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Featured Application: The existing literature has already examined the factors influencing power
deposition at the tip of an active implant through in vitro or in silico studies on homogeneous
phantoms and along their implantation pathways, which often do not correspond to real clinical
scenarios. For this reason, a comparative study was conducted on six anatomically heterogeneous
numerical models, where the electric field was calculated along 10,080 different paths of cardiac
implantable electronic devices (CIEDs) and during 1140 different magnetic resonance imaging
conditions. Beyond confirming several existing findings in the literature, paths of cardiac implants
were identified that could lead to lower power deposition. It was also observed that a crucial
parameter for determining the worst-case exposure of a patient with cardiac implants during MRI
depends on the application of the IEC 60601-33 standard for patient safety.

Abstract: The medical imaging of a patient with a cardiac implantable electronic device (CIED)
inside a magnetic resonance imaging (MRI) scanner carries the risk of tissue heating at the tip of
the implant lead. In this work, we numerically assessed the impact of various factors, namely the
resonant frequency, the imaging position, the implant position inside the human body and the coil
configuration, on the induced tangential electric field along 10,080 cardiac lead paths at 1140 different
scanning scenarios. During this comparative process, a function was considered based on the induced
electrical potential at the tip of the lead. The input power of each coil was adjusted to generate
constant B1

+
RMS at the iso-center or to limit the global SAR to the values provided in the safety

guidelines IEC 60601-33. The values of the function were higher for higher static field and longer coil
lengths when assessing the cases of a constrained B1

+
RMS, and the trend was reversed considering

the limiting SAR values. Moreover, the electric field was higher as the imaging landmark approached
the thorax and the neck. It was also shown that both the choice regarding the insertion vein of the
lead and the positioning of the implantable pulse generator (IPG) affected the induced tangential
electric field along the paths. In particular, when the CIED lead was inserted into the left axillary
vein instead of entering into the right subclavian vein, the electrical potential at the tip could be on
average lower by 1.6 dB and 2.1 dB at 1.5 T and 3 T, respectively.

Keywords: cardiac lead; tangential electric field; coil configuration; imaging position; human body

1. Introduction

Magnetic resonance imaging (MRI) is a powerful and safe imaging technique in
medical diagnostics. Nevertheless, the use of cardiac implantable electronic devices (CIEDs),
both labeled and not labeled MR-conditional [1], inside MRI scanners has been studied
experimentally both in terms of electromagnetic compatibility [2,3], as well as in terms of
potential heating due to radiofrequency (RF) radiation. In particular, RF exposure can result
in tissue heating in the vicinity of the implants at the tips of leads of active implantable
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medical devices (AIMDs), where electrodes are located [4]. However, it is estimated that
more than 50% of patients with implanted medical devices will require an MRI exam during
their lifetime [5]. Therefore, many previous studies reported in vitro measurements of the
induced heating at the tip of a pacemaker implant [6,7] and in vivo measurements [8] for
specific electrodes, MRI systems and conditions.

In addition, previous works have studied several factors that influence the amount of
heating at the lead tip, such as the lead geometry [9,10], the conductivity of the medium
at the lead tip [11,12], the location of the implant inside the body [13], the coil [14,15] and
the MR systems [16,17]. In these studies, temperature measurements were evaluated in
homogenous phantoms in 1.5 T coils, and, in the majority of the cases, the lead configura-
tions did not reflect realistic clinical scenarios since the positioning of the device inside a
phantom cannot reproduce specific clinical pathways.

Therefore, because of the high degree of complexity during the interaction between
the MRI coil and the implant, the results of previous works measured in homogenous
phantoms might not provide enough confidence regarding patients' safety as the patient’s
body composition alters the RF power deposition in the tissue surrounding implanted
leads [18–23]. In [24], the RF-induced electric field inside a homogenous phantom was
assessed, demonstrating a different spatial distribution compared to the respective distri-
bution inside a human model [25]. In addition, in [26], the induced E-fields along paths
of typical implants inside patient models were compared to those induced in the ASTM
phantom and it was concluded that the phantom was not always conservative relative to
clinical exposures. Furthermore, ref. [27] presented a database of MRI-induced heating
measurements quantifying the contributions of the above factors showing in addition that
the temperature increase inside a human-shaped phantom was lower than in a rectangular
model, emphasizing the effect of the morphological properties of a model in addition to
the properties of its material.

