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Phantom Model Testing of Active Implantable
Cardiac Devices at 50/60 Hz Electric Field
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Exposure to external extremely low-frequency (ELF) electric and magnetic fields induces the development
of electric fields inside the human body, with their nature depending on multiple factors including the
human body characteristics and frequency, amplitude, and wave shape of the field. The objective of this
study was to determine whether active implanted cardiac devices may be perturbed by a 50 or 60 Hz
electric field and at which level. A numerical method was used to design the experimental setup. Several
configurations including disadvantageous scenarios, 11 implantable cardioverter-defibrillators, and 43
cardiac pacemakers were tested in vitro by an experimental bench test up to 100 kV/m at 50 Hz and 83 kV/
m at 60 Hz. No failure was observed for ICNIRP public exposure levels for most configurations (in more
than 99% of the clinical cases), except for six pacemakers tested in unipolar mode with maximum
sensitivity and atrial sensing. The implants configured with a nominal sensitivity in the bipolar mode were
found to be resistant to electric fields exceeding the low action levels, even for the highest action levels, as
defined by the Directive 2013/35/EU. Bioelectromagnetics. 2020;41:136—147. © 2020 Bioelectromag-

netics Society
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INTRODUCTION

The frequency of electrophysiological current
in the human body ranges from direct current (DC)
up to 200 Hz, which corresponds to the category of
extremely low frequency (ELF) [Beebe, 1993]. At
these frequencies, the electric and magnetic fields can
be studied separately. When a human body is exposed
to ELF electric fields, induced electric fields inside the
body have the same frequency as the incident field and
may induce a voltage on the same order of magnitude
as biological signals. An electrocardiogram (ECG) has
a frequency between 0.1 and 150 Hz [Webster and
Clark, 2010], with a magnitude of 0.1-15mV in a
healthy adult [Jeremias and Brown, 2010]. The
electromagnetic interference (EMI) is difficult to filter
in the ELF frequency band for ECG devices [Schlimp
et al., 2007] and active implantable cardiac devices
(AICD) because of them being at the same frequency
band as the biological signal.

There are different consequences of EMI,
depending on the type of cardiac implant: pacemaker
(PM) or implantable cardioverter-defibrillator (ICD).
In addition to pacing, ICDs can deliver a high-voltage
pulse, which might result in health risks in cases when
EMI is detected as a pathological signal. Most device

manufacturers guarantee the correct behavior of their
AICDs up to 6 kV/m for 50 and 60 Hz electric fields.

Different guidelines have been established for
the protection of humans exposed to electric fields
from possible adverse health effects. For power
line frequencies, the International Commission on
Nonionizing Radiation Protection (ICNIRP) has set
reference levels for public exposure at 5kV/m for
S50Hz and 4.16kV/m for 60Hz [ICNIRP, 1998;
ICNIRP, 2010]. The European Directive 2013/35/EU
distinguishes occupational exposure into two action
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levels (ALs), as follows: low AL at 10 kV/m for 50 Hz
and 8.33 kV/m for 60 Hz and high AL at 20 kV/m for
50 Hz and 16.66 kV/m for 60 Hz, respectively [Direc-
tive 2013/35/EU, 2013]. This directive defines
workers bearing active medical implants as those
who are at particular risk. The European standards
from the EN 50527 series propose different methods
to assess the risks [EN 50527-1, 2016; EN 50527-2-1,
2017; EN 50527-2-2, 2018]. These standards were
established in the framework of the European
Directive concerning workers with specific risks.
Among the proposed methods of 50527-1, an in vitro
study is a possible option. This type of provocative
study is composed of two steps: (i) determination of
the voltage on the AICD leads induced by the EMI,
and (ii) reproduction of the EMI to test the AICD.

