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Abstract

:

Featured Application


Although, during an MRI scan based on ISO/TS 10974:2018, an assessment of the enhanced tissue heating due to coupling between leads of close proximity should be performed, a specific method for this estimation has not been defined. Therefore, the aim of this work is to evaluate a numerical method, similar to the Tier 3 process, for the estimation of the deposited power at the tips of two coupled implanted leads with a 1.5 T coil. Furthermore, in a previous work, an experimental process was proposed on a parallel couple of cables with a constant distance between them; our method advances this model, allowing the calculation of the deposited power for realistic in vivo implant placements and not only for the parallel placement of leads. Our proposed method is totally numerical, as the experimental measurement of the temperature increase at the in vivo placements of implants could not be feasible.




Abstract


A specific method for the estimation of the induced power at the tip by an active implantable medical device (AIMD) during an MRI scan is not defined in ISO/TS 10974:2018 for the cases of devices with multiple leads or the presence of abandoned and retained leads, where coupling between two leads could take place. Therefore, the aim of this work is to evaluate a numerical method, similar to Tier 3 of ISO/TS 10974:2018, for the estimation of the deposited power at the tips of two coupled implanted leads. Specifically, the proposed methodology applies the same parameters as the standard Tier 3 process. However, these parameters are calculated for each implant in the presence of its neighbors in order to include the coupling between them. Numerical electromagnetic simulations were performed, in which a pair of generic implant leads was excited and placed at various positions relative to each other. The deposited power at the tips of the pair was analyzed based on the standard Tier 3 approach, and the results show that this could overestimate the induced power by more than 6 dB. Therefore, a modified Tier 3 numerical method for the estimation of the deposited power at their tips is proposed, which can produce a reliable calculation. This method was confirmed by evaluating various configurations of the two leads excited by orthogonal electrical fields, and also its uncertainty budget was developed. Finally, the method was repeated for different properties of the generic implants and the surrounding tissue, as well as for a pair of realistic implants and in vivo implantation trajectories.
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1. Introduction


Magnetic resonance imaging (MRI) is an important technique in medical diagnostics with continuously increasing applications. Nevertheless, many patients with active implanted medical devices (AIMDs) in their bodies are excluded from this procedure. The reason for this exclusion is the interaction of AIMDs with the radiofrequency (RF) fields of the MRI scanner, leading to unwanted and potentially dangerous tissue heating at the tip of leads [1]. However, the growing number of implanted medical devices and MRI scans led to the necessity of assessing the MRI safety of AIMDs [2,3,4]. Several previous studies have presented in vitro measurements of the induced heating at the tip of an implanted lead, as well as in vivo measurements for specific electrodes, MR systems and conditions [5,6,7,8,9,10].



In addition, previous works have studied several factors that influence the amount of heating at the lead tip, such as lead geometry, conductivity of the medium at the lead tip, location of the implant inside the body, position of the phantom inside the coil and the MR system used [11,12,13,14,15,16,17]. In order to calculate the temperature rise in tissue caused by an AIMD during an MRI session, a technical specification has been developed by the International Organization for Standardization (ISO) [18]. This specification contains a four-tier approach with increasing complexity and accuracy of estimation between successive tiers. The lower tiers are based on simplifications of the exposure situation, producing an overestimation of the temperature increase and, therefore, resulting in a larger safety margin. On the contrary, the higher tiers involve the realistic implant placement of AIMDs in the human body and the accurate calculation of the incident fields, reducing the overestimation and resulting in a more realistic evaluation of the temperature rise. In particular, the Tier 3 approach uses the concept of the transfer function (TF) of an implant and correlates the incident tangential electric field along a trajectory to the deposited power in the tissue surrounding the lead tip, which leads to the temperature increase [19].



The above-described process refers to a single lead. However, many implants, such as conventional pacemakers, deep brain stimulators, spinal fusion and nerve cuff stimulators, have multiple leads resulting in a mutual coupling between their currents induced by the RF field inside an MRI scanner [20,21,22,23,24]. Aside from these multiple-lead implants, there are cases, where, due to a technical failure, an implant should be extracted and replaced by a new device. The incomplete lead extraction could result in abandoned or retained leads inside the patient running in proximity to newly implanted leads [25,26].