Regarding the impact of the imaging landmark on the risk of unintended implant
heating, in [24], it was demonstrated that the induced electric fields inside the body shifted
when the body positioning was changed, and, in [28], less absorbed RF energy was calcu-
lated at an external fixation device when it was moved out of the coil. Similarly, in [22],
it was shown that imaging positions around the lower sternum and the abdomen of non-
homogenous numerical models tend to have higher induced electric fields inside the body.

Moreover, in previous works, RF heating during MRI was reduced, modifying the
trajectories of Deep Brain Stimulation (DBS) leads inside homogenous phantoms [29,30],
and in [31] it was concluded that the surgical modification of epicardial lead trajectory
can substantially reduce RF heating at 1.5 T. On the other hand, although for endocardial
CIED implantation the leads are placed through the subclavian vein and the implantable
pulse generator (IPG) is consistently placed in the subclavian pocket, resulting in limited
variation in their trajectories, in [32], it was noticed that differences in RF heating existed
between various implantation paths inside anthropomorphic homogenous phantoms.

The majority of previous studies focused on the 1.5 T coil, although 3 T MRI scanners
are becoming more common in clinical practice as they show improved diagnostic accuracy
and shorter procedure times [33]. The significant increase in local SAR (Specific Absorption
Rate) for a given imaging sequence, the shorter RF wavelengths and the different RF field
distribution in coils with higher static field strengths add another layer of complexity in
heating patterns [34]. However, in [35], it was concluded that coils at higher resonant
frequency performing a conservative safety criterion, such as the global SAR, tend to
generate lower local SAR around implanted leads.

The relevant safety guidance is IEC 60601-33 [36], with the guidelines suggesting
maximum levels of SAR that limit RF heating in patients during MRI; these guidelines are
used in MRI systems [37] and by most implant manufacturers to assess the safety of their
product. The commercial MRI systems provide an estimation of the SAR based on the RF
waveforms and sequence parameters, coil factors and anatomical properties of the patient
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with high uncertainty on the reliably estimation of SAR. Therefore, different metrics have
been considered, such as the B1

+
RMS value at the iso-center of the coil.

In summary, while a series of prior works have focused on the contribution of imaging
conditions to induced heating at the tip of an implant, these were primarily conducted
using measurements and numerical methods on homogeneous phantoms, with implant
placements that did not correspond to real clinical scenarios. Moreover, these studies did
not concentrate on cardiac implants and did not cover all the possible conditions (resonant
frequency, landmark and coil configuration). Consequently, the present study addresses
the gaps in the previous research, and its main contributions can be outlined as follows:

(1) For the first time, a comparative estimation of the induced tangential electric field
along CIED leads is performed on a large dataset corresponding to real clinical scenar-
ios. Specifically, cardiac implant paths were designed within six human anatomical
models considering ten different landmarks (imaging positions) within ten character-
istic configurations of 1.5 T and 3 T birdcage coils, resulting in 1,843,200 different cases
of incident electric fields. In order for the results to be reliable and qualified, human
models and birdcage coils accepted by the FDA (Food and Drug Administration) as
Medical Device Development Tools (MDDTs) were used.

(2) For each birdcage, landmark and model, the induced electric field was scaled to a
constant B1

+
RMS value at the iso-center or to the corresponding SAR limits of the Nor-

mal Operating Mode of the MRI [36], aiming to identify the worst-case scenario. This
aspect was not clarified by ISO TS 10974 [38] during the process of characterization of
an implant as MRI-safe.

(3) Efforts were undertaken to identify the imaging conditions and cardiac paths with the
least significant effect on tissue heating within numerical human models of detailed
anatomy. This could lead to the development of an additional safety margin for a
patient’s safety during MRI, either during imaging or even during a surgical procedure
of implant placement by the physician.

2. Materials and Methods
2.1. Virtual Population and Birdcage Coils

Since the induced fields in the human body are a function of multiple variables like
the birdcage geometry, the anatomy of the model and the imaging landmark position [39],
1140 different clinical scanning scenarios were assessed. In particular, four adult anatomical
models (Duke, Ella, Glenn and Fats) and two children models (Louis and Billie) from the
Virtual Population (ViP version 3.1, IT’IS Foundation, Zurich, Switzerland) were used to
evaluate a wide range of model variability [40]. Their morphological characteristics are
included in Table 1. The tissue properties for both 1.5 T and 3 T were assigned according to
the IT’IS Foundation database (version 3.0) [41].

Table 1. Morphological characteristics of the used Virtual Population numerical models.

