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ABSTRACT
Electromagnetic (EM) safety guidelines are designed to protect the general public and workers from the risks posed by exposure

to EM sources of all types, with the exception of medical EM sources. However, it has never been systematically evaluated

whether individuals with conductive implants are also protected by these guidelines or whether the local field enhancement due

to presence of the implant may pose an unacceptable risk under certain realistic exposure conditions. To address this important

knowledge and regulatory gap, we first evaluated the upper bound of the local enhancement of bare and insulated generic

implants of 0.5 λ (approximately equal to resonant) and 0.1 λ lengths, but restricted the maximum length to 2 m, as a function

of tissue properties and frequency (10 kHz to 1 GHz). Results for uniform electric field excitation showed local enhancement of

psSAR10mg and of locally averaged E‐field, respectively, compared to the background in the presence of a generic implant of

10 dB (1 GHz) to over 100 dB at frequencies under 100MHz. In the next step, we tested the hypothesis that fields induced inside

the human body by realistic near‐field sources are not sufficiently uniform to generate results in enhancement that could pose

unacceptable risk. Common implant trajectories were inserted into the Virtual Population human anatomical model Ella V3.0,

and the model was exposed to the following conditions (i) a standard source representing a wireless power transfer source

operating at 85 kHz and (ii) a dipole source that operates at 450MHz within the current exposure limits. Results show that the

safety limit is exceeded at the tip of the implant by a factor of > 10 ( > 20 dB) or > 115 V/m at 85 kHz, whereas the locally

induced specific absorption rate averaged over 10mg at 450MHz was 7.9W/kg, resulting in a temperature increase after 6 min

of < 0.4 K. Hence, as the hypothesis was falsified at frequencies < 450MHz, patients with implants are inadequately protected

by current safety and product guidelines. In the discussions, proposals for how to close this regulatory gap are provided.

Bioelectromagnetics. 00:00–00, 2025. © 2025 Bioelectromagnetics Society.

1 | Introduction

The use of strong electromagnetic (EM) sources, which can be
operated in close proximity to the human body, open up major
possibilities, as they provide enhanced functions of devices and

conveniences for our daily lives. Examples include wireless
communication systems such as smartphones, handheld com-
puters, and the Internet of Things. EM exposure is expected to
become even more ubiquitous in all of our activities. The
replacement of wired charging systems with wireless power
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transfer (WPT), e.g., for mobile phones and electric vehicles
(EV), is just beginning (Fortune Business Insights 2032).

Various organizations have developed EM safety guidelines,
e.g., (International Commission on Nonionizing Radiation
Protection ICNIRP 1998, 2010, 2020; IEEE 1992, 2006, 2019;
Qualcomm Technologies Inc 2014) to protect people from the
potential hazards of these EM exposures, e.g., vascular hazards
due to whole‐body specific absorption rate (SAR), thermal tis-
sue damage by local absorption, and unintended nerve excita-
tion by induced electric (E‐)fields. Limits are defined for
induced SAR from 100 kHz–10 GHz and induced E‐field from 0
to 10MHz.

In parallel with the increasing usage of wireless devices, the
proportion of the population requiring passive or active medical
implants is also growing. Historical trends and predictions for
the next decade show that the number of people affected will

grow into a significant sub‐population, as the predicted growth
rate of the market is 7.2% (Fairfield Market Research 2024).
When the human body is exposed to EM radiation, the presence
of an implant can significantly enhance the local E‐field or SAR
as the conductive implant becomes an antenna‐like structure
within the tissue environment. A severe accident suffered by a
patient with a deep brain stimulator (DBS) implant exposed to a
1.0 T magnetic resonance imaging (MRI) scanner has been
documented (Henderson et al. 2005); the accident resulted in
neural dysfunctions and permanent neurological damage. In
response, experts formed a technical committee and drafted a
standardization document ISO10974 to guide and assess the
safety of patients with active implants during MRI scans
(ISO 2022). In addition, (ASTM 2023) serves as a guidance
document for assessing the risks of people with passive im-
plants in the MRI environment. It should be noted that the
acceptable level of exposure to fields induced by MRI scanners
is much higher than that allowed by the EM safety guidelines
for the general population and workers.