A dedicated approach to assess the potential coupling impact arising from devices with multiple leads or the presence of multiple leads, such as those found in instances of either abandoned or retained implants, has not been established to date. However, the presence of a second wire changes the TF of the single wire, causing either an increase or decrease in the current amplitude along the wire [27]. Moreover, ref. [28] concluded that the presence of an abandoned lead modified the heating profile of an MR-conditional implant, resulting either in an increase or a decrease in the induced heating, depending on the relative position of the two leads. Similarly, previous studies showed that the presence of abandoned or retained leads could pose an additional risk to the patient [25,26]. In [29], it was reported that a broken lead enhanced the deposited power at the tip compared to the intact lead, whereas the proximity of an intact wire or even a nearby broken wire reduced the enhancement factor. In another study, the mutual coupling of the wires was used to minimize the RF heating through the addition of one or more coupled fillers to the lead [30]. In [31], the strong influence of the coupling between leads on the resulting heating was demonstrated, and the authors proposed an additive transfer function model to evaluate the heating of the coupled leads.



Thus, there is a need for a Tier-3-like process for multiple functional leads and their abandoned or retained counterparts located at various relative positions between them; this is the aim of the current work. We propose a numerical method to estimate the deposited power at the tips of device leads implanted next to each other, based on the TF approach. In order to show the various steps of the new evaluation, we chose to apply it to a pair of generic leads, in the form of uncapped wires, without the loss of generality in the case of leads of commercial implants. Moreover, we developed the uncertainty budget of the introduced numerical method and we performed numerical calculations for realistic implants and trajectories inside a homogenous human model.




2. Materials and Methods


2.1. Transfer Function of a Single Lead


According to the Transfer Function approach, the power deposition at the tip of the implanted lead is determined by


  P = A       ∫  L       E   t a n     z   S   z   d z       2   ,        



(1)




where S(z) is the transfer function (TF), A is a calibration factor and Etan (z) is the tangential component of the incident electric field along the lead path L inside the patient, without the lead in place [19]. Thus, the TF decouples the scattered field from the incident field and is usually assessed experimentally, using a piecewise excitation method. In the latter, a localized electric field is applied along the implant and the TF is obtained by measurements of the resultant electric field at the tip of the implant. Alternatively, the TF can be evaluated using the theorem of reciprocity by exciting the tip of the implant and monitoring the induced current distribution that directly reflects the TF [32]. The latter approach provides the advantage of requiring only two simulations for the numerical determination of the TF [33].



In this work, the reciprocity approach was employed to determine the electrical model of a generic lead, 40 cm long, at 64 MHz. In particular, the implanted lead was modeled as a straight wire of 1.6 mm diameter, isolated by a tube of 0.9 mm thickness with εr = 3, and with 1 cm of insulation removed at both ends (uncapped wire) [19]. The TF was numerically assessed with full-wave simulations using Sim4Life V6.0 (SPEAG, Zurich, Switzerland), where the lead was placed along the z-axis in an infinite in all dimensions, lossy, high-permittivity, tissue-simulating material (HPM, εr = 78, σ = 0.47 S/m). The lead was excited by a 1 A current source at the tip and the grid of the simulations was set to 0.1 mm × 0.1 mm × 0.3 mm. The calibration factor A was estimated using a plane wave excitation of 1 V m−1 rms at the lead and matching the absorbed power numerically calculated at the lead tip through the computer simulation with the absorbed power assessed by the TF and the incident tangential electric field along the implant trajectory. The numerically calculated power was obtained via the integration of the specific absorption rate (SAR) distribution inside a volume containing the −30 dB iso-contour relative to the maximum SAR value and subtracting the corresponding power deposited in the tissue in the absence of the implant.




2.2. Estimation of the RF Deposited Power at the Tips of a Pair of Generic Implants


Initially, it was observed that when a wire was excited by a plane wave along its length, there was induced power at the tip of the proximal unexcited wire because of the coupling between them, as shown in Figure 1b. Therefore, the total absorbed power at the tip of each wire was considered as the summation of the scattered power caused by the incident electric field and the induced power caused by the coupling with the proximal wire. The total deposited power at the pair of wires was determined as the summation of the absorbed power at the tip of each individual wire.