The induced electric field inside the human body
cannot be measured accurately, and therefore the
estimation of the induced voltage on the AICD leads
is complex. For this reason, studies often make
approximations on in vitro experiments or numerically
investigate the amplitude of electric fields for each
organ [Stuchly and Kavet, 2005; Napp et al., 2014]. In
a previous paper, we described the in vitro approach
applied to low-frequency magnetic fields [Katrib
et al, 2013]. In vitro studies commonly use a
rectangular phantom for magnetic field exposure.
However, this rectangular shape cannot be used for
electric field exposure in the present case due to the
influence of the shape of the body on the induced
electric field [International Electrotechnical Commis-
sion, 2007]. Exposure to a vertical electric field is the
orientation setup that induces the maximum electric
field inside the body; thus, this worst-case orientation
is the only one considered in prior studies.

To experiment with the effects of electric field
exposure, the phantom should be designed numerically,
respecting the electric field induction or shaped like a
real human body. Finnish research team worked with a
male mannequin (1.93 m) filled with a solution (0.2 S/m)
representing the mean value of conductivity and
dielectric permittivity of the human tissue [Korpinen
et al., 2012]. The phantom, containing a cardiac implant,
was placed under high-voltage lines to analyze the in situ
behavior of the AICD. Only 1 in 31 PMs showed a
dysfunction at 7kV/m in the unipolar sensing mode
[Korpinen et al., 2012]. A similar test was repeated for
37 ICDs. Again, only one of them reacted improperly at
5.1kV/m (bipolar mode) [Korpinen et al., 2014].

In collaboration with Hydro-Québec, the Mon-
treal Heart Institute conducted in vitro tests in a high-
voltage laboratory on 21 PMs and 19 ICDs [Dyrda
et al., 2015]. Ultimately, the results indicated disrup-
tion of the AICDs at 1.5kV/m in the worst-case
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configurations at 60 Hz. For a nominal configuration
and bipolar mode, all PMs resisted to at least
8.6kV/m, and all ICDs did the same to at least
2.9kV/m [Dyrda et al.,, 2015]. These values were
obtained from a grounded cylindrical human-size
phantom exposed to an up-to-20 kV/m vertical electric
field in a high-voltage hall.

The University of Aachen conducted in vivo
studies by exposing patients implanted with Helmholtz
coils to magnetic fields. Simultaneously, they injected a
current defined by an empirical equation to simulate
electric field exposure [Deno, 1977]. One-hundred and
10 patients with ICDs were exposed up to a 2.55-mT
and 30-kV/m simulated electric field with electric
current injections [Napp et al., 2014]. Results were that
39 ICDs configured to maximal sensitivity malfunc-
tioned (one between 5 and 10 kV/m and 38 between 10
and 30kV/m, respectively). The current injection
method was validated by measuring induced voltage
close to the heart in six volunteers and comparing the
behavior of the implants in a laboratory exposure to a
high-voltage electric field. The current injection method
may underestimate the induced voltage by around 46%
or more compared with the external electric field
exposure method. The study injected 14 pA, regardless
of the patient’s height, for each kV/m, and their
previous work in 2009 showed that the patient’s radius
influenced the induction [Joosten et al., 2009]. The
authors concluded that public exposure levels do not
disturb ICDs’ functions. However, occupational envir-
onments may lead to false detection, especially since
the atrial sensing mode is more susceptible
[Napp et al., 2014].

Our in vitro study aims to operate as close as
possible to an in vivo exploration. We employ
computational methods to design a cost-effective test
bench and phantom with the same induction as the heart
area of a grounded, standing human [Gercek et al.,
2017a]. In vitro tests will permit an increase in the field
and elucidation of the exact value of the vertical electric
field, causing the dysfunction. An in vitro study also
permits exposure of AICDs to very high electric fields,
which would be risky with patients in vivo.

MATERIALS AND METHODS

The design of the experimental bench and its
phantom was created by numerical simulations to be
able to get as close as possible to a real-world
exposure scenario. We used Computer Simulation
Technology (CST Studio Suite, Darmstadt, Germany)
software, electromagnetism (EM), and low-frequency
modules based on finite integration techniques
[Weiland, 1977; Motrescu and van Rienen, 2005].

Bioelectromagnetics
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Fig. 1. Experimental setup: Composed of a voltage generator
followed by a power amplifier and a high voltage transformer.
The high voltage is applied to the exposure system.

