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Background and objectives: Electric currents are induced in implanted medical devices with metallic fila- 

mentary closed loops (e.g., fixation grids, stents) when exposed to time varying magnetic fields, as those 

generated during certain diagnostic and therapeutic biomedical treatments. A simplified methodology to 

efficiently compute these currents, to estimate the altered electromagnetic field distribution in the bio- 

logical tissues and to assess the consequent biological effects is proposed for low or medium frequency 

fields. 

Methods: The proposed methodology is based on decoupling the handling of the filamentary wire and 

the anatomical body. To do this, a circuital solution is adopted to study the metallic filamentary implant 

and this solution is inserted in the electromagnetic field solution involving the biological tissues. The 

Joule losses computed in the implant are then used as a forcing term for the thermal problem defined by 

the bioheat Pennes’ equation. The methodology is validated against a model problem, where a reference 

solution is available. 

Results: The proposed simplified methodology is proved to be in good agreement with solutions provided 

by alternative approaches. In particular, errors in the amplitude of the currents induced in the wires re- 

sult to be always lower than 3%. After the validation, the methodology is applied to check the interactions 

between the magnetic field generated by different biomedical devices and a skull grid, which represents 

a complex filamentary wire implant. 

Conclusions: The proposed simplified methodology, suitable to be applied to closed loop wires in the 

low to intermediate frequency range, is found to be sufficiently accurate and easy to apply in realistic 

exposure scenarios. This modeling tool allows analyzing different types of small implants, from coronary 

and biliary duct stents to orthopedic grids, under a variety of exposure scenarios. 

© 2022 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

In silico models are a powerful tool largely adopted for ana- 

yzing the interaction between electromagnetic fields (EMFs) and 

uman beings, with the main scope of evaluating the safety of 

echnologies and optimizing their effectiveness [1] . In recent years, 

onsiderable effort s have been devoted to the study of the inter- 

ctions with implanted medical devices, largely spread among the 

opulation [2] . Metallic objects within the human body can en- 

ance the power deposition, producing temperature increases in 

ative tissues, or modify the induced electric field, which may 
∗ Corresponding author. 
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ause peripheral nerve stimulation [3–6] . Among the possible ex- 

osure scenarios, a significant number is due to biomedical tech- 

ologies that use EMFs for diagnostic or therapeutic purposes, such 

s Magnetic Resonance Imaging (MRI) [7] , Magnetic Hyperthermia 

MH) [8] or Transcranial Magnetic Stimulation (TMS) [9] . 

A large literature discusses the exposure of patients bearing im- 

lants during MRI scanning [10] . Particular attention has been paid 

o active implantable medical devices (AIMD) (e.g., cardiac defibril- 

ators [10] and Deep Brain Stimulators, DBS [11] ), but also passive 

mplants (e.g., fixation grids, stents) were studied in recent years 

12–15] . In silico models were also applied to biomedical technolo- 

ies under development, to identify possible exclusion criteria for 

atients carrying implants (see for example [16] , related to MH 

reatments). 
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Powerful computational methodologies, often supported by 

ommercial software, are available for investigating the interac- 

ion between EMFs and anatomical models in presence of implants. 

onetheless, some analyses remain a challenge due to specific ge- 

metrical or functional characteristics of the electromagnetic prob- 

em [17] , like the case of implanted devices including metallic fila- 

ents. 

Metallic wires connect the pulse generator to the local elec- 

rodes in AIMD, but structures composed of thin wires can be 

ound also in passive implants, such as the metallic stents adopted 

o enlarge vessels or ducts [18] , or the metallic grids used in or-

hopedics to fix bone fractures [19] . The extremely small diam- 

ter of the wires (down to 0.1 mm or lower) makes the adop- 

ion of voxelized anatomical models (whose elements have typi- 

al size of 1 mm) not straightforward. Indeed, a voxel size suit- 

ble to reproduce the wire geometry would increase the com- 

utational burden of the electromagnetic simulations significantly. 

on-structured meshes could be adopted in this case, as, for ex- 

mple, in the studies of the local Specific Absorption Rate (SAR) 

eposition caused by DBS electrodes [20] or cardiac leads [21] due 

o MRI radiofrequency fields. However, in the presence of implants 

ith a complex shape, the pre-processing phase required to dis- 

retize the anatomical models could be critical and the mesh qual- 

ty remains an issue. 

In order to preserve a voxel-based discretization, the Huygens 

pproach [22] is often adopted in literature, decomposing the 

roblem in two subsequent simulations. The first one is performed 

n the entire anatomical model without the metallic wires using a 

ough mesh and provides the boundary conditions to the succes- 

ive simulation, which includes only a portion of the original do- 

ain around the wire, discretized with a considerably finer mesh. 

or example, in [23] a mesh size down to 0.05 mm was adopted to

andle helical structures in DBS. The reciprocity theorem and the 

uygens principle were also adopted in [ 24 , 25 ] to alleviate poten-

ial errors in evaluating the electric field at the electrode tip. 