Similarly, the incident electric field along the trajectory of each wire was assumed as the summation of the incident field at its position and the scattered electric field due to the proximal wire. Moreover, as the presence of an implant influences the currents in a nearby implant, we followed the approach of [31], where the temperature rise was estimated with higher precision using the measured TF of each wire separately, instead of the consideration of both wires as a whole. In particular, we considered the TF of the excited lead by a current source, as well as the TF of the proximal unexcited wire.



Taking the above into consideration, we modified the Tier 3 approach and proposed Equation (2) to calculate the deposited power at the tip of lead i, when lead j is present. Table 1 defines the variables of the equation.


    P   i   =     A   i i         ∫  L          E   t a n , j i     z     S   i i     z   d z         2   +   A   i j         ∫  L          E   t a n , i j     z     S   i j     z   d z         2       



(2)







Hence, to evaluate the absorbed power around the tips of two leads (lead 1 and 2), we assessed the summation of the deposited power at the tip of each lead with Equation (3):


   P =     A   11         ∫  L          E   t a n , 21     z     S   11     z   d z         2   +   A   12         ∫  L          E   t a n , 12     z     S   12     z   d z         2        + A   22         ∫  L          E   t a n , 12     z     S   22     z   d z         2   +   A   21         ∫  L          E   t a n , 21     z     S   21     z   d z         2     



(3)







The electric field Etan,ij (z) was calculated from [19]:


        E   t a n , i j     z   =   E   i n c , j     z   +   E   S i     z     ∫  L          T F   i     z     E   i n c , i     z   d z   ,      



(4)




where Einc,j (z) is the incident electric field along the path of the lead j without the presence of any proximal lead, whereas the rest of the equation defines the scattered electric field from the proximal lead i. In particular, ESi (z) is the scattered electric field from lead i calculated at the position of lead j due to the unit incident electric field. The integral combines the incident electric field Einc,i (z) along the trajectory of lead i with the TF of lead i in the absence of lead j.



To acquire numerically the TFs, two generic leads were placed parallel to each other in the same tissue-simulating material (εr = 78, σ = 0.47 S/m) at different distances (d = 3, 6, 8, 12 mm). In addition, different tip offsets were considered (l = 0, 5, 10, 15 mm), as shown in Figure 1a. During the process, one of the two wires was excited by a current source of 1 A at its tip and the induced currents at the excited and the unexcited wires were evaluated. To assess these currents, the resultant H-field was integrated along circular paths with a radius of 2 mm around each lead and a step of 1 mm along the lead.




2.3. Verification Step of the Modified Tier 3 Approach


Subsequent to the calculation of the TF, there is a need for a validation step, where the AIMD is placed inside a phantom similar to the one where the TF was measured, and the temperature increase is noted for various routings (trajectories). In ISO/TS 10974:2018 [18], examples of coil–phantom configurations and routings that generate non-uniform in vitro incident electric fields, which could be used for the TF validation, are shown. Then, the measured temperature increase can be compared to the corresponding one calculated using the TF and the incident electric field. However, this procedure presents some problems with the necessary consistent distance between the temperature probe and the tip, as well as with the possible interaction of a lead trajectory with itself [34]. Thus, other methods to achieve linearly independent incident electric fields have been proposed, such as the repositioning of the phantom inside the birdcage coil, the dual-transmit birdcage body coil, the use of passive scatterers as dielectric padding and the use of small local RF coils [34,35,36,37,38].



As the proposed modified Tier 3 approach is a numerical procedure, a verification step was established and a set of routings was considered, based on the Hadamard matrix, whose rows are mutually orthogonal [39]. Thus, the use of electric fields as they are mapped into this matrix could provide low correlations among different routings. In particular, we set eight plane wave sources along the lead, with the incident electric field corresponding to the rows of the following matrix:


      H 8  =     1   1   1   1   1   1   1   1     1   0   1   0   1   0   1   0     1   1   0   0   1   1   0   0     1   0   0   1   1   0   0   1     1   1   1   1   0   0   0   0     1   0   1   0   0   1   0   1     1   1   0   0   0   0   1   1     1   0   0   1   0   1   1   0         



(5)







The value of 1 is equivalent to the electric field linearly polarized parallel to the path of the lead, whereas 0 corresponds to perpendicular polarization. Therefore, a set of eight different incident electric fields was developed, as presented in Figure 2, without changing the path of the lead. To verify the proposed method, the numerically calculated absorbed power by full-wave simulations was compared to the respective one estimated using Equations (3) and (4) for different distances between the wires (d = 3, 6, 8, 12 mm) and different offset distances between their tips (l = 0, 5, 10, 15 mm).