EXPERIMENTAL BENCH

Figure 1 shows the experimental setup. The
voltage of the upper plates was injected from a signal
generator Agilent Keysight 33120A Programmable by
Keysight VEE Pro (Keysight, Santa Rosa, CA), via a
power amplifier (500 VA, 25V, 40-400kHz;
KMP Electronics, Clamart, France), a transformer
(24 V/220V, 50-60Hz), and a high-voltage trans-
former (209 V/60kV, 20mA, 50-60Hz; Transfo
Industrie, Gargenville, France). The other plate was
grounded. The electric field was measured inside the
plates using a field meter (ESM 100-FTT; Maschek,
Bad Worishofen, Germany) placed on an insulated
tripod. The experimental chamber (where high
voltages were put on the upper plate) was separated
from the cockpit to prevent any risk to the operators
and ensure the integrity of sensitive equipment. A
safety system prevented anyone from entering the
experimental chamber if the field was present and,
conversely, the high voltage could not be applied if a
person was present in the room. A screen connected to
a camera (Panasonic WV-CP280/G CCTV, Osaka,
Japan) showed the inside of the room as a double-
check. The maximal levels of the electric field inside
the test bench were 100 kV/m at 50 Hz and 83 kV/m at
60 Hz, respectively.

PHANTOM AND AICD

Results from an induced electric field in the heart
using an anatomical human body model (with and
without cardiac implant) were presented in the
previous work (Fig. 2) [Gercek et al., 2017b]. The

Bioelectromagnetics

maximum induced field over the heart was calculated
as 4 mV/m, and the mean induced electric field over
the thorax was calculated as 0.8 mV/m (for an applied
electric field of 1kV/m). We intended to reproduce
this induction for this study using a numerically
designed phantom.

To design the experimental setup, we performed
several numerical simulations with CST software
(CST Studio Suite) on smaller-sized phantoms that
could be placed between the plates (Fig. 2). The height
of the phantom was 352 mm, which is equivalent to
one-fifth of the human reference as defined by the
International Commission on Radiological Protection
in 2002 [Valentin, 2002]. The phantom was miniatur-
ized to be able to position it between the test bench
conductor planes. The top diameter of the glass funnel
was chosen at a 300 mm radius to be similar to the
human thorax circumference [IEC 62226-3-1, 2007].
For comparison, 8 out of 15 patients investigated in
vivo, including the worst induction case, had a thorax
circumference smaller than our phantom [Joosten
et al., 2009]. By staying within the range of a human
thorax circumference, the glass funnel could represent
different cases of thorax circumference (by adjusting
the fill level) and contain a properly positioned cardiac
implant. The phantom reproduces an induced electric
field of 0.8 mV/m in the mean value for the conic part,
corresponding to a thorax induction of a human
anatomical model [Gercek et al., 2017a,b]. For the
cylindrical part, the phantom induces 4 mV/m, which
gives a homogeneous distribution of the field suitable
to position the implant probe. The latter represents the
maximum induction of the anatomical human heart
simulations [Gercek et al., 2017b]. Further detail and
design methodology, technical details on the phantom,
simulations of induction, and the positioning of the
AICD box can be found in Gercek et al. [2017a].

As this phantom does not look like a human
geometric phantom, the lead is meant to be positioned
in a way that the field would be as homogeneous as
possible so that a correlation could be drawn between
anatomical induction and phantom induction [Gercek
et al., 2017a]. Figure 2 shows the placement of the
probe and the implant. The lead is attached not to
modify the field but to have the same pattern for each
experiment. We tested the same type of probe of
different marks but did not find any significant
difference; however, it was not possible to repeat all
these tests over 54 AICD for 16 configurations and a
significant number of different leads or trajectories of
leads.

The induced voltages on AICDs obtained by the
implanted whole-body simulation and implanted
reduced phantom (one-fifth of the human body)
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Fig. 2. This figure shows the simulation of the experimental phantom and the analogy with
an implanted human torso. The cardiac implant is positioned in the cone area, and the
cardiac probe (equipped with electrodes) is in the cylindrical portion where the electric field
is constant. The dimensions of the phantom are H=352 mm, H1 =135mm, R =120 mm,

R2 =54 mm, and R3 =300 mm.

allowed us to obtain a scaling factor of 2.45 in the case
of unipolar detection and 2.48 for bipolar detection,
respectively. The impact of 1kV/m of phantom
exposure from the implant would be equivalent to
2.45kV/m of real exposure for a unipolar sensing
mode and 2.48kV/m for a bipolar sensing mode
[Gercek et al., 2017a].