None of the above listed safety guidelines and product stan-
dards for nonmedical devices address the potential hazards of
local field enhancements by the presence of the implants. The
language in articles B.2.2.5 and B.7.8 of (IEEE 2019) points
simply to the risk of local field enhancement potentially caused
by metallic implants but does not provide a mitigation strategy
to assess the risks to this sub‐population.

FIGURE 1 | Model of insulated implant (not to scale).

FIGURE 2 | (a) Muscle tissue dielectric properties and (b) wavelength in muscle and King wavelength of an insulated antenna as a function of

frequency.

Summary

• In this study, we evaluated systematically whether
people with conductive implants are protected by elec-
tromagnetic safety guidelines and standards or whether
certain exposure conditions result in an unacceptable
risk to the subpopulation.

• A systematic exposure study of generic insulated and
non‐insulated implants showed local enhancements of
the psSAR10mg and locally averaged E‐field in a fre-
quency range of 10 kHz to 1 GHz of up to 100 dB.

• The human anatomical model ViP Ella v3 with common
implant trajectories was exposed to a realistic 85 kHz
wireless power transfer coil and a 450MHz dipole
source, resulting in a local field enhancement at the
implant tip of over > 115 V/m and 7.9W/kg, respec-
tively, showing that people with implants are not ade-
quately protected by current safety guidelines.
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Until today, only a relatively small number of studies have
addressed the issue for general EM sources. King et al (King
et al. 1974). analytically solved the EM problem of embedded
insulated antennas as a function of dielectric tissue proper-
ties. Meier (Meier 1996) investigated the SAR enhancement
of implants exposed to body‐mounted antennas operating at
900 MHz in the context of compliance testing; they found a
maximal local enhancement of the peak spatial SAR aver-
aged over 1 g tissue cube (psSAR1g) in muscle of only a
factor 4 compared to the background SAR. Kyriakou et al
(Kyriakou et al. 2012). investigated the local enhanced
psSAR in the presences of the generic implant proposed by
the Food and Drug Administration (FDA) for different

implant lengths exposed to different frequencies
(10–1000 MHz) and found strong enhancement at low fre-
quencies. The findings of Liorni et al (Liorni et al. 2018).
complement those of (King et al. 1974) by generalizing the
interaction of electrically short implants. The study showed
that the local field enhancements for implants < 0.2 λ in
ohmic contact with the tissue can be approximated by the
current driven by the difference in voltage between the two
endpoints in contact with the tissue. Additionally, Schmid
et al (Schmid et al. 2024). investigated whether the exposure
risk of workers with passive metallic implants in the wrist
when the source is compliant with the EU directive of
minimum health and safety (Official Journal of the Eur-
opean Union 2013) and found that the presence of the
implant enhances locally induced EM fields, potentially
resulting in unintended stimulation.

To generalize the above findings for any conductive implant,
we investigated the exposure scenarios in which persons with
passive or active implants may be subject to a potential risk
due to field enhancements when exposed to real‐world EM
sources that are compliant according to today's regulations
and discuss potential mitigation strategies. We do not address
the additional risk of malfunctions due to EM interference of
active implants.

2 | Methods

In this study, we extend previous studies (King et al. 1974;
Meier 1996; Kyriakou et al. 2012; Liorni et al. 2018) by sys-
tematically investigating the local enhancement caused by
the presence of partially isolated and non‐isolated implants in
different tissues for the entire range of lengths and test
whether these enhancements also occur for typical implants

TABLE 1 | Wavelengths and respective implant lengths considered

in this study.

frequency
(Hz)

λKing
(m)

simulated
length 0.1

λ (m)

simulated
length 0.5

λ (m)

1 × 104 4827 2 2

3 × 104 1665 2 2

1 × 105 519 2 2

3 × 105 180 2 2

1 × 106 56.4 2 2

3 × 106 19.7 1.97 2

1 × 107 6.25 0.625 2

3 × 107 2.21 0.221 1.11

1 × 108 0.716 0.0716 0.385

3 × 108 0.267 0.0267 0.134

1 × 109 0.0994 0.00994 0.0497

FIGURE 3 | Selected splines simulated in the human anatomical ViP model Ella V3.0: (a) DBS, PM, and SCS splines, (b) lumbar splines L1 and

L2, and (c) shoulder splines S1, S2, and S3.