2.4. Uncertainty Analysis of the Proposed Method


Since the method is based mostly on numerical simulations, the impact of the simulation parameters on the SAR distribution was assessed. Therefore, the uncertainty budget was evaluated for three numerical processes: (a) SAR distribution calculation, (b) TF calculation and (c) estimation of scaling factors Aij. To determine the uncertainty contribution of a single simulation parameter, a sensitivity analysis has been performed using numerical simulations and varying the parameter under consideration.



In particular, the impacts of the grid resolution, using mesh steps between 0.1 mm and 0.5 mm, of the simulation time and of the absorbing boundary conditions were considered. The resulting tolerance of the deposited power was assessed by comparing the calculated values from the proposed method to the obtained ones from the simulations. Furthermore, the contribution to the uncertainty budget of the different placement of the excitation current source and of the different calculation positions of the electrical current was considered, varying the corresponding distances by 0.5 mm and 1 mm, respectively. The contribution of the volume of the SAR integration to the calculation of the power was also assessed, considering the volume containing the −40 dB iso-contour relative to the maximum SAR value.




2.5. Estimation of the Absorbed Power at a Pair of Implants with Different Configuration


As the method was established for a specific pair of wires inside a standard material, the total process was repeated for different lead and tip modeling (10% variation of the tip length, lead length and radius of the insulation), different dielectric properties of the liquid (10% variation of the permittivity and conductivity) and different lead insulation (permittivity of 2 and 4). The rest of the simulation settings were set as in Section 2.1 and Section 2.2.



Furthermore, to assess the deposited power at the tip of a realistic multi-electrode lead, which is common in AIMDs, we investigated a design of 300 mm, as defined in [40]. In particular, the model contained eight electrodes with eight straight wires, which at the proximal end were connected to a ground pin with capacitors of 3.6 pF to model the input impedance of the implanted pulse generator (IPG). The detailed geometrical model of the lead is described in Figure 3, where the number of each electrode and the cross-section at the proximal end are shown. The geometrical and material properties are given in Table 2.



A pair of these leads was considered parallel to each other with a relative distance of 8 mm and was surrounded by HPM. The pair was excited by a plane wave of 1 V m−1 rms and the deposited power was assessed by performing both the standard Tier 3 process and the proposed modified Tier 3 method. As the absorbed power at each electrode of a multi-electrode lead can vary substantially, the procedure was performed for each electrode individually [40].




2.6. Assessment of the Induced Power at a Pair of Wires along DBS Routings


To evaluate the validity of the proposed numerical method in realistic clinical applications, we considered a set of two generic leads along the routings of a bilateral deep brain stimulation (DBS) implant, as were designed inside a human model (Duke) from the Virtual Population (ViP) [41]. Initially, the model was placed inside a 16-rung birdcage coil from the Birdcage Library (BCLib, IT’IS Foundation, Zurich, Switzerland) with a bore size and coil length of 60 cm and 50 cm, respectively. The resonating frequency of the coil was set to 64 MHz and clockwise polarization was assumed. The human model was positioned inside the coil, such that the center of the skull coincided with the isocenter of the coil, as illustrated in Figure 4a. The model was treated as homogenous, setting the electrical properties of the tissues as HPM.



The generic leads were modeled as in Section 2.1 and the routings of the bilateral DBS implant were designed based on [42]. Specifically, their tips were connected to the left and right subthalamic nucleus of the head. Then, they were oriented through the brain and between the skull and the skin to the neck, as illustrated in Figure 4b. The induced power at the tips of the pair was assessed by the full-wave simulations and it was compared to the respective power calculated with the proposed method. The model was chosen to be homogeneous, meeting the anatomical characteristics of the human body to enable the design of clinically accurate DBS paths and simultaneously to allow the comparison between the results of the modified Tier 3 methodology and the full-wave simulation. If the human model was inhomogeneous, a comparison between Tier 3 and Tier 4 procedures would be performed, which differ from each other [43]. Therefore, the estimated power deposition was overestimated compared to what would arise from the corresponding in vivo case.