Advanced algorithms based on adaptive meshing [26] , multi- 

cale approaches [27] or perturbation techniques [28] were also 

roposed in literature. All these models adopt the Perfect Electric 

onductor (PEC) approximation to handle metal components ex- 

osed to radiofrequency (RF) EMFs [ 29 , 30 ], or its extension repre-

ented by surface impedance boundary conditions (SIBC) [31] . This 

ssumption significantly reduces the discretization effort since the 

esh does not have to fit the penetration depth δ of the radiation 

n the metal (e.g., δ ∼ 50 μm at 100 MHz for an electrical conduc- 

ivity equal to 10 6 S/m), but does not hold at lower frequencies, 

here currents are induced deeply inside the wires. 

An alternative to meshing the filamentary structure together 

ith the anatomical model is to introduce a surrogate model for 

he device. At RF, a common approach to describe elongated wires 

ses a transfer function, which relates the tangential component 

f the incident electric field to the scattered electric field at its 

ip [32–34] . Extension to short wires was also proposed [35] . This 

ethod, which is implant-specific, allows coupling the experimen- 

al characterization of the implant with simulations [36] . 

The above-mentioned approaches are suitable for open wires. 

nyway, some drawbacks arise at intermediate frequencies, espe- 

ially in presence of closed loops with complex structures (e.g., 

rids composed of many wires), where the circulation of the cur- 

ent within the closed loops produces power dissipation and heats 

he surrounding tissues. Circuital approaches have been proposed 

o model the interaction of metallic wires with magnetic fields, but 

heir application was limited to fields at 50 Hz [ 37 , 38 ]. 

This paper proposes a simplified methodology for the dosimet- 

ic analysis, at the intermediate frequencies, of anatomical mod- 

ls which include metallic filamentary closed loops. The simplified 

ethodology is based on the combination of a circuit and a field 
2 
nalysis, where the metallic filamentary implant is described by 

D curves, which are included in the tissue as a separate struc- 

ure without requiring constraints for the meshing. The system of 

urves is handled through an equivalent electrical network that in- 

eracts with the EMF computation. The approach relies on some 

reliminary assumptions, detailed in Sect. 2, which strictly define 

ts applicability range. The output of the electromagnetic analy- 

is is then used as the forcing term for Pennes’ bioheat equation 

 39 , 40 ], which provides the time evolution of the temperature dis- 

ribution within the biological tissues. 

. Numerical methodology 

.1. Electromagnetic field problem 

The domain under analysis is a portion of the human body. It 

ncludes biological tissues (domain �), having electrical conductiv- 

ty σ , and metallic wires (domain �), forming closed loops. The 

lectric field is induced both in the tissues and in the metallic 

ires, producing currents. 

The following assumptions are introduced: 

a) The magnetic field generated by the currents induced in the 

tissues does not appreciably affect the magnetic field gener- 

ated by the external sources. 

b) The magnetic field generated by the currents induced in the 

metallic wires may be significant and perturb the magnetic 

field generated by the external sources. 

c) The currents induced in the metallic wires are confined 

within the closed loops and are not drained towards the sur- 

rounding tissues. This assumption is motivated by the con- 

siderably higher conductivity of metal with respect to tis- 

sues and the small size of the implants with respect to the 

wavelength, but it makes the proposed method valid only 

in presence of entirely closed metallic wire loops and pre- 

cludes its application to the case of open-wires where the 

return path of the currents involves the surrounding tissues. 

d) The currents induced in the body are confined within the 

body itself. 

e) The frequency is limited to values for which the effects of 

the field propagation within the body are negligible and the 

dielectric component of the induced currents can be disre- 

garded with respect to the ohmic component. 

The electromagnetic field problem at steady-state is solved in 

he frequency domain (angular frequency ω), where all field quan- 

ities are represented through the corresponding phasors. Thus, 

he transient evolution of the electromagnetic field is disregarded 

as usual in electromagnetic dosimetry analysis, for periodic driv- 

ng terms). The computation of thermal evolution is not affected 

y this assumption, because its characteristic time largely exceeds 

hat of the electromagnetic phenomenon. 

The electric field E is written as: 

 ( r ) = ∇ϕ ( r ) − i ωA ( r ) , (1) 

here A is the magnetic vector potential, ϕ is the electric scalar 

otential, r is the position, and i is the imaginary unit. Based on 

he assumptions introduced above, the magnetic vector potential A 

s the sum of two terms, A = A s + A r , where A s is the source term

here assumed to be given by external coils) and A r is the reaction 

erm due to the currents induced in the metallic wires embedded 

nto the biological tissues. If the field source is a system of currents 

ithout magnetic materials, A s is written as 

 s ( r ) = μ0 

∫ 
�s 

ψ ( r − r 0 ) J s ( r 0 ) dr 0 , (2) 
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here �s is the domain of the field sources, J s is the current den- 

ity imposed into the external coils, and ψ( x ) = (4 π | x |) −1 is the

reen function for the Laplace equation. 

Similarly, the reaction term A r is written as 

 r ( r ) = μ0 

∫ 
�

ψ ( r − r 0 ) J w 

( r 0 ) dr 0 , (3) 

here J w 

is the unknown current density induced into the metallic 

ires embedded into the tissues. 