Model
Name Sex Age

[Years]
Height

[m]
Weight

[kg]
BMI

[kg/m2]
No. of

Tissues

Duke M 34 1.77 72.4 23.1 77
Ella F 26 1.63 58.7 22.0 76

Billie F 11 1.47 35.4 16.5 75
Louis M 14 1.69 50.4 17.7 77
Glenn M 84 1.73 65.0 21.7 84
Fats M 37 1.82 119.6 36.2 79

The models were placed inside 10 different cylindrical RF birdcage body coils from the
Birdcage Library (BCLib, IT’IS Foundation, Zurich, Switzerland) with different dimensions
as shown in Table 2. The resonant frequencies of the coils were set to 64 MHz for the
1.5 T system and 128 MHz for the 3 T system. Clockwise polarization was assumed,
implementing a quadrature excitation by feeding the coils with two ports 90◦ apart in
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azimuth (polar) angle and phase. For each model, 10 different landmarks (LD1–LD10) were
considered, with a 10 cm step from head to feet, where the center of the heart was kept on
the craniocaudal axis (z-axis). The first landmark coincided with the RF-coil iso-center 10 cm
below the head imaging position, as shown in Figure 1. In Table 3, the evaluated landmarks
are matched to usual clinical imaging positions. In order to decrease the computational
burden, a Huygens source was used, which was constructed from the field distribution
provided by the birdcage coils of the BCLib, and uniform isotropic voxel size was assigned
at the human models with a resolution of 2 mm. Full-wave electromagnetic simulations
were performed until steady state was reached. Varying the number of the simulated
periods from 7 to 15 was tested for convergence of the results; after 8 simulation periods,
the deviation in the results was negligible. In particular, the deviation in the maximum
electric field was less than 0.05%.

Table 2. Physical dimensions of the cylindrical RF (birdcages) coils.

Coil Name Bore Size (cm) Coil Inner
Diameter (cm)

Coil Length
(cm)

Shield Inner
Diameter (cm)

Coil 1 60 70 50 70
Coil 2 60 70 60 70
Coil 3 60 70 70 70
Coil 4 70 75 40 80
Coil 5 70 75 50 80
Coil 6 70 75 60 80
Coil 7 70 75 70 85
Coil 8 75 80 50 85
Coil 9 75 80 60 85

Coil 10 75 80 70 85
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Figure 1. Definition of the ten different positions of the coil iso-center.

Table 3. Matching of imaging positions with the 10 different landmarks.

Landmarks Imaging Position

LD1 Head and neckLD2
LD3 ThoraxLD4
LD5 LumbarLD6
LD7

Pelvis
LD8
LD9
LD10
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2.2. Lead Implantation Paths

Based on the clinically relevant implantation paths as described in [42], the lead paths
were terminated inside the heart at three different points, at the right atrium (point P1),
at the septum wall (point P2) and at the apex of the right atrium (point P3), as shown in
Figure 2. Then, the paths followed the superior vena cava to the subclavian vein and exited
from the veins from three different possible points, the subclavian vein (point V1), the
cephalic vein (point V2) and the axillary vein (point V3), respectively. This approach was
followed for both the right and the left side of every human model, as depicted in Figure 3.

Appl. Sci. 2024, 14, x FOR PEER REVIEW  5  of  18 
 

LD4 

LD5 
Lumbar 

LD6 

LD7 

Pelvis 
LD8 

LD9 

LD10 

2.2. Lead Implantation Paths 

Based  on  the  clinically  relevant  implantation paths  as described  in  [42],  the  lead 

paths were terminated inside the heart at three different points, at the right atrium (point 

P1), at the septum wall (point P2) and at the apex of the right atrium (point P3), as shown 

in Figure 2. Then, the paths followed the superior vena cava to the subclavian vein and 

exited from the veins from three different possible points, the subclavian vein (point V1), 

the cephalic vein (point V2) and the axillary vein (point V3), respectively. This approach 

was followed for both the right and the left side of every human model, as depicted in 

Figure 3. 

 

Figure 2. The termination points inside the heart (P1, P2, P3), the vein exit points (V1, V2, V3) and 

the 40 random splines. 

 

(a)  (b)  (c) 

 

(d)  (e)  (f) 

Figure 2. The termination points inside the heart (P1, P2, P3), the vein exit points (V1, V2, V3) and
the 40 random splines.
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Figure 3. The implantation paths in the numerical models of Duke (a), Ella (b), Glenn (c), Louis (d),
Billie (e) and Fats (f).