3. Results


3.1. Numerical Development of the TF


Following the reciprocity approach, the TFs of each lead in the pair of generic leads were assessed when performing the processes described above in Section 2.1 and Section 2.2. Figure 5 presents the electrical current, which in fact is the TF, along the length of the pair of generic leads. More specifically, Figure 5a shows the amplitude of the TF of the excited lead by a current source without and in the presence of a second lead in its proximity at various distances; Figure 5b depicts the TFs of the second, unexcited lead. It is evident that the presence of the second lead changes the TF of the excited lead and, simultaneously, current is induced along the unexcited lead due to coupling. Furthermore, it can be observed that the shape of the TF of the excited lead is altered drastically and the amplitude of the TF of the unexcited lead becomes higher for smaller distances between the two generic leads.




3.2. Calculation of the Deposited Power at the Tips of the Pair of Parallel Generic Leads


The two coupled leads were placed at different relative positions and excited by the eight orthogonal electric fields, given by the rows of the Hadamard matrix. The obtained SAR distribution was calculated using full-wave simulations, as presented in Figure 6. The absorbed power at the tips was estimated by integrating the volume around them (see Section 2.1). Figure 7 shows the deviation in dB between the calculated power at the tips of the pair of leads for the different placements and excitations in comparison to the single lead. It can be noticed that the shorter the distance between the two generic leads, the lower the induced power at their tips in comparison to the induced power of the single lead. The different uncapped tip offset of the wires (leads) has a negligible effect on the deposited power.



Furthermore, the standard Tier 3 approach was taken for the various pair cases using the complex addition of the product of the TF of each single lead and the incident electric field for the different excitations. The estimated deposited power was compared to the respective numerical one (obtained by the full-wave simulations) and the deviation in dB is presented in Figure 8 in the case of l = 0 mm at different distances. It is shown that the use of the TFs of the single leads and the incident electric fields overestimate the induced power, and this overestimation becomes higher as the wires become closer, exceeding 6 dB. The corresponding distribution of SAR around the tips of the pair for l = 0 mm and for different distances is shown in Figure S1 in the Supplementary Material.



The absorbed power at the tips of the lead pairs was then calculated using the modified Tier 3 process as defined in Equations (3) and (4) for different relative positions. Figure 9 shows the 1:1 plot of the power assessed by the proposed method and the corresponding power calculated from the full-wave simulations for the various lead pair configurations. The maximum deviation between them is less than 0.86 dB, which is the combined standard uncertainty (see Section 3.4). The red and black dashed lines show the combined standard uncertainty (k = 1) and the expanded uncertainty (k = 2), respectively.




3.3. Uncertainty in the Assessment of the Deposited Power and the Temperature Increase


Table S1 in Supplementary Material summarizes the sources of uncertainty and the confidence interval obtained for the different numerical steps of the proposed method. Moreover, Table S2 contains the uncertainty budget for the proposed modified Tier 3 approach. The calculated combined uncertainty (k = 1) and the expanded uncertainty (k = 2) were estimated at 0.86 dB and 1.72 dB, respectively.




3.4. Application of the Modified Tier 3 Process for Various Lead Characteristics


The introduced modified Tier 3 procedure was repeated for different geometrical characteristics and material properties of the leads, as well as material properties of the surrounding tissues, and the absorbed power at their tips was assessed. More specifically, the insulation radius, the lead length and the dielectric characteristics of the medium were varied by ±10% from their initial values, as described in Section 2.1. Table 3 presents the deviation between the calculated deposited power obtained with electromagnetic simulations and the corresponding deposited power evaluated with our proposed numerical method. This deviation was well within the confidence interval and less than 0.5 dB.



Our process was also applied for a pair of realistic multi-electrode implants, different from the generic leads of uncapped wires studied above. Figure 10a illustrates the SAR distribution at their electrodes. Figure 10b presents the deposited power for each electrode as assessed by the full-wave simulations, the standard Tier 3 approach and the here proposed modified Tier 3 procedure. The deviation between the numerically calculated power from the Sim4Life and the estimated one by the proposed method is in the range of 0.1 to 0.5 dB for the different electrodes. On the contrary, the respective deviation between the simulation results and the values obtained by the standard Tier 3 process ranges from 2.9 to 3.8 dB.



Regarding the placement of leads along trajectories inside a human head, Figure 11 shows the SAR distribution at the tips of the generic implants. The deviation between the numerically calculated induced power at the tips of the pair of leads and that estimated by the proposed approach was 0.2 dB, whereas the difference from the power estimated with the standard Tier 3 procedure was 3.4 dB.