Within domain � the following equation holds, 

 · ( σ ∇ϕ ) = i ω∇ · ( σ ( A s + A r ) ) . (4) 

Eq. (4) is approximated according to the Finite Element Method, 

sing hexahedral elements corresponding to the voxels in which 

he anatomical human models are discretized. Nodal unknowns 

re used to represent the scalar potential ϕ with first order shape 

unctions. Assumption d) leads to the following boundary condi- 

ion on ∂� for the unknown electric scalar potential, 

ϕ · n = i ω ( A s + A r ) · n , (5) 

eing n the unit vector normal to the boundary ∂�. 

The metallic filamentary implant is described in terms of 1D 

urves, which are inserted inside the human body as a separate 

tructure without imposing constraints during the meshing opera- 

ion. The set of curves is handled as an electrical network, consti- 

uted by N nodes and M branches. The curve of a single branch is 

pproximated by a broken line. An unknown current I w, k is associ- 

ted to the oriented k -th branch of the network, having length d k 
nd cross section S k . Under the assumption that the cross section 

 k is sufficiently small with respect to the EMF penetration depth 

n the metal at the frequency under study, the current density J w, k 

ppearing in Eq. (3) is considered uniformly distributed within the 

ross section and its amplitude is expressed as I w, k / S k . 

The fundamental loop currents of the electrical network are 

dentified through a tree/co-tree decomposition and assumed as 

nknowns. For the j -th fundamental loop � j , the following equa- 

ion holds, 
 

I j 

σ−1 J w 

· dl = −i ω 

∮ 
I j 

( A s + A r ) · dl . (6) 

Eq. (6) leads to 
 

 ( j ) 

R k ( j ) I w ,k ( j ) = −i ω 

∑ 

k ( j ) 

(
a s ,k ( j ) + a r ,k ( j ) 

)
, (7) 

here R k is the resistance of the k -th branch, a s, k and a r, k denotes

he integrals of the magnetic vector potential components (source 

nd reactive ones, respectively) tangential to the k -th branch along 

he branch itself, and k ( j ) spans the indices of the branches belong-

ng to the loop � j . The currents in all the branches can be collected

n a vector i w 

= C 

T i 0 , being C the loop-branch conversion matrix

nd i 0 the vector of the fundamental loop currents. Eq. (7) can be 

ewritten using the matrix formalism as: 

R C 

T i 0 = −i ωC ( a s + a r ) (8) 

eing a s and a r the vectors of elements a s, k and a r, k , respectively, 

nd the diagonal matrix R collects the resistance of each branch. 

Since � is the union of the M branches, the integral in 

q. (3) can be split in the sum of M line integrals, each one mul-

iplying the current flowing in the corresponding branch. This al- 

ows to define a r as a linear combination of the branch currents, 

nd consequently of the fundamental loop currents, 

 r = L i w 

= L C 

T i 0 , (9) 

here the inductance matrix L has been introduced. The evalua- 

ion of L passes through the computation of the line integrals ( Eq. 
3 
 ) along the branches according to an adaptive quadrature rule 

ith a relative tolerance error of 10 −6 . The diagonal terms of L 

xhibit singularity in the Green function and are therefore com- 

uted analytically, taking into account the actual wire diameter 

see Appendix A ). 

Finally, the following equation for the fundamental loop cur- 

ents is obtained by combining Eq. 7 , Eq. 8 and Eq. 9 , 

 ( R + i ωL ) C 

T i 0 = −i ωC a s (10) 

Once Eq. (10) is solved, the magnetic vector potential due to 

he currents induced in the metallic wires, A r , can be computed in 

he biological tissues and brought into the forcing term of Eq. (4) . 

inally, the power dissipated in each branch of the circuit and that 

issipated in the biological tissues are evaluated and used as input 

or the successive thermal problem. 

The electromagnetic formulation described above was imple- 

ented in Matlab 2022a [41] and CUDA C [42] , adopting GPU ac- 

eleration in the computation of the field source. 

.2. Thermal problem 

Thermal simulations were carried out in the time domain by 

olving Pennes’ bioheat equation [39] expressed in terms of tem- 

erature elevation �T with respect to the initial temperature T 0 , 

oth disregarding or including thermoregulation processes follow- 

ng the approach proposed in [43] . 

The heat sources are the power directly deposited within the 

iological tissues and the contribution coming from the Joule ef- 

ect in the metallic wires. The latter contribution is modelled by 

istributing uniformly in each voxel the power associated to the 

ortion of wires which crosses the voxel itself. 

The bioheat equation was solved numerically by a finite differ- 

nce method (FDM) using a Douglas–Gunn (DG) time split scheme 

lso implemented in Matlab 2022a [41] and CUDA C [42] . Details 

f the numerical implementation can be found in [44] . 

. Material and methods 

.1. Verification case study 

The validity of the proposed filamentary methodology was veri- 

ed considering a model problem, consisting in a cylindrical struc- 

ure, layered along the radius, involving four materials (1–4) and 

n internal empty compartment (5), mimicking a biliary duct 

 45 , 46 ] (see Fig. 1 ). This geometry enables a detailed comparison

ith results provided by FEM simulations in 2D axial-symmetry 

see Appendix B for details of this approach), where the mesh 

an be highly refined. The results of the 2D simulations were as- 

umed as the reference data to verify the accuracy of the pro- 

osed approach. Moreover, an additional comparison was also per- 

ormed using the results provided by the magneto-quasi stationary 

D solver of CST Microwave Studio [47] based on a non-structured 

esh of tetrahedra. 