3 of 14



implanted in anatomical models exposed to realistic sources.
The sources are driven at the maximum permissible power
meeting the relevant basic restrictions according to IC-
NIRP2010. All simulations were conducted in Sim4Life v7.0
and v8.0 (ZMT Zurich MedTech AG 2025). For frequencies
> 3 MHz, the EM finite‐differences time‐domain (FDTD)
solver was used, and, for lower frequencies, a quasistatic
approximation with the electroquasistatic (EQS) and
magneto‐quasistatic (MQS) solver was applied (Hirata
et al. 2013; Park et al. 2013; Laakso 2020). The enhancements
with compared to without implants were assessed of the
hazard‐relevant quantities, i.e., psSAR10g for external sources,
psSAR10mg, the maximal electrical E‐field average of a cube
of 2.15 mm side length, Erms, max,2.15×2.15×2.15, (same as
psSAR10mg in dB for homogeneous tissues) and over a cube of
2 mm side length, Erms, max,2×2×2. The maximum values
are reported instead of the 99th percentile, as the dis-
cretization is always better than 1 mm, thereby strongly
limiting potential artifacts. The 99th percentile is also
strongly underestimating the exposures for very localized
sources (De Santis et al. 2012).

2.1 | Generic Implant Exposed to Frequencies of
10 KHz–1 GHz

The enhancement caused by a simplified implant model over
the background was investigated at different frequencies. Im-
plants of two lengths expressed in terms of wavelength were
investigated a short (l= λ/10) implant and an approximately
resonant (l= λ/2) generic implant. The insulated implants are
based on the SAIMD‐U (ZMT Zurich MedTech AG 2025); the
passive implants consist of the same wire without insulation.
Examples for active, insulated implants include pacemakers or
neurostimulators, and passive implants include bone fixtures
and screws. However, the maximal length was restricted to
2 m as the lengths of realistic implants reported to be up to
1.61 m (Henderson et al. 2005). The implants were excited
with a constant E‐field tangential to their lengths, in the form
of parallel plates for frequencies < 10MHz and plane waves
for frequencies ≥ 10 MHz. The investigation was performed in
tissues representing muscle and fat, as well as two tissues,
denoted as Tissues A and B, having relative permittivity and
conductivity properties averaged between those of muscle and

FIGURE 4 | Safety simulation performed with the human anatomical ViP model Ella V3.0: (a) 85 kHz coil source, (b) 450MHz dipole source

(dimensions not to scale), (c) side view, and (d) back view of the source positions and bounding box in proximity to Ella V3.0. were extracted. At

85 kHz, the induced E‐field along the splines was extracted and integrated over the implant spline length to determine the voltage difference between

the two endpoints (Liorni et al. 2018). At 450MHz, the average of the tangential E‐fields, which is a good metric for the deposited power (ISO 2022),

was computed. A summary of the spline lengths as a function of λ is given in Table 2.

TABLE 2 | Implant spline lengths expressed in terms of wavelength in muscle.

DBS PM SCS L1 L2 S1 S2 S3

85 kHz 0.016λ 0.003λ 0.004λ 0.013λ 0.022λ 0.002λ 0.003λ 0.002λ

450MHz 6.8λ 1.4λ 1.5λ 5.7λ 9.6λ 0.8λ 1.3λ 1.0λ
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fat tissue (Hasgall et al. 2025). Tissue A represents a high
permittivity and low conductivity tissue and Tissue B a low
permittivity and high conductivity tissue, ranging across per-
mittivity and conductivity range of muscle and fat. The en-
hancement is evaluated as the ratio of local enhancement
psSAR10mg over background psSAR10g.

The insulated generic implant has a conductor diameter of
1 mm and an insulator thickness of 1 mm. Both tips of the
conductor are exposed at a length of 1 mm. The conductor was
modeled as a perfect electric conductor (PEC) with insulation
dielectric properties of εr= 3 and σ= 0 S/m. The corresponding
passive implant is a PEC wire of the same dimensions as the
conductor of the insulated generic implant. Figure 1 shows an
example of the generic implant.