After exiting from the veins, the paths were terminated at the pectoral regions, at
points where a connection of the lead to the IPG was assumed. However, the remaining
part of the lead that left the vein was coiled before connecting to the IPG. The coiling of the
lead was performed with two constraints, i.e., the flexibility of the lead (minimum allowed
radius of curvature) and the subcutaneous space available inside the body (numerical
phantom). In the present study, the coiling circles were chosen with a diameter between 40
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and 60 mm. However, it was not possible to create the same number of different coiling
circles in every human model or in either side of the same human model due to their
anatomical characteristics. The total number of implantation paths that were identified
in each human model (which are illustrated in Figure 3) is provided in Table 4. This
number includes all cases: left- and right-side implantation, entrance of the lead through
the subclavian, cephalic and axillary veins.

Table 4. Number of coiling circles and possible implantation paths per anatomical model.

Model
Name No. of Coiling Circles No. of Potential Implantation Paths

Duke 3 54
Ella 2 36

Billie 1 18
Louis 2 36
Glenn 2 36
Fats 4 72

Around each of the potential implantation paths, 40 random splines (trajectories) were
created with the use of the IMSAFE tool, embedded inside the Sim4Life computational
platform (ZMT, Zurich, Switzerland), as shown in Figure 2. These splines were created
inside tubular spaces formed by successive cylindrical disks with a radius of less than or
equal to 5 mm so that they never crossed outside the vein walls anywhere else but at the
entry and exit points. Then, the tangential electric field components were extracted along
the splines and were averaged (magnitude and phase) every 5 mm. Therefore, taking into
account the 6 human models, the 10 imaging positions and coil configurations, as well
as the 2 resonant frequencies, 1,843,200 paths were considered for the evaluation of the
tangential electric field and the corresponding impact of every factor mentioned above.

2.3. Calculation of the Power Deposition at the Tip of the Implant

The determination of the temperature rise in the tissues caused by AIMDs during an
MRI session is described in ISO TS 10974:2018 [38]. A four-tier approach has been elaborated
with increased complexity and accuracy of estimation between successive tiers. The lower
tiers are based on simplifications of the exposure situation, yielding an overestimation
of the temperature increase and, therefore, 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 prediction of the temperature rise.

In particular, the Tier 3 approach uses the concept of the transfer function (TF) of
an implant and relates the incident tangential electric field along a path to the deposited
power in the tissue surrounding the lead tip, which leads to temperature increase [43]. The
Tier 4 approach combines the use of anatomical human models and detailed modelling of
the implants, thus resulting in the least overestimation compared to the in vivo exposure.
However, the simulation time and, in general, the computational resources for the latter
evaluation are highly demanding.

According to the transfer function approach, the power deposition at the tip of the
implant is provided by

P = A
(∫

L
Etan(z)S(z)dz

)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 pathway inside the patient, without
the lead in place. Hence, the TF decouples the scattered field from the incident, simplifying
the computation.

The aim of this work was not to calculate the absolute values of the deposited power
at the tip of the lead but to compare among the different pacemaker paths inside a human
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model under different scanning scenarios independent of the structure of the device. Thus,
the square of the excitation potential across the different paths was assessed as provided by

W =

∣∣∣∣∫L
Etan(z)dz

∣∣∣∣2 (2)

which is proportional to the temperature increase at the tip, as demonstrated in [44].
Equations (1) and (2) are equal for a unity transfer function S(z). Similar approaches have
been used in previous works for the assessment of the impact of a high dielectric material
at the tip of the implant [45,46] or for the results of the different positions of the feeding
sources on an RF coil [47]. The tangential electric field was scaled to the SAR limits of the
Normal Operating Mode as defined in safety standard IEC 60601-2-33 [36]. In particular,
regarding the landmarks LD1 and LD2, the limit of the head-averaged SAR (3.2 W/kg)
was assessed and, for the rest imaging positions, the limit of the whole body averaged
SAR (2 W/kg) was used. As many commercial CIEDs are labeled as MR-safe for specific
maximum allowed B1

+ field, the electric field was also scaled to the value of 2 µT at the
iso-center of the coil. Both outcomes were chosen because they are automatically calculated
and reported by a scanner and are commonly adopted in MRI conditional guidelines and
labeling of devices [35].