Figure 3 shows the exposure system and
phantom used for the experimental part. The phantom
was made of glass with a 3.3-mm thickness filled with
5L of 0.2 S/m saline solution to reproduce the mean
value of human tissues for 50 and 60 Hz, as mentioned
by Gabriel et al. [2009].

The phantom is composed of a conical part and
cylindrical part. To ensure proper grounding with the
earth, a metallic sole was made of stainless steel to

avoid any oxidation (saltwater). The sole was placed on
the lower electrode, which previously had been
polished. To ensure better contact, we added a braid
of mass between the stopper and plate. The sole,
connected to the ground, was then plugged into the
cylindrical base. We selected a bottom large enough
(R1 =150 mm) to be able to maintain the phantom in a
vertical position and connect it properly to the ground.

The dimensions of the phantom were height
H =352 mm, H1 =135 mm, angle of the cone = 60°,
R1 =120 mm, R2 =54 mm, and R3 =300 mm, which
points out the diameter of the solution and thorax
circumference to be tested in our case. The cardiac
implant was fixed on a Plexiglas support in the upper
part of the cone. The electrodes were in the zone
where the electric field was constant (Fig. 3).

Bioelectromagnetics
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Fig. 3. This figure shows the exposure system and phantom used for the experimental part.
The cardiac implant is fixed on a plexiglas support in the upper part of the cone. The
electrodes are in the zone where the electric field is constant. Telemetry (programmer) was
set to the communication position to interrogate the active implantable cardiac devices
(AICD) inside the phantom. The phantom is composed of a conical part and a cylindrical
part. The bottom of the cylindrical part in contact with the “ground” of the exposure system
is closed by a metal plug of diameter R1. The dimensions of the phantom are: height is
H=352mm, H1=135mm, angle of the cone=60°, R1=120mm, R2=54 mm, and
R3 =300 mm, which points out the diameter of the solution and the thorax circumference to

be tested in our case.

The responsiveness of explanted AICDs was
checked by interrogating the state of the battery using
telemetry. A passive-fixation lead was used for all
ICDs, and an active fixation lead was used for all
PMs. These leads were checked both by manual
measurements and measurements done by the AICD
once they were connected to the device.

The functionality of both the lead and implant
were checked to determine whether they received the
cardiac signal and if they could distinguish the
pathological signals. All implants tested (n=254)
passed this review, including those with low battery
power, as they proved good functioning. Telemetry
messages, such as requesting a change of batteries,
were ignored. The AICDs were still included in the test
as the alert was only a warning about the need for
changing out the AICD in the near future. The
manufacturers assured that the AICDs were functioning
well [CRDM Technical Services, 2014; Abbott, 2017].
The states of the AICDs are mentioned in Table 1.

Seventeen AICDs had almost run out of batteries
at the time of the investigation. We noted that
(contrary to the others) telemetry indicated some
functions of these AICDs, which would not be
effective with their remaining battery life. Therefore,
we excluded 3 ICDs and 14 PMs, which are not
mentioned further in this paper. For more information
about the state of charge, one must refer to the
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guidance letters of relevant manufacturers [CRDM
Technical Services, 2014; Abbott, 2017]. The list of
AICDs tested is presented in Table 1.

Although 99% of PMs are generally used in
bipolar mode, the unipolar mode also was tested. The
maximum sensitivity and nominal sensitivity were set
for unipolar and bipolar configurations, and the
AICDs were exposed to 50 and 60 Hz separately.
All the PMs were tested in ventricular-inhibited
pacing mode (VVI) and atrial-inhibited pacing mode
(AAI), which yielded 16 configuration cases for each
implant. We applied the AAI mode of PMs so that
some auricular tachycardia detection functions were
activated. The AAI mode renders PMs more vulner-
able, and therefore worst-case conditions can be
fulfilled.