The frequencies investigated ranged from 10 kHz to 1 GHz.
Figure 2 shows the dielectric properties (a) of muscle tissue
(Hasgall et al. 2025) and the King wavelength, which has been
calculated following the process described in (King et al. 1969)
of insulated antennas compared to the wavelength (b) in muscle
tissue over the frequency range of interest. For this investiga-
tion, the antenna wavelength serves as the reference to deter-
mine the implant length. Table 1 summarizes the frequencies

under consideration and the corresponding implant lengths
used in the simulation.

2.2 | Generic Implants in a Human Anatomical
Model

We also set out to validate the hypothesis that the fields
induced in the complex and nonhomogeneous anatomical
tissue composition of the human body along actual implant
trajectories by realistic sources are insufficient to give rise to
any relevant local field enhancement that could pose a risk to
patients. To test our hypothesis, common active implants,
including a DBS, a pacemaker (PM), a spinal cord stimulator
(SCS), and passive lumbar and shoulder implants were mod-
eled inside the human anatomical model Ella V3.0 of the
Virtual Population (ViP) (Gosselin et al. 2014) (see Figure 3).
Ella was exposed to two different realistic validation sources: a
85 kHz WPT source and a 450 MHz dipole source. Ella—a
female full human anatomical model, 26 years old, 1.63 m tall
with a body‐mass index of 21.6 kg/m2—is derived from high‐
resolution MRI scans in which 305 different tissues are seg-
mented. The most commonly used implant trajectories were
defined in the ViP model Ella V3.0. The E‐fields induced by

FIGURE 5 | Ratio of the enhanced psSAR10mg of simplified implants over background psSAR10g as a function of frequency across the

range 104–109 Hz in four tissues: muscle (orange), fat (blue), tissue A (yellow), and tissue B (gray); (a) dielectric properties of muscle and fat

tissues εr (solid line) and σ (dashed line), with data for tissues A and B superimposed as markers; (b) enhancement of ratio of the bare

implant of length 0.1 λ; (c) enhancement ratio of the insulated implant of length 0.1 λ; and (d) enhancement ratio of the insulated implant of

length 0.5 λ.

5 of 14



the validation sources along these trajectories were deter-
mined to derive conservative exposure scenarios. A single
trajectory was chosen for each of the active implants
(DBS, PM, SCS). The lumbar implant had two independent
splines (L1 and L2), one on each side of the spine, and three
independent shoulder implant trajectories (S1, S2, and S3).
The implant trajectories are displayed in Figure 3. The im-
plants are electrically short at 85 kHz (0.002–0.022 λ) and
electrically long at 450MHz (1.0–9.6 λ).

A small generic 85 kHz WPT coil with 13 turns was modeled as
an elliptically shaped wire coil with outer axes diameters of
350 mm by 200 mm and inner axes diameters of 314 mm by
164 mm, (SPEAG 2025). The second realistic source, chosen
according to the validation sources described in (IEC/

IEEE 2025, 2020), was modeled as a 450 MHz resonant dipole
with length of 290 mm and overall height of 330 mm. The
chosen sources are compliant with (IEC/IEEE 2025, 2020; IEC
PAS 2025) as a validation and verification source for system
performance testing before measuring an unknown source. In
total, 36 cases of source placements, based on (IEC/
IEEE 2020), were assessed in a 3 × 6 grid on the back of the
ViP model, at distances of 2 mm and 50mm from the model
bounding box.

The resolution of these simulations was set to 0.625mm in
proximity to the implant, 2 mm outside the region of interest for
the WPT source, and 1mm for the dipole source. Figure 4
shows (a) the coil model, (b) the dipole source, (c) the bounding
box and ViP model Ella V3.0, and (d) the source positions.

FIGURE 6 | Induced voltage histograms of selected splines exposed to the 85 kHz source; the case numbers refer to the positions on Ella's back

(see Figure 4(d)), starting at case1 for the top left to case 18 at the bottom right for the source positioned at a distance of 2 mm, and cases 19–36 for the
source at 50 mm distance; case numbers corresponding to the highest induced voltages for each spline type are labeled red: (a) DBS, (b) PM, (c) SCS,

(d) L1, (e) L2, (f) S1, (g) S2, and (h) S3.

6 of 14 Bioelectromagnetics, 2025



To assess conservative scenarios, the ViP model without im-
plants was exposed to the 36 different source positions, and the
E‐fields induced along the implant trajectories were extracted.