Thus, the estimation of the normalized W values along potential trajectories of cardiac
implants was performed after separating them according to the patient’s side of termination
(right or left), and their distribution was studied, along with their mean value, in relation
to the landmark of each human model and coil configuration. These values were further
stratified based on the entry point into the vein as well as the termination point within
the heart to investigate the impact of implant placement in the patient. Additionally, to
determine the effect of the resonant frequency of each birdcage coil, a comparison was made
between these values as derived from each trajectory at 64 MHz and their corresponding
values at 128 MHz.

3. Results
3.1. Results at 1.5 T

The investigation of the extracted tangential electric field along the paths of CIEDs
inside the model of Duke at 1.5 T are shown in Figure 4, where the W values were sepa-
rated for pathways leading to the right side of the patient from those leading to the left
placement of the IPG device. The distribution inside the rest of the models is provided in
the Supplementary Materials (Figure S1). In particular, the distribution of the W values
over all the imaging positions is presented, where the input power of the coil was adjusted
to generate B1

+
RMS = 2 µT at the iso-center (Figure 4a) or to assess the limiting value of the

global SAR (Figure 4b). The dotted lines present the mean values of the W values. The most
unfavorable scenario (with the highest mean W value) at 1.5 T, assuming a constant B1

+
RMS

at the coil’s iso-center, occurred during thoracic imaging (LD3). Conversely, when fixed
SAR was taken into account, the highest electric field was estimated during neck imaging.
For both approaches, the electric field along the cardiac paths decreases with moving the
human away from the center of the coil. Therefore, the selection of the appropriate imaging
landmark is a dominant factor for reducing the deposition of the RF power at the tip of a
CIED. Tables S1 and S2 in the Supplementary Materials summarize this obtained reduction
in dB of the mean W value for each landmark relative to the worst case, where, at the low
part of the lumbar and at the pelvis, the electric field reduced by more than 10 dB.
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3.2. Results at 3T 

Figure 4. Distribution of the magnitude of the tangential electric field at 64 MHz inside the
Duke model over all imaging positions. The input power of the coil was adjusted to generate
(a) B1

+
RMS = 2 µT at the iso-center and (b) the limiting value of the global SAR. The blue and the red

dotted lines present the mean values of W for the right and left positioning of the IPG, respectively.

Furthermore, Figure 5 displays the impact of the coil’s dimensions on the extracted
electric field at the position LD3 for both considerations. The deviation in dB for each con-
figuration relative to the worst case (highest mean W value) is provided in Tables S3 and S4
in the Supplementary Materials. The values of electric field scaled to constant B1

+
RMS at

the iso-center were always higher for longer coils, whereas, when they were scaled to the
limiting values of SAR, they were higher for shorter coils.
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3.2. Results at 3T 

Figure 5. Distribution of the magnitude of the tangential electric field at 64 MHz inside the Duke
model over all the coil configurations at landmark LD3. The input power of the coil was adjusted
to generate (a) B1

+
RMS = 2 µT at the iso-center and (b) the limiting value of the global SAR. The

blue and the red dotted lines present the mean values of W for the right and left positioning of the
IPG, respectively.

3.2. Results at 3T

The results of the electric field along the paths of CIEDs at 3T versus the imaging
position and the coil configuration are shown in Figures 6 and 7. Similar to the results
shown at 1.5 T, the landmark position affected the distribution of the electric field, and
values lower than 10 dB occurred for imaging the region of the lumbar and pelvis in
comparison to the imaging of the thorax, as is also presented in Tables S1 and S2. As is also
shown in Tables S3 and S4, the highest electric field corresponded to different coil height
depending on the considered exposure limits.
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3.3. Impact of Frequency

Regarding the impact of the resonant frequency on the induced electric field, the
scatter plots in Figure 8 present the correlation of the W values for each path of the CIEDs
inside the model of Duke, at LD3, as were estimated at 1.5 T and 3 T. When the power of
each coil was adjusted to generate B1

+
RMS = 2 µT at the center of the coil, the electric field

was significantly lower at 1.5 T than that at 3 T (Figure 8a), while, for the SAR fixed at the
normal operation limiting values, the difference between the results of the two resonant
frequencies was much lower. Figure 9 displays the resulting distribution in dB of the
deviation between the electric field at both resonant frequencies for all numerical models.
Assuming constant B1

+
RMS, the electric field was higher at 3 T along the cardiac paths than

at 1.5 T from 1.5 to 5.7 dB. On the other hand, fixing SAR resulted in differences in the
range of −1.7 to 1.6 dB, demonstrating that there are paths with a higher induced electric
field at 64 MHz than at 128 MHz.
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3.4. Impact of Pacing Lead Positioning Inside the Body