ICDs were tested at maximum sensitivity, with
the worst configuration and nominal sensitivity at 50
and 60 Hz in bipolar mode only. All four cases were
tested separately. We systematically tested VVI
configuration for all ICDs, as they are the devices
most commonly used for ventricular cases [Orgeron
et al., 2017; Pavlicek et al., 2017; Tracy et al., 2013].

TEST PROCEDURE

AICDs were exposed to an electric field via the
following five steps: (i) recording and checking the



TABLE 1. AICD Identification and Information

Test of AICD at 50/60Hz E-field M

Pacing Detection Battery: V/Vigpals Implantation
ID No. Manufacturer Model mode rate (ppm) State date
ICD1 Medtronic Concerto II CRT-D VVI 200 2.94/2.63 29.07.2010
ICD2 Medtronic Concerto II CRT-D VVI 200 2.83/2.63 20.10.2010
ICD3 Medtronic Concerto II CRT-D VVI 200 2.73/2.63 26.10.2010
ICD4 Medtronic Consulta CRT-D VVI 200 2.61/2.63 EOS 11.05.2011
ICD5 Medtronic Consulta CRT-D VVI 200 2.69/2.63 16.03.2011
ICD6 Medtronic Virtuoso II VR VVI 200 2.98/2.63 3.06.2010
ICD7 Medtronic Virtuoso II DR VVI 200 2.62/2.63 RTT 16.02.2010
ICD8 Medtronic Maximo VR VVI 200 2.59/2.63 ERI 16.06.20XX
ICD9 Medtronic Secura DR VVI 200 Full New
ICD10 St. Jude Medical Atlas IT VR VVI 200 2.55 02.04.09
ICD11 St. Jude Medical Atlas + HF VVI 200 ERI Demo
PM1 St. Jude Medical Zephir XL DR 5826 AAI/VVI 180 2.78/2.45 27.03.09
PM2 St. Jude Medical Zephir XL DR 5826 AAI/VVI 180 2,81 18.03.09
PM3 St. Jude Medical Zephir XL DR 5826 AAI/VVI 180 2.78/2.45 20.04.08
PM4 St. Jude Medical Identity ADx XL DR 5386 AAI/VVI 180 2.78/2.45 17.07.06
PM5 St. Jude Medical Frontier II 5596 AAI/VVI 180 2.78/2.45 2.12.08
PM6 St. Jude Medical Frontier II 5596 AAI/VVI 180 2.8/2.45 11.12.08
PM7 St. Jude Medical Verity ADx XL SC 5056 AAI/VVI 180 2.78/2.45 06.07.06
PM8 St. Jude Medical Integrity ADx XL AAI/VVI 180 2.72/2.45 -