The internal and external diameters of the structure are equal 

o 7 mm and 40 mm, respectively. The axial length is 24 mm. The 

hickness of the layers 1 to 3 are 0.5 mm. The electrical and ther- 

al properties of the materials are reported in Table 1 . For the 

ake of simplicity, the electrical tissue properties were assumed 

o be constant with respect to frequency, taking into account that 

he purpose of the test is a verification of the proposed approach 

ather than a realistic dosimetric analysis of body tissues. 

Six metallic rings, equally distributed along the cylinder axis, 

re embedded in the structure, intersecting material 1. The diam- 

ter of the metallic wire section was chosen equal to 0.1 mm or 

.2 mm. The wires were assumed to be made of nitinol, a Ni-Ti 
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Table 1 

Physical properties of the tissues included in the 2D duct-like structure. For each layer number, the corresponding tissue type in 

biliary ducts is reported for reference. In the model problem the electrical conductivity was assumed not to vary with frequency 

(realistic values at 300 kHz were adopted). The tissue permittivity is not reported being disregarded in the proposed approach. 

Tissue 1 (mucosa layer) 2 (submucosa layer) 3 (muscularis propria) 4 (connective tissue) 

Electrical conductivity (S/m) 0.511 0.251 0.202 0.39 

Density (kg/m ³) 1088 1027 1090 1027 

Heat capacity (J/(kg ·K)) 3690 2372 3421 2372 

Thermal conductivity (W/(m ·K)) 0.53 0.39 0.49 0.39 

Heat transfer rate (ml/(min ·kg)) 460 37 37 37 

Heat generation rate (W/kg) 7.13 0.58 0.91 0.58 

Fig. 1. Model problem: duct-like structure with layers 1 to 4, an empty internal 

part (5) and six metallic wires (w1 to w3 and symmetric). The green color scale 

identifies the different layers. The colormap shows an example of temperature dis- 

tribution (in p.u.) determined by the power dissipation in the wires due to the uni- 

form magnetic field oriented along the axis of the structure. 
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lloy with 1.25 MS/m electrical conductivity often employed in bil- 

ary stents, or of Ti-6Al-4 V alloy (0.56 MS/m electrical conductiv- 

ty) widely used in many prostheses for its excellent corrosion re- 

istance. Two configurations of the metallic rings were considered: 

1) each ring is disconnected from the other, #2) the three up- 

er rings are connected together (two in series and one in counter 

eries); the same for the three lower rings. The proposed 3D fil- 

mentary approach is applied with a voxel-based discretization of 

he computational domain with a 0.2 mm voxel size. The circular 

hape of the rings was approximated by N s line segments, varying 

 s to test its influence on the result accuracy. 

A spatially uniform magnetic flux density of 10 mT was applied 

long the structure axis at a frequency ranging from 10 kHz to 

0 MHz. It must be remarked that the characteristics of this model 

roblem enable us to extend the frequency above the limit of nor- 

al applicability of the proposed approach. Precisely, the axial- 

ymmetry of the problem guarantees that the induced current den- 

ity is perpendicular to any longitudinal plane containing the axis 

f the cylinders. Hence, the currents induced in the loop wires are 

eometrically confined within the metal, as requested by the as- 

umptions of the filamentary approach. Extending the comparison 

p to 10 MHz was functional to test the filamentary model under 

onditions ranging from a feeble to a relevant reaction field, with- 

ut referring to any specific application. 

The electromagnetic solution provided by the proposed ap- 

roach was verified by comparing the currents induced in the 

ires, the magnetic flux density amplitude in the center of the 
4 
omain, and the total power dissipated in the native tissues with 

hose computed by the 2D FEM model and by CST. 

Further validations were done on the thermal simulation, to 

heck if the Joule effect in the metallic rings is properly taken 

nto account in the computation of the temperature increase in tis- 

ues. The results provided by the 2D FEM model (referred to as 

EM2D-p2D) were assumed as the reference, to verify the accu- 

acy of the proposed methodology (referred to as Voxel-3D). Addi- 

ional results, obtained by imposing the power computed by the 

roposed electromagnetic solver as forcing term of the 2D FEM 

hermal model (referred to as FEM2D-p3D), allowed disentangling 

he errors introduced in the proposed method by the electromag- 

etic and the thermal solvers. 

To make the heating magnitude at different frequencies compa- 

able, before passing the input to the thermal problem, the power 

osses were rescaled, taking advantage of the linearity of the elec- 

romagnetic field problem, to keep the product between B-field 

mplitude and frequency constant. 