In several previous studies, where temperature measurements in phantoms [9,13,27]
and animals [8] were performed or the temperature was numerically calculated [30], it was
reported that the temperature rise was significantly higher when the IPG was positioned in
the right pectoral region in a 1.5 T MR system. In this study, these data were confirmed and
the numerical deviation between the left and right pectoral region was evaluated. Figure 10
shows scatter plots of the estimated W values inside Duke, separating the right and the left
side of the anatomical models landmarked at the heart (LD3) for both resonant frequencies
and all coil configurations. In particular, each point correlates the extracted electric field
along paths that started from the same point and finished at the right or the left side of the
patient (e.g., P1-V1-RC1 vs. P1-V1-LC1). Table 5 summarizes the deviation (in dB) between
the mean W values over all the paths leading to the right positioning of IPG versus the
left placement.
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Figure 10. Scatter plot of the W values of the left placement of the IPG versus the right placement
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Table 5. Increase in the electric field (in dB) at the right positioning of IPG versus the left one.

Model Name
MRI System

1.5 T 3 T

Duke 0.8 0.6
Ella 0.3 0.2

Billie 0.4 1.3
Louis 0.4 0.9
Glenn 1.9 2.2
Fats 2.2 1.7

Furthermore, to associate the energy absorption at the implant tip with the location of
the lead inside the human model, the estimated W values over all the coil configurations
and imaging landmarks were grouped according to the veins where the lead paths were
inserted, and the results are summarized in Figure 11 for both frequencies. Both right and
left routes were considered, and the results correspond to the landmark LD3. In most of the
human models, the highest calculated electric field was achieved along the subclavian vein,
while the relative minimum was observed along the axillary vein. For both right and left
paths and both resonant frequencies, the mean W value was found to be lower at paths
inserting from the axillary vein than those from the subclavian vein, by 0.4–0.7 dB.
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Finally, the results were grouped based on the termination point inside the heart
(points P1, P2 and P3) and are shown in Figure 12. It can be seen that the impact of the
route inside the heart on the total deposited power was dependent on the anatomy of the
human model.
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4. Discussion

In previous publications, it has been shown that many factors affect the heating of an
implant tip, namely the implant’s position inside the human body, the imaging landmark
and the type of coil system. Therefore, in order to find simple and practical methods to
control the induced RF heating close to the CIEDs, the influence of these factors on the
induced tangential electric field along cardiac leads was estimated numerically. As the
safety guidelines offer the option to cap either the global SAR or the B1

+
RMS, which are

both automatically calculated and reported by the scanners, we conducted a systematic
comparative study of these impact factors on the induced electric field considering the
limitations of IEC 60601-2-33 [36].

As was shown in previous works, the body positioning inside the scanner affects
the distribution of the tangential electric field along the leads and therefore the absorbed
energy at the implant tip, determining the neck and the thorax imaging landmarks as the
worst imaging zone. In particular, assuming constant B1

+
RMS, at both frequencies, the peak

values were obtained at the level of the heart (LD3) and at the high part of the chest (LD4),
followed by the landmarks at the low part of the chest and the neck. On the other hand,
considering constant global SAR, higher W values were estimated for most of the human
bodies at the landmark of the neck (LD2). Therefore, although the central position of an
implant is suggested to generate the maximum heating [8], the consideration of the limits
could affect this. For both limitations, the pelvis imaging position could be characterized as
a safety zone for the cardiac leads since the calculated W values were decreased by more
than 10 dB compared to the maximum, ensuring highly reduced deposition of the energy.
This was also confirmed in previous studies [14,25,26,48].

Furthermore, it was noticed that the obtained reduction in the electric field removing
the imaging position from the worst-case landmark depended on the dimensions of the
coil. In particular, the length of the birdcage coil seemed to influence the induced electric
field along the paths, whereas the change in the radius of the bore resulted in negligible
differences. Therefore, considering constant B1

+
RMS at the iso-center, the W values were

higher as the length of the coil was longer. On the other side, assessing constant global SAR
inside the shorter birdcage coils led to higher W values than the rest of the coils.

Although it is expected that an increase in the magnetic field strength affects implant
heating, it is observed that this mainly depends on the enforcement of the IEC 60601-2-
33 limitations [36]. This discrepancy is explained by the constant global SAR over the
resonant frequencies, leading to lower B1

+ magnitude at higher resonant frequencies and
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subsequently to lower electric field, which is in line with previous work [46]. On the other
hand, the constant B1

+
RMS value generates higher electric field at higher resonant frequency.