DR 5366

PM9 St. Jude Medical Identity ADx VDR 5480 AAI/VVI 180 2.72/2.45 15.05.07
PM10 St. Jude Medical Micronyll SR + AAI/VVI 180 2.78/2.45 -
PM11 Medtronic Adapta L AAI/VVI 180 2.68 26.01.07
PM12 Medtronic Adapta L AAI/VVI 180 2.76 29.08.11
PM13 Medtronic Adapta L AAI/VVI 180 2.75 31.03.08
PM14 Medtronic Adapta L AAI/VVI 180 2.72 27.01.12
PM15 Medtronic Adapta L AAI/VVI 180 2.77 26.08.09
PM16 Medtronic Adapta L AAI/VVI 180 2.74 04.06.12
PM17 Medtronic Adapta L AAI/VVI 180 2.65 02.03.07
PM18 Medtronic Adapta L AAI/VVI 180 2.74 07.09.10
PM19 Medtronic Adapta (ADDRO1) AAI/VVI 180 2.75 04.01.12
PM20 Medtronic Adapta (ADDRO1) AAI/VVI 180 2.75 08.12.10
PM21 Medtronic Adapta (ADDRO1) AAI/VVI 180 2.74 28.10.09
PM22 Medtronic Adapta (ADDRO1) AAI/VVI 180 2.76 09.02.10
PM23 Medtronic Adapta (ADSRO1) AAI/VVI 180 2.71 16.08.10
PM24 Medtronic Adapta (ADSRO1) AAI/VVI 180 2.68 03.05.10
PM25 Medtronic Adapta (ADSRO1) AAI/VVI 180 2.68 18.11.10
PM25 Medtronic Adapta (ADSR03) AAI/VVI 180 2.73 11.12.12
PM26 Medtronic Adapta (ADSR03) AAT/VVI 180 2.71 19.10.10
PM27 Medtronic Adapta S AAI/VVI 180 2.61 ERI 31.08.10
PM28 Medtronic EnPulse AAI/VVI 180 2.67 ERI 30.05.05
PM29 Medtronic EnPulse AAI/VVI 180 2.66 12.10.05
PM30 Medtronic EnPulse AAI/VVI 180 2.66 22.03.07
PM31 Medtronic INSYNC III model 8042 AAI/VVI 180 2.94 12.12.09
PM32 Medtronic Adapta (ADDRO03) AAI/VVI 180 Full New
PM33 Medtronic Adapta (ADSRO1) AAI/VVI 180 Full New
PM34 Vitatron (Medtronic) T20SR model T20A1 AAI/VVI 180 2.75 18.06.07
PM35 Vitatron (Medtronic) T20SR model T20A1 AAI/VVI 180 2.75 10.10.08
PM36 Vitatron (Medtronic) T20SR model T20A2 AAI/VVI 180 2.75 20.06.10
PM37 Vitatron (Medtronic) T20SR model T20A2 AAT/VVI 180 2.75 14.03.11
PM38 Vitatron (Medtronic) G20SR model G20A1 AAI/VVI 180 2.74 10.07.12
PM39 Vitatron (Medtronic) G20SR model G20A1 AAI/VVI 180 2.76 31.10.12
PM40 Vitatron (Medtronic) C20SR model C20A3 AAI/VVI 180 2.75 29.11.05
PM41 Vitatron (Medtronic) T70DR model T70A2 AAI/VVI 180 2.75 18.11.08
PM42 Vitatron (Medtronic) G70DR model G70A1 AAI/VVI 180 2.76 11.07.12
PM43 Vitatron (Medtronic) G70DR model G70A1 AAI/VVI 180 Full New

AAI = atrial-inhibited pacing mode; VVI = ventricular-inhibited pacing mode.

Bioelectromagnetics
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conditions, (ii) placing the AICD, (iii) programming
the AICD, (iv) performing exposure and recording,
and (v) gathering the AICD recordings.

Recording and Checking the Conditions

Two different measuring devices were used to
measure the humidity and temperature at different
positions in the room. The humidity (15-55%) and
temperature (18.7-31.8 °C) were monitored. These
variations are negligible on the electric field level
[International Electrotechnical Commission, 2013].
Conductivity was always checked before the experi-
ment and had a value range between 0.19 and
0.21 S/m.

Placing the AICD

The phantom required some solid support
(Fig. 3) to place the AICD into the solution. In
addition, the impedance of the lead and the battery
state were inspected before each test. The probe was
precisely placed in the middle of the cylindrical part of
the phantom, where the induced electric field was
homogeneous [Gercek et al., 2017b]. The phantom
was grounded, as explained before.

Programming the AICD

Once the AICD was placed into the phantom, the
reading probe of the telemetry was fixed near it to
establish communication (Fig. 3). Once the good
function of the implant was checked, we synchronized
it at the same minute and seconds to our records. The
PMs and ICDs all were programmed to oversimplify,
with an over-range detection window (up to 400 ms),
or additional information of the detection features
could be obtained from the technical documentation of
the cardiac implant. We chose the parameters of
disadvantageous scenarios, if not the worst cases,
which might differ slightly according to the manu-
facturer and the model. We deactivated all therapy
delivery of the ICD, without inhibiting any detection
mode, for the security of the technical board. Once the
procedure was finished, the previous records were all
erased to avoid any confusion. The telemetry device
and any other object in the room were taken out so as
not to modify the field. Detailed information about the
AICD is given in Table 1.