For the conservative source placement of each routing and
source type, an actual implant was placed inside the ViP model
Ella V3.0.

In the case of the 85 kHz WPT source, the peak E‐field as well
as the restrictive quantity according to (International Com-
mission on Nonionizing Radiation Protection ICNIRP 2010),
the maximum cube‐averaged rms E‐field over cubes of 2 mm
lengths, Erms, max,2×2×2, was extracted in agreement with IC-
NIRP guidelines (International Commission on Nonionizing
Radiation Protection ICNIRP 1998, 2010, 2020), and both
results were scaled to the input power of the coil positioned to
lead to the maximum induced E‐field of 11.5 V/m, in the case of
ViP Ella V3.0, with no implant present. The result was then
evaluated to assess whether the coil operates within safety
limits in the presence of an implant.

In the case of the 450MHz dipole source, the psSAR10mg was
extracted as the restrictive quantity at that frequency according
to (International Commission on Nonionizing Radiation Pro-
tection ICNIRP 1998; IEEE 2019). psSAR10mg—much better
proxy of temperature increase for localized sources—was

selected instead of psSAR10g. The results in both cases, with
and without implant, where scaled to the input power at the
dipole source that leads to the maximum deposited psSAR10g of
2W/kg in the case of ViP model Ella V3.0 with no implant
present. The result was then evaluated to assess whether the
dipole operates within safety limits in the presence of an
implant.

The active DBS, PM, and SCS implants were modeled as con-
ductors of diameter of 1 mm and insulator thickness of 1 mm,
and both ends were simplified as exposed ends of splines of
1 mm length. The total length corresponds to the length of the
spline listed in Table 2. The dielectric properties of the con-
ductor and insulator were the same as stated in Section 2.1,
εr= 3 and σ= 0 S/m. The passive lumbar and shoulder implants
were modeled as PECs of thickness 2 mm.

3 | Results

3.1 | Generic Implant Exposed to Frequencies of
10 kHz–1 GHz

The local enhancement in psSAR10mg, normalized to back-
ground enhancement of psSAR10g under the same conditions, is
displayed in Figure 5.

FIGURE 7 | Implant positions resulting in maximum exposures to the 85 kHz source positions for the (a) DBS, (b) PM, (c) SCS, (d) L1, and (e) S3

implants.
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It can be observed that even the electrically short implant leads
(≤ 0.2 λ), displayed in Figure 5 (b) and (c), exhibit local en-
hancement in psSAR10mg and Erms, max,2.15×2.15×2.15, respectively
over the background of up to 60 dB at frequencies <70MHz and
of approximately 10 dB at 1 GHz. Due to the restriction that
modeling implants cannot be longer than 2m, the enhancement
at frequencies <1MHz is constant.

3.2 | Generic Implants in a Human Anatomical
Model at 85 KHz

To determine the maximum exposure to the WPT coil, the
voltage difference between the two ends of each trajectory for
every exposure position was determined and is summarized in
the histograms in Figure 6. The end‐to‐end voltages of the DBS
routing are shown in (a), where exposure case 20 corresponds to
the highest induced voltage of 320mV. For the PM implant (b),
case 27 corresponds to the highest induced voltage of 255mV,
and for the SCS spline (c), the highest induced voltage of

1196mV is found in case 24. For the implants in the lumbar
region, the right‐sided implant site L1 (d) results in a maximum
induced voltage of 197 mV (case 12), and maximum enhance-
ment exhibited by the top shoulder spline S3 (h) is 275mV (case
5). The source positioning for these five conditions of maximum
exposure on which full‐model simulations were performed are
displayed in Figure 7.

In Figure 8, the field distributions at the electrode and the
implantable pulse generator (IPG) ends of the active implants
are shown, partially overlaid with the bone structure of ViP
model Ella V3.0. Figure 9 shows the field distributions of the
passive implants. The field distributions in all of these cases
exhibit local field enhancements.