.2. Anatomical head model with orthopedic skull grid 

The proposed methodology was applied to the analysis of an 

natomical head model carrying an orthopedic skull grid, usually 

mployed for bone repair in case of trauma [48] . The head of the 

uke model, belonging to the Virtual Population (ViP) [ 49 , 50 ], was

oxelized with a resolution of 1 mm, resulting in ∼4.9 10 6 total 

oxels. The tissue properties were assigned according to the IT’IS 

atabase [51] , corresponding to the working frequencies of the an- 

lyzed technologies. 

The considered metallic grid has a size of 55 mm x 55 mm [19] .

he planar grid was deformed to fit the surface of the skull, mim- 

cking a real surgery. The grid wires (diameter 0.1 mm or 0.2 mm) 

re made of ASTM F67 alloy, having electrical conductivity equal to 

.17 MS/m. 

The model was exposed to: a) the magnetic field generated by a 

eck applicator for MH treatment, b) the gradient field of a tubu- 

ar scanner for MRI, c) the magnetic field generated by a figure- 

f-eight coil used for TMS. The characteristics of the exposure are 

onsiderably different for the three scenarios in terms of frequency, 

eld amplitude, spatial distribution and exposure duration. To the 

uthors’ knowledge, specific data about possible exclusion criteria 

re currently available mainly for patients bearing implants who 

hould undergo MRI (see for example [52] ). 

For scenario a), a simplified version of an open collar-type coil, 

sed for the MH treatment of the neck region, was applied [16] . 

he coil was set to generate a magnetic flux density of 10 mT (peak 

alue) in the central region (target area) in the frequency range 

rom 100 kHz to 300 kHz. The B-field map on the grid is shown in

ig. 2 a. 

For scenario b), the z-axis coil of a set of realistic gradient coils 

or tubular MRI scanners (Nanjing Cichen Medical Technology Co., 

td, Nanjing, China, model SOLARIS) was used. The coil was sup- 

lied with a 1 kHz sinusoidal current able to generate a field gra- 

ient amplitude of 20 mT/m (peak value) along the axial direction. 
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Fig. 2. B-field maps in the implant region produced by the field sources here considered: (a) open collar-type coil used for hyperthermia, (b) system of gradient coils for 

MRI tubular scanner, (c) and (d) figure-of-eight coil for TMS treatment in two realistic positions. 
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Table 2 

Results for ring configuration #1: wire thickness equal to 0.2 mm, electric 

conductivity of the metal equal to 0.56 MS/m. For each case, solutions ob- 

tained with three solvers are compared: FEM-2D axial-symmetric (2D), CST 

using tetrahedra (3D-CST), proposed method (3D-fil). For this latter, results 

obtained with two values of segments N s for wire discretization are reported. 

The B-field comparison is evaluated in the center of the structure. 

Quantity Method 

f (kHz) 

10 1 10 2 10 3 10 4 

Current w1 (A) 2D 0.0204 0.204 2.02 14.5 

3D-CST 0.0202 0.203 2.02 14.4 

3D-fil ( N s = 32) 0.0202 0.202 2.01 14.2 

3D-fil ( N s = 16) 0.0199 0.199 1.98 14.1 

Current w2 (A) 2D 0.0207 0.207 2.05 14.2 

3D-CST 0.0206 0.206 2.05 14.1 

3D-fil ( N s = 32) 0.0205 0.205 2.04 13.8 

3D-fil ( N s = 16) 0.0202 0.202 2.01 13.8 

Current w3 (A) 2D 0.0209 0.209 2.07 14.1 

3D-CST 0.0207 0.207 2.06 14.1 

3D-fil ( N s = 32) 0.0206 0.206 2.05 13.8 

3D-fil ( N s = 16) 0.0203 0.203 2.02 13.8 

B-field (mT) 2D 10.0 10.0 9.96 7.52 

3D-CST 10.0 10.0 9.97 7.51 

3D-fil ( N s = 32) 10.0 10.0 9.93 7.50 

3D-fil ( N s = 16) 10.0 10.0 9.93 7.54 

a

e

t

a

#

he head was positioned in the region where the magnetic flux 

ensity amplitude was around 7 mT (peak value). The B-field map 

n the grid is shown in Fig. 2 b. 

For scenario c), two realistic orientations of the figure-of-eight 

oil for TMS were analyzed. The coil was supplied at 3 kHz to gen-

rate an electric field of amplitude around 150 V/m (peak value) 

t the brain surface, suitable to perform the stimulation. The cor- 

esponding B-field maps on the grid are shown in Fig. 2 c and 2 d. 

. Results and discussion 

.1. Verification study case 

Table 2 reports the currents computed in the rings and the cor- 

esponding values of the magnetic flux density in the center of the 

odel structure for configuration #1 (disconnected rings). The re- 

ults were computed with wire electric conductivity of 0.56 MS/m 

nd diameter of 0.2 mm (Case A), by means of the reference 2D 

olver, the CST solvers and the proposed simplified approach. The 

orresponding values of the power dissipated in the tissues are 

ompared in Table 3 . 

Similar results, but with wire electric conductivity equal to 1.25 

S/m and diameter equal to 0.1 mm (Case B), still for configura- 

ion #1 (disconnected rings), can be found in the Supplementary 

aterial Table S.1, comparing the 2D reference solver and the pro- 

osed simplified approach. 