This is in agreement with previous studies that compared the RF heating of DBS implants
across 1.5 T and 3 T coils [30,47]. The difference in the resonant frequency of the coil implies
an increase in the induced potential on a lead by 1.7 to 5.7 dB at 128 MHz in comparison to
64 MHz for the same B1

+. The obtained increase is close to the value reported in previous
studies, where the SAR rose quadratically with B0, increasing by 6 dB [49]. Nevertheless,
it is important to note that the estimated factor characterizes the contribution to the final
RF-induced power deposition of the electric field only and not to the TF, which also varies
by changing the applied frequency and the electric length, which is a key parameter for the
coupling mechanism between the coil and the implant.

In summary, the consideration of limiting SAR led to a different distribution of the
W values in comparison to those of limiting the B1

+
RMS. The reason is that the higher

resonant frequency, the imaging position close to the thorax and the longer coils generally
tend to generate higher induced local SAR, and thus the electric field was scaled to lower
values to maintain compliance with the limiting values. This appears to be in accordance
with a previous study [26]. Therefore, this numerical analysis of the induced electric field
along cardiac implants under different imaging scenarios revealed conflicts among different
versions of the IEC 60601-2-33 standard. Specifically, in the 2015 edition, the determination
of normal mode (NM) and first-level controlled mode of operation for a magnetic resonance
imaging (MRI) system introduced the FPO:B (Fixed Parameter Option: Basic) choice. This
option sets safety limits under specific patient exposure conditions. This addition essentially
ensures that, during MRI operation, by applying fixed parameters, the patient’s safety
limits are maintained. However, in this study, for the first time, it was observed that, during
the Tier 3 process, the application of different options of the standard results in a different
distribution of the induced electric field and consequently the calculated absorbed power.
This does not always make the FPO:B approach more conservative. This highlights the
need to adopt both options of the IEC 60601-2-33 standard in the Tier 3 process to compare
results and consider the most adverse patient radiation condition. Thus, the necessity arises
to include this specific condition not covered in existing versions of ISO TS 10974.

Apart from the impact of the imaging position and the coil configuration on the
deposited energy, the effect of the implant path inside the human body was also evaluated,
indicating some paths that consistently reduced the RF deposited power over different
resonant frequencies, human models and imaging landmarks. In particular, the induced
W values for the leads implanted along the axillary vein were lower by 0.4 to 0.7 dB than
the corresponding ones along the subclavian vein. On the other hand, the effect of the
terminating point inside the heart was found to depend on the anatomy of the human
model. Moreover, the excited W on the left side trajectories was lower by 0.2 to 2.2 dB
than the corresponding one on the right side of the imaging position LD3 for both 64 and
128 MHz The reason for this right–left asymmetry is the clockwise polarization of the MRI,
which for the supine position of the patient leads to a higher electric field at the posterior
right edge and at the anterior left edge than estimated in previous works [15,50]. Therefore,
an additional margin of safety could be achieved for patients with CIEDs undergoing MRI
procedures for both 1.5 T and 3 T systems by considering the path of the lead. In particular,
when the cardiac lead inserts into the left axillary vein instead of the right subclavian vein,
the deposited power at the tip of a pacemaker could be on average lower by 1.6 and 2.1 dB
at 64 and 128 MHz, respectively. This is an observation that has not been reported before
and has not been exploited in clinical practice until now.

In previous works, the main goal was the reduction in the localized heating in pa-
tients with implants by modifying the device to reduce the coupling with the electric
field [10,44,47] or by monitoring the induced current [13,51,52], even by modifying the RF
coil [43,53–55]. However, the above-mentioned approaches are not compatible with the
existing implants and birdcage coils as they are applied after the implantation of the device.
Hence, based on the analysis of the factors affecting the induced power on a pacemaker,
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we propose a more appropriate solution based on varying the placement of the device
inside the human body. Therefore, from a practical perspective, optimal cardiac paths could
be implemented in patients with minimum disruption to surgical flow, improving safety
issues without added cost. It should further be noted that lead trajectories that reduce RF
heating could also reduce image artifact as it is caused by induced currents, which are
responsible for tissue heating and for production of the secondary magnetic fields that
distort the B1 field [56].