According to (International Commission on Nonionizing
Radiation Protection ICNIRP 2010), the field quantity of inter-
est for exposure at 85 kHz is the maximum cube‐averaged rms
E‐field over a cube of 2 mm (Erms, max,2×2×2). When the coil is
normalized to an input power corresponding to the maximum

FIGURE 8 | Cross‐sectional slices of the maximum field distributions of active implants exposed to the 85 kHz source: (a) xy‐slice of the DBS IPG
end, (b) xy‐slice of the DBS electrode end, (c) xy‐slice of the PM IPG end, (d) xy‐slice of the PM electrode end, (e) xy‐slice of the SCS IPG end, and (f)

xz‐slice of the SCS electrode end.
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permissible power transfer, the result in Ella in the absence of
an implant is E = 11.5 V/m. The enhancement in Erms, max,2×2×2

for each implant case is summarized in Table 3. In all cases, the
limit of 11.5 V/m is exceeded by 4.7–20.5 dB.

The local peak E‐field can exceed these limits even further.
In Table 4, the peak E‐field for each maximum coil position
with and without the implant present, normalized to a
coil power corresponding to the maximum Erms,

max,2×2×2 = 11.5 V/m with no implant present, is summarized
and the enhancement is calculated. The enhancement of the
local peak E‐field is between 3.3 and 18.3 dB, and in all cases,
the limits according to (International Commission on Non-
ionizing Radiation Protection ICNIRP 2010) are well
exceeded.

3.3 | Generic Implants in a Human Anatomical
Model at 450MHz

The maximum dipole exposure case at 450 MHz was deter-
mined by extracting the tangential E‐field along the implant
trajectories when the ViP model Ella V3.0 (Gosselin
et al. 2014) is exposed to the dipole source. The average tan-
gential E‐fields along the spline for all of the 36 exposure
scenarios are summarized in the histograms in Figure 10.
The highest level of exposure to the dipole observed for
the DBS, PM, and S3 implant routings, resulting on average
tangential E‐fields of 0.30, 0.20, and 2.9 V/m, respectively,
were found for case 18. The maximal exposure of the
SCS spline was found for case 30, with a tangential E‐field of
0.86 V/m; maximum exposure of the L1 spline by the
dipole was observed in case number 20, with an average
tangential E‐field of 1.2 V/m. Figure 11 shows the positions
of the maximum exposure cases and the corresponding
implant trajectories juxtaposed on the skeleton of the Ella
model.

In Figure 12, the field distributions at the electrode and IPG
ends of the active implants are shown, partially overlaid on the
bone structure of the Ella model, and Figure 13 shows the field
distributions of the passive implants.

Local field enhancements of the field distributions are
observed in all of these cases. According to (International
Commission on Nonionizing Radiation Protection IC-
NIRP 2020), the field quantity of interest for a 450 MHz

FIGURE 9 | Cross‐sectional slices of the maximum field

distributions of passive implants exposed to the 85 kHz source:

(a) xy‐slice of L1, (b) xz‐slice of L1, (c) xy‐slice of S3, and (d) xz‐slice
of S3.

TABLE 3 | Local enhancement of Erms, max,2×2×2 due to the pres-

ence of an implant, normalized to a 85 kHz coil driven at the maximum

E‐field according to (International Commission on Nonionizing Radi-

ation Protection ICNIRP 2010), for worst‐case coil positions resulting as
indicated in Figures 6 and 7..

Setup
Erms,

max,2×2×2 (V/m) Enhancement (dB)

No implant 11.5 —
DBS 56 13.8

PM 20 4.7

SCS 122 20.5

L1 21 5.3

S3 33 9.2

TABLE 4 | Local enhancement of peak E‐field due to presence of the implant, normalized to the 85 kHz coil driven at maximum E‐field
according to (International Commission on Nonionizing Radiation Protection ICNIRP 2010), i.e., Erms, max,2×2×2 = 11.5 V/m.

Setup






Epeak w o implant

V

m, /







Epeak w implant

V

m, Enhancement (dB)

DBS 24 140 15.3

PM 24 37 3.7

SCS 28 231 18.3

L1 23 38 4.3

S3 24 35 3.3
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exposure is the localpsSAR. The general public exposure limit
of psSAR10g = 2W/kg in Ella with no implant present is
reached when the dipole source is normalized to an input
power that results in the maximum permissible power
transmission; the enhancement of the psSAR10mg for each
implant case investigated under these conditions is summa-
rized in Table 5. The maximum very local psSAR10mg for the
dipole operating at psSAR10g of 2–7.88W/kg—found in the
case of the SCS—corresponds to a local heating ΔT of
approximately 0.35 K after 6 min of exposure, indicating that
the increased risk posed to persons with medical implants is
present only for local strong sources operating at frequencies
< 450 MHz, with the only exception being the radiofrequency
coils of MRI scanners.