Table 4 reports the currents computed in the rings and the cor- 

esponding values of the magnetic flux density in the center of the 

tructure for configuration #2 (connected rings), both for Case A 
5 
nd Case B. In this case, the comparison is limited to the 2D refer- 

nce solver and the proposed simplified approach. 

Plots of the temperature increase reached at steady-state along 

he radial direction in the mid-section of the cylindrical structure 

re presented in Fig. 3 (configuration #1) and Fig. 4 (configuration 

2), with wire electric conductivity of 0.56 MS/m and diameter of 
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Table 3 

Results for ring configuration #1: wire thickness equal to 0.2 mm, electric conductivity of the metal equal to 0.56 MS/m. For each case, the 

power dissipated in the tissues obtained with three solvers are compared: FEM-2D axial-symmetric (2D), CST using tetrahedra (3D-CST), 

proposed method (3D-fil). For this latter, results obtained with two values of segments N s for wire discretization are reported. 

Power (W) Method 

f (kHz) 

10 1 10 2 10 3 10 4 

Tissue 1 2D 1.7 10 −3 0.171 16.7 811 

3D-CST 1.7 10 −3 0.170 16.8 813 

3D-fil ( N s = 32) 1.7 10 −3 0.166 16.5 774 

3D-fil ( N s = 16) 1.6 10 −3 0.162 16.0 746 

Tissue 2 2D 7.1 10 −8 7.1 10 −6 7.1 10 −4 4.6 10 −2 

3D-CST 7.1 10 −8 7.1 10 −6 7.0 10 −4 4.6 10 −2 

3D-fil ( N s = 32) 6.7 10 −8 6.7 10 −6 6.7 10 −4 4.5 10 −2 

3D-fil ( N s = 16) 6.7 10 −8 6.7 10 −6 6.7 10 −4 4.4 10 −2 

Tissue 3 2D 7.9 10 −8 7.9 10 −6 7.9 10 −4 5.7 10 −2 

3D-CST 7.9 10 −8 7.9 10 −6 7.9 10 −4 5.7 10 −2 

3D-fil ( N s = 32) 8.7 10 −8 8.7 10 −6 8.6 10 −4 6.2 10 −2 

3D-fil ( N s = 16) 8.7 10 −8 8.7 10 −6 8.6 10 −4 6.3 10 −2 

Table 4 

Results for ring configuration #2. Case A (wire thickness equal to 0.2 mm, electric conductivity of the metal equal to 0.56 MS/m) and 

Case B (wire thickness equal to 0.1 mm, electric conductivity of the metal equal to 1.25 MS/m). Variable number of segments N s for wire 

discretization. The B-field comparison is evaluated in the center of the structure. 

Case Quantity Method 

f (kHz) 

10 1 10 2 10 3 10 4 

A Current w1/w2/w3 (A) 2D 0.00680 0.0681 0.676 5.30 

3D-fil ( N s = 32) 0.00680 0.0677 0.675 5.28 

3D-fil ( N s = 16) 0.00670 0.0668 0.667 5.26 

B-field (mT) 2D 10.0 10.0 9.99 9.35 

3D-fil ( N s = 32) 10.0 10.0 9.99 9.37 

3D-fil ( N s = 16) 10.0 10.0 9.99 9.38 

B Current w1/w2/w3 (A) 2D 0.00380 0.0382 0.381 3.36 

3D-fil ( N s = 32) 0.00380 0.0378 0.377 3.32 

3D-fil ( N s = 16) 0.00380 0.0373 0.377 3.29 

B-field (mT) 2D 10.0 10.0 9.97 9.35 

3D-fil ( N s = 32) 10.0 10.0 10.0 9.69 

3D-fil ( N s = 16) 10.0 10.0 10.0 9.69 

Fig. 3. Ring configuration #1 with wire thickness equal to 0.2 mm and electric conductivity of the metal equal to 0.56 MS/m. Variable number of segments N s for wire 

discretization (w16 and w32 in the legend). Temperature increase along the radial direction. On the left results at 100 kHz, on the right results at 10 MHz. 
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.2 mm (see Supplementary Material Fig. S.1 and S.2 for the re- 

ults with wire electric conductivity of 1.25 MS/m and diameter of 

.1 mm). 

The results evidence a good agreement of the proposed fila- 

entary approach (3D-fil in the tables) with the 2D and the CST 

olvers, evaluated in quantitative terms for the phenomena in- 

uced both within the metallic wires and in the surrounding tis- 

ues. The effects of the reaction field increase the error with the 

requency, because of numerical inaccuracies in computing the re- 

ction field near to the wires. The error is also slightly affected by 

he number of segment N s used to discretize the wire. The error 

n the current amplitude was always lower than 3% with respect 
6 
o the 2D solution. Such a result translates in an error of ∼5% on 

he estimate of the power dissipated within the wires and ∼10% 

n the estimated power in tissues. The latter error, however, is not 

ue to the proposed approach, but to the adoption of a voxel-based 

tructured mesh to discretise the computational domain. 