Performing Exposure and Recording

During tests, no heartbeat signal was applied.
Introducing electric cables in such an electric field
would perturb the induced electric field and conse-
quently the transfer function between the external
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electric field and the induced voltage. The only
possibility to include these signals would be devel-
oping a fiber-optic system, which is a subject of future
studies. Security checks were performed before all
tests, as described previously. Different exposure
levels (up to 100kV/m in the experimental bench)
were applied consecutively to the implanted phantom.
The configuration was fixed to 1 min of exposure and
one min of non-exposure so we could clearly situate
the exposure level that causes dysfunction. The
exposure was repeated for different levels up to the
memory capacity that the AICD could store as ECG
recordings (generally, eight times). The characteriza-
tion of the electric field in the exposure system in the
function of the applied voltage was reported in earlier
work by Gercek et al. [2017b]. The start and stop time
of exposure, level of application, temperature, and
humidity were recorded via the Keysight VEE Pro
program, which controls the signal generator (Fig. 1).

Gathering the AICD Recordings

Telemetry (programmer) was set to the commu-
nication position to interrogate the AICD inside the
phantom. The detection percent and recorded events
were noted, and the times of the events were
correlated with the exposure time (Fig. 3).

Manufacturers and Sensitivity

Eleven ICDs of eight different types and two
manufacturers, as well as 43 PMs of 22 different types
and three manufacturers, were included in our study
(Table 1). The sensitivity values depended on the
manufacturer and the type of AICD (PM or ICD). The
maximum sensitivity value was 0.15mV for Med-
tronic and 0.2 mV for St. Jude for ICDs. For PMs,
0.2mV for AAI and 0.5 mV for VVI were the values
for bipolar sensing for maximum sensitivity. The
nominal sensitivity value was fixed to 0.6 mV for
ICDs and to 2 mV for PMs. Other specific configura-
tions may be found elsewhere [Tracy et al., 2013].

RESULTS

All results are given in the field equivalent to a
human body. As there was no cardiac signal
introduced in the test, we only cover stimulus-
dependency and false detection cases. Inhibition of a
normal heartbeat or arrhythmia detection is the subject
of future work.

The criterion for classifying a reaction of AICD
as a dysfunction was any recorded clinical event by
the device itself or detection of a certain amount of
unusual cardiac signals, as there was no signal
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TABLE 3. AICD Reaction Against 60 Hz Electric Field kV/m

60 Hz Unipolar Bipolar
Mode: AAI VVI AAI VVI
Sensitivity Min Max. Min. Max. Min Max. Min Max.
ICD1 - - - - Not tested 33.9

6.6
ICD2 - - - - Not tested 49.6

20.7
ICD3 - - - - Not tested 26.3

6.6
ICD4 - - - - Not tested 55.3

20.7
ICD5 - - - - Not tested 48.8

21.1
ICD6 - - — - Not tested 22.3

6.4
ICD7 - - - - Not tested 28.8

5.8
ICD8 - - — - Not tested 27.3

6.6
ICD9 - - - - Not tested 28.1

6.6
ICD10 - - - - Not tested 19.8

10.7
ICD11 - - - - Not tested End of battery
PM1 4.9 4-24% >200 >200 - - - -
PM2 5.71 4-24? >200 >200 42.2 5.8 >200 >200
PM3 5.71 4-24* >200 >200 33.1 5 >200 >200
PM4 6.52 4-24* >200 >200 44.6 5.8 >200 >200
PM5 7.35 4-24* >200 >200 39.7 9.1 >200 >200
PM6 6.52 4-24% >200 >200 33.1 4.2 >200 >200
PM7 >200 >200° >200 >200 >200 >200 >200 >200

This table mentions the electric field level (kV/m), which causes a dysfunction of the implant at the frequency of 60 Hz. The

measurements are made for the unipolar and bipolar mode and fo

r the sensitivities set at the Min and Max values of the implant.

“Trreproducible: our system was incapable of delivering ideal sinusoidal voltage at that very low level, adding to that extreme high the

sensitivity level, we were not able to reproduce the interference ai

t the same level of the field.

