versus cortical and cancellousbone). It is
therefore imperative that themediumsurrounding the implant be considered in the experimental design for
both simulation andmeasurement,making the case for simulations in realistic bodymodels overphantomswith
average tissueproperties. For example, twopublished studies on intramedullary rods (Muranaka et al2007,
Gomez et al2018) came todifferent conclusions purely from the experimental set up.Thefirstmeasured the
temperature rise in a 1.5 T scanner, using a tissue-equivalent phantom, tobe 12.7 °Cat awhole-body SARof
4W kg−1.As canbe inferred fromfigure 10, the expected temperature rise for the 24 cm implant couldbe even
higher if the phantomhad electrical properties closer to that of bone thanmuscle.However, the second study
chose to insert the rods intoplastic surgical trainingbones,with aperturesmade to enable optical temperature
measurements, effectively performing the experiment in air rather than tissue.Thedipolehalf-wavelength in this
case increases to 2.4mand1.2m for 1.5 T and3 T, respectively.Consequently, only a small amount of heating
(3.6 °C)wasobserved in the 3 Tmeasurements and almost noheating (�0.5 °C) in 1.5 T, despite the
experiments being carriedout at the samewhole-bodySARexcitation level as in thefirst study, leading the
authors to report that intramedullary rods are safe foruse in 1.5 T systems.

(ii) The frequency of the RF field also appears on the denominator of equation (8), bringing the length of smaller
implants into the resonant rangeof heating for highB0 scanners. Therefore the antenna effectwill increasingly
becomeaproblemwith respect to smaller devices (e.g. orthopaedic screws if orientated along theboreof the
magnet, or stents) as higher frequencymachines becomemoreprevalent in clinical practice. In these cases,
mitigation strategies such as parallel transmission (pTx) systems (Winter et al2020)will be critical in ensuring
patient safety.

Table 5.RFHeating: Comparison betweenϑ900 in 2DTi-alloy realistic CAD implants, compared
with approximating cuboid geometries of similar size. Results shown are for Ti-alloy implants in
ASTMgel.

RF Simulations

CADModel CADϑ900 (K) Size (mm) Cuboidϑ900 (K) Difference (%)

Humeral 1 T
T

1.5 : 4.69
3 : 3.54

L
W
T

88
12
3

P

P

P

=
=
=

T
T

1.5 : 4.30
3 : 3.44

T
T

1.5 : 8
3 : 3

-
-

Humeral 2 T
T

1.5 : 6.18
3 : 4.20

L
W
T

115.5
12.5

3

P

P

P

=
=
=

T
T

1.5 : 5.61
3 : 3.46

T
T

1.5 : 9
3 : 18

-
-

Humeral 3 T
T

1.5 : 7.15
3 : 3.25

L
W
T

142.5
13
3

P

P

P

=
=
=

T
T

1.5 : 6.49
3 : 3.03

T
T

1.5 : 9
3 : 7

-
-

Humeral4 T
T

1.5 : 7.48
3 : 2.60

L
W
T

171
13
3.4

P

P

P

=
=
=

T
T

1.5 : 7.27
3 : 2.53

T
T

1.5 : 3
3 : 3

-
-

Humeral 5 T
T

1.5 : 7.17
3 : 2.54

L
W
T

227.5
12.5
3.4

P

P

P

=
=
=

T
T

1.5 : 7.35
3 : 2.59

T
T

1.5 : 2
3 : 2

Fixation 1 T
T

1.5 : 2.32
3 : 1.74

L
W
T

44.1
8
1

P

P

P

=
=
=

T
T

1.5 : 2.17
3 : 1.51

T
T

1.5 : 6
3 : 14

-
-

Fixation 2 T
T

1.5 : 4.86
3 : 3.87

L
W
T

85
8.5
1

P

P

P

=
=
=

T
T

1.5 : 4.84
3 : 4.05

T
T

1.5 : 0
3 : 5

-
-
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5. Conclusion

In this paper we have performed a comprehensive set of simulations to study the expected temperature increase
in orthopaedic implants subject toGC andRFfields withinMRI scanners. Factors affecting the heatingwere
incorportated into the simulations, to cover themajority of clinical situations that could be expected in the
general population of patients with orthopaedic implants, which included:

• GC sequence type

• MRI scan time

• Implant geometry

• Implant electrical conductivity

• Phantommaterial properties

Worst-case configurations forGCheating include sequences with high-frequency switching and short-pulse rise
times, large-volume orthopaedic implants, and large-area plates with theGCfield perpendicular to the plate
surface.Worst-case configurations for RF heating comprise thin, linear implants of length close to the half-
dipole wavelength.With bothfield types, high-conductivity implantmaterials lead to higher temperature
increases, as do phantommaterials with low thermal conductivity, which provide an insulating effect. In general,
the factors affecting the implant heating are numerous, and as such are not easily represented in a single
framework.Nonetheless, infigure 13we have summarised theworst-case heating results for each class of
implant with respect to the incident GC andRFfields. The results reported in thefigure refer to extreme
conditions; in clinical scenarios numerous other factors serve to reduce the heating, including the duty cyle,
duration of the sequence, orientation of the implant with respect to the field, and positionwithin the coil at
distances away from the field ‘hot spots’.