4. Discussion


Based on ISO/TS 10974:2018, an assessment of the enhanced tissue heating due to coupling between leads of close proximity should be performed, but a specific method for this process is not defined. In this study, we performed numerical simulations to estimate the effect of the coupling between two leads on the absorbed power using two identical generic implants of uncapped wires at different distances and tip position offsets. In particular, the full-wave simulations for different configurations of the wire pairs resulted in lower values of the power deposited at the tips compared to the case of the single wire. Moreover, the induced power became lower as the distance between the leads became shorter, and the deviation from the single wire case could become higher than 3 dB. Furthermore, considering the standard Tier 3 process for the assessment of the deposited power at the tips of the coupled implants, using the TF of each wire to assess the deposited power separately resulted in a more than 6 dB overestimation.



It should be noted that the findings of this study, with regard to the low induced power at the tips of the pair of generic implants compared to the single implant, are not representative of all positioning configurations and types of implants. In the study in [44], it was also observed that the coupling between parallel, closely spaced leads had lower induced heating compared to a single lead, and the smaller spacing between the leads resulted in lower lead tip heating. On the other hand, other studies indicated that the presence of a second lead modified the heating profile and could have an unpredictable effect on the induced heating depending not only on the relative placement of the implants but also on the lead structure and the incident electric fields [28,45].



Therefore, there is a need for a systematic method to evaluate the induced heating profile caused by a pair of coupled (due to proximity) implant leads during MRI. To calculate the deposited power at the tips of the coupled leads, we propose a numerical technique based on the Tier 3 approach with a standard uncertainty lower than 1 dB. Initially, the power deposition at the tip of the lead was estimated and then it was converted to temperature increase. We verified this method using electric fields with low correlation among them for different relative placements between the wires, and the resulting deviation between the values from the full-wave simulations and this modified Tier 3 approach was within the confidence interval.



The introduced methodology is based on the additive model of [31], which is an experimental process performed on a parallel couple of cables with constant distance between them. However, our method advances this model, developing an estimation methodology of the coupling factors between the leads and the tangential field along their paths, allowing the calculation of the deposited power for realistic in vivo implant placements and not only for parallel placement of the leads.



The proposed numerical methodology can be performed for various configurations of implant leads, dividing the total process into three discrete steps:




	
Excite each lead alone with an iso-electric field and determine the profile of the scattered electric field at the trajectory of the other lead.



	
Calculate the TF of each lead in the absence of the second lead. Then, placing the leads in positions similar to those inside the patient, excite each lead separately and acquire the TF of both the excited and the unexcited lead.



	
Excite each lead of the pair with an iso-electric field and calculate the induced power caused by the coupling at its tip as well as the other lead, obtaining the respective scaling factors Aii and Aij, respectively.








Hence, by applying Equation (4) for the evaluation of the scattering field of each lead at the trajectory of the second lead and combining the above values in Equation (3), the RF power deposition around the tips is assessed.



The suggested numerical technique can be employed for the estimation of the induced power at the tips independently of the lead geometry or the surrounding tissue. However, this study is limited to two leads inside a 1.5 T MRI scanner. Future work is needed to introduce the numerical procedure for three or more leads, as well as for 3 T MRI scanners. Furthermore, future work is needed for the estimation of the temperature increase caused by a pair of implants inside a human body.