The results of the proposed filamentary approach are obtained 

ith ∼3.7 10 6 voxels and the computations time for each single so- 

ution is ∼14 min, running on a Intel Xeon Gold 6238R processor 

nd NVIDIA A100 GPU accelerator. As a comparison, the commer- 

ial software CST working on a mesh with ∼0.79 10 6 tetrahedra 

equired ∼21 min running on an Intel Xeon CPU E5–2650 v3 pro- 

essor and NVIDIA Quadro K60 0 0 GPU accelerator. 
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Fig. 4. Ring configuration #2 with wire thickness equal to 0.2 mm and electric conductivity of the metal equal to 0.56 MS/m. Variable number of segments N s for wire 

discretization (w16 and w32 in the legend). Temperature increase at steady-state along the radial direction. On the left results at 100 kHz, on the right results at 10 MHz. 

Fig. 5. Spatial distribution of the temperature increase ( �T ) after 1800s in tissues close to the orthopedic grid for a B-field value in the target area equal to 10 mT at 

300 kHz. The wire diameter is equal to 0.1 mm (left plot) and 0.2 mm (right plot). The results shown here were obtained in absence of thermoregulation. 
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6

Regarding the testing on thermal solutions, an error of ∼5% in 

he temperature increase in tissues suggests that the approxima- 

ion adopted when distributing the dissipated power within the 

oxels is adequate to the purpose, because the error is kept in the 

ame order of magnitude as in the computed Joule losses in the 

ires. Moreover, it means that the power directly deposited in the 

issues, where the error due to the voxel structure is larger, is neg- 

igible with respect to the Joule losses in the wires. Figs. 3 and 

 show also that the temperature trends estimated by FEM2D-p3D 

nd Voxel-3D are consistent, providing further confirmation of the 

revious analysis. 

.2. Anatomical head model with orthopedic skull grid 

.2.1. Magnetic hyperthermia 

The field is applied continuously for 30 min, as in a realistic MH 

reatment. Simulations have been performed both with and with- 

ut the thermoregulation effects. The com putation time is ∼20 min 

or the electromagnetic solver and ∼1.4 s for each time step of the 

ransient thermal solver; all these data refer to a run on an Intel 

eon Gold 6238R processor and NVIDIA A100 GPU accelerator. 
7 
The maximum temperature increases reached in close prox- 

mity of the grid are listed in Table 5 . At 300 kHz, the values

ange from 2.5 °C to 10.0 °C depending on the wire size and the 

resence/absence of thermoregulation. Decreasing the supply fre- 

uency to 100 kHz, the temperature increase reduces to 1.2 °C for 

he wire diameter of 0.2 mm. Fig. 5 shows the spatial distribution 

f the temperature increases at 300 kHz in proximity of the metal- 

ic grid, without thermoregulation, for grids having wire diameters 

f 0.1 mm and 0.2 mm. 

The results put in evidence a localized heating in proximity of 

he implant, which is affected by the grid geometrical character- 

stics. The non-negligible thermal effects evidence the usefulness 

f the proposed tool of analysis for evaluating potential exclusion 

riteria for patients carrying this type of implant. 

.2.2. MRI gradient coils 

The field is applied continuously for 30 min, simulating a con- 

inuous MRI acquisition session. The computation time is ∼11 min 

or the electromagnetic solver and ∼1.4 s for each time step of the 

hermal solver; all these data refer to a run on an Intel Xeon Gold 

238R processor and NVIDIA A100 GPU accelerator. 
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Table 5 

Maximum temperature increase ( �T ) with and without thermoregulation after 1800s in tissues close to the 

orthopedic grid for different diameter of the grid and supply frequency. B-field value in the target area equal to 

10 mT. 

Frequency (kHz) Wire diameter (mm) 

Max �T ( °C) 

With thermoregulation Without thermoregulation 

300 0.1 2.5 6.9 

300 0.2 2.8 10.0 

100 0.2 1.2 1.2 

Fig. 6. Spatial distribution of the temperature increase after 1800s. The temperature 

increase due to the grid is almost negligible. 
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ig. 7. Spatial distribution of the amplitude of the induced electric field ( E ) in the gray

resence (right) of the grid. The effect of the grid on the E -field is almost negligible. 

8 
The temperature increase in proximity of the metallic grid af- 

er 30 min is negligible, considerably below 0.001 °C (see Fig. 6 ). 

he thermal effect produced by the gradient fields of the scanner 

n this implant and for this specific case of exposure suggests that, 

rom the point of view of the heating driven by gradient fields, the 

xam is safe. Of course, this consideration is not general for ex- 

osure of these implants to MRI gradient fields and will depend 

n the specific exposure scenario (type of gradient coils, MRI se- 

uence, implant characteristics). 