4 | Discussion and Conclusions

In this study, we investigated the local maximum field levels
experienced by patients with implants when exposed to sources
compliant with current regulations within the frequency range
of 10 kHz to 1 GHz. The enhancement of exposure was sys-
tematically analyzed for implants of realistic lengths that were
subjected to uniform fields at the safety limits for induced fields
(International Commission on Nonionizing Radiation Protec-
tion ICNIRP 1998, 2010, 2020; IEEE 2019). Our findings con-
firm the results of previous, more limited studies. Under
uniform electric field excitation in homogeneous tissue
equivalents, the local enhancement of psSAR10mg and the
locally averaged E‐field can exceed 10 dB at 1 GHz and reach

FIGURE 10 | Histograms showing the average tangential E‐fields along selected splines exposed to 450MHz source; the case numbers refer to

the positions on Ella's back (see Figure 4(d)), starting at case1 for the top left to case 18 at the bottom right for the source positioned at a distance of

2 mm, and cases 19–36 for the source at 50mm distance; case numbers corresponding to the highest induced voltages for each spline type are labeled

red: (a) DBS, (b) PM, (c) SCS, (d) L1, (e) L2, (f) S1, (g) S2, (h) S3.
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FIGURE 11 | Implant positions resulting in maximum exposures to the 450MHz source for the (a) DBS, (b) PM, (c) SCS, (d) L1, and (e) S3 implants.

FIGURE 12 | Cross‐sectional slices of the maximum field distributions of active implants exposed to the 450MHz source: (a) xy‐slice of the DBS
IPG end, (b) xy‐slice of the DBS electrode end, (c) xy‐slice of the PM IPG end, (d) xy‐slice of the PM electrode end, (e) xy‐slice of the SCS IPG end, and

(f) xy‐slice of the SCS electrode end.
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over 100 dB at frequencies below 100MHz, compared to the
background, in the presence of a generic implant. However,
these findings are of limited practical value, as the fields
induced inside a complex nonhomogeneous body by near‐field
sources are generally highly nonuniform. Hence, the realistic
maximum enhancement is expected to be much smaller.

To address this, we tested the hypothesis that these enhance-
ments might not be relevant for realistic implants and sources
and pose no additional risk for patients with implants. How-
ever, we found for realistic trajectories and magnetic field
sources operating at the limits for the general population, the

local enhancements when compared to exposures without im-
plants can be as large as 18.3 dB. In other words, these results of
this study falsify this null‐hypothesis, i.e., the enhancements are
relevant for realistic scenarios. At 450MHz, the dipole exposure
increased the local SAR at the implant but the associated
temperature increase was less than 0.4°C.

Some may argue that the current safety guidelines (International
Commission on Nonionizing Radiation Protection ICNIRP 1998,
2010, 2020; IEEE 2019) include safety margins. However, these
safety factors are designed to account for scientific uncertainty and
inter‐subject variability and are not designed to account for the
presence of implants. Furthermore, the local enhancements were
larger than the safety factors. Such enhancements are of particular
concern in the context of life‐supporting neurostimulators.

This study reports only the relative enhancements; therefore,
uncertainties affecting the absolute results—such as tissue and
implant parameters, source characteristics, and numerical
inaccuracies—do not impact the general findings.

In conclusion, individuals with implants are at increased risk
when in close proximity to WPT coils and other strong sources
operating at frequencies < 450MHz.

To protect the significant sub‐population of persons with im-
plants, safety standards should be revised, e.g., by lowering the
reference levels or formulating procedures to ensure and dem-
onstrate the safety of persons with implants, e.g., by evaluating
typical implant trajectories. Similar precautions have already
been successfully addressed for MRI exposures (ISO 2022).

Further studies should be undertaken to investigate more
generic and standardizable approaches to the assessment of the
safety of persons with implants exposed to WPT and other
common and emerging frequencies, and more basic research
could be directed towards understanding the threshold of nerve
activation as a function of frequency to reduce the conserva-
tiveness of current reference levels.
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