5. Conclusions


The technical specification ISO/TS 10974:2018 defines a four-tier approach in order to determine the temperature rise in tissue caused by an AIMD during an MRI scan, but a specific method for this estimation is not defined for the cases of implants with multiple leads or abandoned and retained leads, where coupling between the leads could take place. In this study, the Tier 3 approach was employed for a pair of generic leads placed at various relative positions, and an overestimation of more than 6 dB was obtained in the estimated deposited power at the tips. Therefore, based on the Tier 3 approach, a numerical process was proposed for the evaluation of the induced power at the tips of the two leads in close proximity with a standard uncertainty lower than 1 dB. The proposed approach was implemented also for a pair of realistic multi-electrode leads and in the case of implanted leads inside a realistic human head.
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Figure 1. The relative position of the two generic implants (a) and SAR distribution at the tips of the couple (b) when only the upper lead was excited by a plane wave (d = 6 mm, l = 0.5 mm). 
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Figure 2. The incident electric fields (magnitude and phase) corresponding to the (A) first (B) second (C) third (D) fourth (E) fifth (F) sixth (G) seventh (H) eighth row of the Hadamard matrix. 
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Figure 3. The placement of the two realistic implants (a) and the cross-section at the proximal end with the layout of the wires (b). 
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Figure 4. Positioning of Duke inside the coil (a) and the generic implants along DBS trajectories (b). 
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Figure 5. The amplitude of the TF of the single lead and the TF of the excited lead when in its proximity there is a second lead at various distances (a), and the TF of the unexcited lead (b). 
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Figure 6. The SAR distribution at the tip of (A) the single wire and at the tips of the pair of wires for d = 6 mm and (B) l = 0 mm, (C) l = 5 mm, (D) l = 10 mm and (E) l = 15 mm when they are excited by the electrical field shown in the first row of the Hadamard matrix. 
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Figure 7. The deviation in dB of the deposited power at the tips of the two generic leads compared to the single lead case for different relative positions between them (see Figure 1a). 
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Figure 8. The deviation in dB between the estimated deposited power using the TF of the single generic lead compared to the corresponding one obtained from the full-wave simulations for l = 0 mm and different distances between the generic leads. 
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Figure 9. A 1:1 plot of the deposited power estimated by Equation (3) and the corresponding numerically calculated power obtained through full-wave simulations for the different relative positions between the generic leads of the pair. The blue solid line corresponds to the equivalence of the two quantities. The red and black dashed lines show the combined standard uncertainty (k = 1) and the expanded uncertainty (k = 2), respectively. 
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Figure 10. The SAR distribution at the electrodes of the pair of realistic multi-electrode leads (a) and the deposited power at each electrode as assessed by the full-wave simulations, the standard Tier 3 process and the modified Tier 3 approach (b). 
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Figure 11. The SAR distribution at the wires placed along realistic paths. 
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Table 1. Description of the variables of Equation (2).
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Variables Relative to the Induced Power Cause the Tangential Electric Field

	
Variables Relative to the Induced Power Cause the Coupling with the Proximal Lead






	
Sii (z)

	
TF of the excited lead i, in the presence of lead j

	
Sij (z)

	
TF of the proximal lead j, while lead i is excited




	
Aii

	
Deposited power at the tip of lead i when excited along its length with iso-electric field of 1 V m−1 rms, in the presence of lead j

	
Aij

	
Deposited power at the tip of lead i, when lead j is excited along its length with iso-electric field of 1 V m−1 rms




	
Etan,ji (z)

	
The incident tangential electric field along the trajectory of lead i, taking into account also the scattered electric field caused by lead j.

	
Etan,ij (z)

	
The incident tangential electric field along the trajectory of lead j, taking into account also the scattered electric field caused by lead i











 





Table 2. The properties of the construction and the materials of the realistic implant.
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Geometrical Properties

	
Material Properties






	
Lead Length [mm]

	
300

	
Conductivity of Electrodes/Wires/Ground Pin [S/m]

	
1.28 × 106




	
Electrode Length [mm]

	
3

	
Dielectric Permittivity of Insulation

	
3




	
Outer/Inner Diameter of Insulation [mm]

	
1.35/0.9

	
Dielectric Permittivity of Tissue

	
78




	
Conductivity of Tissue [S/m]

	
0.47




	

	




	
Outer/Inner Diameter of Electrodes [mm]

	
1.35/1.15

	

	




	
Distance between Electrodes [mm]

	
4

	

	




	
Diameter of Air Tube [mm]

	
0.45

	

	




	
Diameter of the Wires

	
0.1

	

	











 





Table 3. The deviation in dB of the deposited power at leads with different properties and surrounding tissue as assessed by the full-wave simulations and the proposed approach.
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Properties of Configuration

	
Value

	
Deviation [dB]






	
Properties of Lead

	
Insulation Permittivity

	
2

	
0.43




	
4

	
0.47




	
Tip Length [mm]

	
5

	
0.41




	
15

	
0.32




	
Insulation Radius [mm]

	
0.99

	
0.34




	
0.81

	
0.37




	
Lead Length [cm]

	
44

	
0.12




	
36

	
0.10




	
Properties of Tissue

	
Dielectric Permittivity

	
85.8

	
0.33




	
70.2

	
0.