RealisticCADmodels of implantswere compared tomodels of simplified geometries; theGCsimulations
included large orthopaedic devices such as hip, knee and shoulder implants, alongwith a series of two-dimensional
bone-fixationplates (the latterwere also included in theRF simulations). The results of this study show that in certain
cases, simplifications canbemade to themodelswithout anymajor detrimental effects on the simulation results. In
particular, fullGC sequences canbe replacedwith simple trapezoidal approximations (in the sameway that a simple
harmonic excitation is used in theRF simulations inplace of the actualRFpulse train). In addition, in some cases,
especially forRF simulations, complex geometries canbe substituedby simplified shapes, so long as theprimary
length andoverall volumearemaintained, yielding thepossibility for generic estimates of implant heating for
orthopaedic-devicemanufacturers and simplifying the safety-complianceprocess.Morework is needed todevelop
parametricmodels of the effects of implant geometry andother factors presented in thiswork to investigate the
metrological validity of such an approach. Suchmodels should focuson investigationof the factors involved inMRI-

Figure 13.Worst-case configurations of implant geometry, sequence or field strength for each class of implant studied. The heating
results presented here are for Ti or Ti-alloy implants situated inASTMgel. TheGC results are scaled for an incident gradient
amplitude of 20 mT m−1 with the implant situated at 0.25 m from the coil centre, therefore experiencing aBGC amplitude of 5 mT.
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inducedheatingof thedatasets produced in thiswork, potentially allowing theuncertainty inusing results from
simplifiedmodels or similar devices tobe established.
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Dataset

Thefinal temperature rises for all simulations presented in this paper published as an open access dataset
(Wooldridge et al 2021).

AppendixA

Within theComsol simulations, implants were located centrally on the z and x axes, but offset in y so as to be
placedwithin the high-amplitude and high-uniformity region of the E (and therefore SAR)field (shown in the
left-hand panels offigure A1). In accordance withASTMF2182 (ASTMF2182—19e2, 2019) the implants were
placed at least 2 cm from the outer wall of the phantom, so as not to perturb the thermal boundary condition at

Figure A1.Calculated SARwithin the gelled silicon phantom (with no implant, scaled to an average of 2 W kg−1 across the whole
phantom) at 1.5 T (top row) and 3 T (bottom row). Left panels: the centre longitudinal slice. Centre panels: the isocentre cross-
section. Right panels: a series offive evenly spaced cross-sectional plots.

Table A1.Variation of the SAR
experienced by linear implants of
various lengths positionedwithin
the scanner at a y offset of 18.5 cm
from the coil centre axis.

Implant length

SAR varia-

tion (%)

(mm) 1.5 T 3 T

25 0.3 0.4

50 1.0 0.8

75 2.0 1.8

100 3.9 3.1

125 5.9 4.7

150 8.6 6.7
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that face. Estimates of the SARuniformity for linear implants of various lengths positioned at this value of y are
given in table A1. It should be remembered that for implants of longer length, or implants with significant
dimensions in y and/or x, the calculated temperature rise will result from a function of the device geometry,
materials properties and also the SAR experienced by the implant within the birdcage coil. For example, the
effects of the non-uniformE fields (the right-hand panels offigure A1) can be seen in the asymmetry in the
heating on opposite sides of the orthopaedic plates.Whilst the thermal heating results presented in this paper
constitute theworst-case scenario for a centrally located ASTMphantom, the actual heatingwill vary with the
relative position of the human or phantomwith implant to the coil. For instance, the heatingwill reducewith
non-zero z values (the subject ismoved out of the scanner), andwill increase ifmoved in either x or y towards the
coils (towards the hotspots visible in the centre panels offigure A1).

Appendix B

The variousmaterials properties of the implant and phantommaterials usedwithin this study are presented in
tables B1 andB2.