.2.3. TMS treatment 

Due to the short duration of the field application (which limits 

he thermal effects), the simulations were focused on the modifica- 

ions in the spatial distribution of the induced electric field in the 

rain tissues produced by the metallic orthopedic grid placed in 

roximity of the region of treatment (see Fig. 2 c and 2 d). For both

he coil positions, it was observed that the grid does not mod- 

fy neither the spatial pattern, nor the amplitude of the induced 

lectric field. An example of the spatial distribution of the electric 

eld in the brain tissue is reported in Fig. 7 , comparing the spatial

istribution with and without the grid. The computations time is 

15 min for the electromagnetic solver running on an Intel Xeon 

old 6238R processor and NVIDIA A100 GPU accelerator. 
 matter, white matter, cerebellum and cerebrospinal fluid in absence (left) or in 
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. Conclusions 

A simplified approach was developed specifically to handle the 

resence of looped metallic wire implants within anatomical hu- 

an models. Despite the approximations introduced in the pro- 

edure, a good accuracy was found by comparing the results on 

 test model with a 2D axisymmetric FEM solver (used as a ref- 

rence) and a 3D commercial software (average errors in current 

mplitudes induced in the wires around 2.5% up to 1 MHz, which 

esults in errors lower than 5% in terms of power released in the 

etallic components and 10% in power density in tissues). At the 

ame time, comparable or even better computational time is found 

ith respect to the considered commercial software making refer- 

nce to the test problem. 

The proposed tool was also found to be easily applicable in re- 

listic exposure scenario analysis, since it requires only a descrip- 

ion of the metallic implant as a 1D geometrical object, indepen- 

ently of the adopted human body discretization. Similar analysis 

dopting a standard approach will require embedding the filamen- 

ary wire into the discretization of the body tissues, being demand- 

ng from the pre-processing step and affecting the total computa- 

ional time of the solver. 

Of course, the filamentary approach proposed here has some 

imitations that must be taken into account when dealing with the 

nalysis of realistic exposure of patients carrying implants. In par- 

icular, propagation effects are not taken into account with this 

pproach; this limits the application to frequencies below about 

 MHz for human bodies. 

Moreover, the currents induced in the filamentary wires should 

e confined within the metallic parts. This feature limits the appli- 

ation of the filamentary approach to passive implants with closed 

oops, precluding its use for open wires as electrodes of cardiac 

nd brain stimulators. As a consequence, the applicability of the 

roposed approach has to be evaluated case by case depending 

n the characteristics of the studied implant. Despite these limi- 

ations, the proposed tool is tailored to a detailed analysis of dif- 

erent types of small implants, ranging from coronary and biliary 

uct stents to orthopedic grids in a large variety of exposure sce- 

arios. 
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ppendix A 

To overcome the singularity in the Green function in the com- 

utation of the diagonal terms of inductance matrix L , an analytical 

quation is adopted. Considering one of the elementary segments 

n which the generic k -th branch is discretized, having cylindrical 

hape of length L and section area πR 2 , it is assumed that the cur-

ent (unitary amplitude) is confined in the cylindrical axis and the 

ine integral of the vector potential A r is substituted by the volume 
9 
ntegral over the entire cylindrical domain (volume V ): 

 

L 

A r ds = 

1 

πR 

2 

∫ 
V 

A r dv = 

1 

πR 

2 
2 π

R ∫ 
0 

( 

L ∫ 
0 

A r ( r, y ) dy 

) 

rdr (A.1) 

In (A.1) the rotational symmetry of the domain and the vector 

otential are exploited. This volume integral is convergent and lead 

o the following expression: 

 

V 

A r dv = 

2 π

3 

×
[√ 

L 2 + R 2 
(
L 2 − 2 R 2 

)
+ 

(
2 R 3 − L 3 

)
+ 3 LR 2 log 

(√ 

L 2 + R 2 + L 

R 

)]
(A.2) 

ppendix B 

The 2D axialsymmetric solver used to have a reference solution 

n the electromagnetic testing is based on a A - ϕ formulation in the 

requency domain. The code, specific for voltage driven problems, 

imultaneously solves the field equation, which includes unknown 

urrents, and the electric network equations, where the induced 

lectromotive forces are expressed in terms of the unknown mag- 

etic vector potential A . 

The weak form of the field equation, written in the frequency 

omain (angular frequency ω), is: 
 

�

ν curl A · curl w ds 

= 

∑ 

k 

⎡ 

⎣ 

∫ 
�k 

i k 
S k 

· w ds − i ωσk 

∫ 
�k 

A · w ds + i ωσk 

∫ 
�k 

M k ( A ) · w ds 

⎤ 

⎦ 

(B.1) 

here i is the imaginary unit, ν the local magnetic absolute reluc- 

ivity, w is the test function, � is the entire geometrical domain 

nder study, k indicates a generic conductor or coil having trace 

k , area S k and current i k (whose spatial orientation is identical to 

ector A ). The mean of A over �k is expressed by 

 k ( A ) = 

∫ 
�k 

A ds 

r 
∫ 
�k 

1 
r 
ds 

(B.2) 

Eq. (B.1) is discretized using the finite element method. Linear 

hape functions are employed in a region around the symmetry 

xis, while elsewhere the same shape functions are weighted by 

 

− 1 . This approach, requiring the imposition of internal continu- 

ty conditions, is allowed by the facilities of the mesh generator 

ncluded in the computational package developed by some of the 

uthors. 

Unknown currents i k appearing in Eq. (B.1) and involving ex- 

ernal circuits are computed coupling the discretized field equa- 

ion with the circuital equations, where the electromotive forces 

re linked to the values of vector potential A . More details can be 

ound in [53] . 
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