The entire applied process relied on electromagnetic simulations, and, recently, in
order to avoid the required computational time and memory requirements, novel machine
learning methods have been proposed for the assessment of MRI RF heating. Specifically,
the application of neural networks has been proposed to predict the worst-case heating of
orthopedic fixation plates in the MRI environment, with the only input being the geometric
properties of the implant [57]. Additionally, deep learning has been applied to predict the
SAR values at the tip of conductive leads along clinically relevant cardiac and DBS paths
during 1.5 T and 3 T MRI [58–60]. This achieves a fast method for estimating the safety of
patients with only knowledge of the lead’s geometry and MRI RF coil features, enabling
the study of the impact of the implant’s placement and imaging conditions. Nevertheless,
this methodology is constrained to homogeneous human models, leading to variations in
the predicted electric field compared to its actual counterpart within the human body.

This work has several limitations. Initially, the investigated paths refer to CIEDs,
such as pacemakers (PMs), implantable cardioverter defibrillators (ICDs) and cardiac
resynchronization therapy (CRT) devices, for which the transvenous implantation is used
(endocardial systems). Therefore, this work does not include epicardial systems, which
are stitched directly to the myocardium and connected to an IPG placed in the abdomen.
Moreover, the extracted electric fields along the paths were normalized to an established
safety limit (SAR or B1

+
RMS) intended for implant-free patients and not always suited

for patients with implants [50]. Another limitation of our study is that it focused on the
induced electric field along the cardiac paths considering the different dielectric properties
of the tissues surrounding the implanted devices without calculating the subsequent RF
heating. Since the different thermal properties of tissues could induce high temperatures
even in tissues with low deposited power, complimentary work is required. Furthermore,
since the values of electric fields within the six anatomical models varied widely due to
their different morphological and anatomical characteristics, and as local quantities can
vary more than 10 dB depending on the anatomy [61], studying a larger number of models
could cover the patient population in any safety evaluation.

5. Conclusions

A comparative estimation of the induced tangential electric field was investigated
along 10,080 CIED leads at 1140 different scanning scenarios considering various implant
placements inside six human anatomical models, within ten characteristic configurations of
1.5 T and 3 T birdcage coils, at ten different landmarks. The highest electric field depended
not only on the imaging position, the resonant frequency and the coil configuration but also
on the limitation imposed to avoid partial- or whole-body heating of the patient during
an MRI scan. Finally, the study indicates the prospect of a significant reduction in the
deposited power at the tip of the implant by proposing a lead management strategy.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/app14020786/s1, Figure S1: Distribution of the magnitude of the tangential
electrical field at 64 MHz inside the models Ella (a, b), Billie (c, d), Louis (e, f), Glenn (g, h) and Fats (I,
k) over all imaging positions. At the left column was investigated constant B1

+
RMS at the iso center

of the coil and at the right column the limiting value of the global SAR was considered, Figure S2:
Distribution of the magnitude of the tangential electrical field at 64 MHz inside the models Ella (a, b),
Billie (c, d), Louis (e, f), Glenn (g, h) and Fats (I, k) over all coil configurations. At the left column
was investigated constant B1

+
RMS at the iso center of the coil and at the right column the limiting

value of the global SAR was considered, Figure S3: Distribution of the magnitude of the tangential
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electrical field at 128 MHz inside the models Ella (a, b), Billie (c, d), Louis (e, f), Glenn (g, h) and Fats
(I, k) over all imaging positions. At the left column was investigated constant B1

+
RMS at the iso center

of the coil and at the right column the limiting value of the global SAR was considered, Figure S4:
Distribution of the magnitude of the tangential electrical field at 128 MHz inside the models Ella (a, b),
Billie (c, d), Louis (e, f), Glenn (g, h) and Fats (I, k) over all coil configurations. At the left column was
investigated constant B1

+
RMS at the iso center of the coil and at the right column the limiting value of

the global SAR was considered, Table S1: Deviation in dB of the mean W value for different landmark
positions. The coil was adjusted to generate B1

+
RMS =2µT at the iso center, Table S2: Deviation in dB

of the mean W value for different landmark positions. The coil was adjusted to generate the limiting
SAR value, Table S3: Deviation in dB of the mean W value for different coil configuration at landmark
LD3. The coil was adjusted to generate to generate B1

+
RMS =2µT at the iso center, Table S4: Deviation

in dB of the mean W value for different coil configuration at landmark LD3. The coil was adjusted to
generate the limiting SAR value.
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