AppendixC

The cylindrical implantswithin theRF simulations act as half-wavelength dipoles antennas. In free space, such an
antenna has a feedpoint impedance of 73Ω in resistance and 43Ω in reactance, resulting in a slightly inductive
reactance. To eliminate this effect, the halfwavelengthneeds to be reduced by a factorR resulting in a net half
wavelength of

R c

f2 2
, C.1( )l¢

=

Table B1.The thermal properties of thematerials simulated in this study.

Material Density

Thermal

conductivity Specific heat

(kgm−3) (W m−1 K−1)
capacity

(J kg−1 K−1)

Ti 4512 19.0 523

Ti-alloy 4420 7.2 520

CoCrMo-

alloy

8845 14.0 450

ASTMgel 998 0.54 4152

Muscle 1090 0.50 3421

Cancellous

bone

1178 0.31 2274

Cortical bone 1908 0.32 1313

Table B2.The electromagnetic properties of thematerials simulated in this
study.

Material RF frequency Relative Conductivity

(MHz) permittivity (S m−1)

Ti 64&128 1 2.13 × 106

Ti-alloy 64&128 1 5.81 × 106

CoCrMo-alloy 64&128 1 1.16 × 106

ASTMgel 64&128 80 0.47

Muscle 64 72.2 0.69

Muscle 128 63.5 0.72

Cancellous bone 64 30.9 0.16

Cancellous bone 128 26.3 0.18

Cortical bone 64 16.7 0.06

Cortical bone 128 14.7 0.07
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where c is the speed of light and f the frequency of the RF signal. The resonance reduction factorR is a function of
the dipole antennawire radiusRc, and can be calculated from the dipole reactance

X
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c c
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h
p

=

+ - +

+ - +

whereη is the impedanceof thephantommaterial, k is thewavenumber,Lc is the cylinder length, andSi(x) andCi(x)
are the sine and cosine integral functions.The resonant length 2l¢ canbe foundwhere the reactance vanishes;
dividing this lengthbyhalf thewavelengthof theRFfield, as calculated in equation (8), provides an estimationofR as
a functionof the antenna radius.

For eachB0field and every cylinder diameter studied, there exists a resonant implant length atwhich the induced
currents and therefore heating aremaximised.Variations in length for eachdiametermove the systemaway fromthe
resonance, resulting in reduced levels of heating.However, it shouldbenoted that the assumptionof sinusoidal
currents along the lengthof the cylinder, as required for the validity of equation (C.2), breakdown for larger radius
cylinders,which includes the rangeofRc/λ covered in this analysis, as indicatedby thebluehighlighted section in

FigureC1.Half-wavelength dipole resonant length reduction factor plotted as a function of thewire radius. The blue highlighted
region of the curve represents the region of interest for the geometrical andmaterials parameters employed in this study.

Table C1.MaximumandminimumRc/λ for the phantommaterials
studied.

Material RF frequency
Rc/λ

(MHz) Minimum Maximum

ASTMgel 64 2.3 × 10−3 2.3 × 10−2

128 4.1 × 10−3 4.1 × 10−2

Muscle 64 2.5 × 10−3 2.5 × 10−2

128 4.1 × 10−3 4.1 × 10−2

Cancellous bone 64 1.4 × 10−3 1.4 × 10−2

128 2.4 × 10−3 2.4 × 10−2

Cortical bone 64 9.6 × 10−4 9.6 × 10−3

128 1.7 × 10−3 1.7 × 10−2
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figureC1.The exactminimumandmaximumranges for eachphantommaterial andB0field are specified in tableC1.
The samebreakdownof sinunsoidal current distrubutions is true fornon-cylindrical geometries, and sowhilstwe
expect the analysis above toprovide ausefulmechanismtounderstand thephysics behind the simulated results,wedo
not expect aprecisematchbetween the simulated and calculated resonant lengths.

AppendixD

Full plots for the cuboid RFmodels are presented infigureD1, for plates of thicknesses varying from1mm
to 3.5 mm.

Appendix E

Contour plots of GCheating in spheroids are shown infigures E1 and E2.

FigureD 1.Maximumϑ900 in all Ti-alloy plates inASTMgel as a function of width, length and thickness in 1.5 T and 3 T.
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Figure E1.Maximumϑ900 inCoCrMo-alloy prolate spheroidmodels in ASTMgel as a function of radiusRS, semi-heightRS and
incident angleα of theGCfieldwith respect toRL.

Figure E2.Maximumϑ900 inCoCrMo-alloy prolate spheroidmodels in ASTMgel as a function of radiusRS, semi-heightRS, incident
angleα of theGCfieldwith respect toRL, andGC sequence number (as described in table 1).
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Appendix F

Comparisons of realistic CADmodels and their simplified geometry equivalents are shown infigure F1.
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