"The results obtained for implants PM8 to PM43 are similar to PM7.

induced. If the pacing percentage was around 99% and
no event was recorded by the AICD, we concluded
that it did not react to EMI. Figure 3 EGM VF
(electrogram ventricular fibrillation) would not have
any clinical consequences for stimulus-dependency
and false detection cases until the very high fields that
we tested here, noted as more than 245 kV/m, such as
in Tables 2 and 3.

Due to EMI, the ICDs recorded the following
episodes: ventricular fibrillation (VF), ventricular
tachycardia (VT) (delivering an insignificant amount
of 2 or <2s), noise mode, high-rate heartbeat
detection, and VF/VT (St. Jude ICDs could not
categorize the induction noise as VT or VF). ICDs,
in this case, were asking about more detailed
signal definitions; therefore, giving the cardiac signal
definition might help the AICD to detect EMI more
efficiently.

Bioelectromagnetics

As for PMs, the inadequate detections were
auricular fibrillation or auricular tachycardia, mostly
at the dysfunction levels. After that level, false
detections occurred of normal (around 60 ppm), a
high rate of heartbeats (80-180 ppm), and brady-
cardia. Figure 4 shows a VF episode detected by ICD.
The length of detected events by the AICD caused by
fields corresponded almost exactly with the exposure
length, which was 58s to 1min. In some cases,
there were clinically insignificant episodes of extra-
systole detected for 2s before the exposure level
reached the dysfunction limit value of the electric
field. This is due to the rise and fall time of the field
applied and can be neglected for real 50 and 60 Hz
electric fields.

All ICDs reacted to a certain level of the electric
field, unlike most PMs, which continued to stimulate
normally in the case of an absence of heartbeat



Fig. 4. During in vitro tests with the radiated electric field,
the implantable cardioverter-defibrillator (ICDs) memorized
the following anomalies: VF (ventricular fibrillation), NR (noise
reversion), VTNS (nonsignificant tachycardia). This example
concerns EGM (electromyogram) 1-min VF episodes recorded
by DAI due to 50-Hz electric field exposure.

signals. None of the 43 PMs reacted in VVI mode up
to 248 kV/m at 50 Hz and 200 kV/m at 60 Hz. Thirty-
seven PMs did not react in AAI mode, while six PMs
showed a dysfunction. The results are summarized in
Table 2 for 50 Hz and Table 3 for 60 Hz, respectively.

For a nominal sensitivity configuration, the
dysfunction level for the PMs in unipolar AAI mode
was higher than the reference levels for public
exposure. The same implants were tested in unipolar
AAI mode with maximum sensitivity, and all showed
dysfunction at a very low level of 2.45 kV/m. Unipolar
is thus the mode most convenient for public exposure if
it is configured in nominal sensitivity, but there is a
potential risk of EMI if the PM is configured as AAI
and for maximum sensitivity. The unipolar PM with
AAI configuration is not suitable for an occupational
environment where the exposure can be up to 10 kV/m
or more. However, the PMs with VVI configurations
were not affected at all levels of exposure.

For bipolar mode maximum sensitivity, dysfunc-
tion limits are always higher than public exposure
limits and very close to the limit values that
manufacturers guarantee, 5 or 6 kV/m. The tested
ICDs were more resistant to 60 Hz than to 50 Hz
exposure. Although there are some ICDs perfectly
suitable for occupational environments, with max-
imum sensitivity 7 of 11 presented dysfunctions under
10kV/m: the low AL limit proposed in 2013/UE/35
[ICNIRP, 1998].

For bipolar-mode nominal sensitivity, all ICDs
and PMs are suitable for occupational exposure to
electric fields lower than the ALs, except for three
ICD models that were disturbed between 17 and
20kV/m (which is between the low and high AL
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values). We conclude that unipolar detection is much
more susceptible to an electric field interference than
the bipolar sensing mode. The sensitivity level plays a
major role. The auricular mode is much more
vulnerable than ventricular mode for PM. Some PMs
did not react at all when configured to VVI up to
248 kV/m; however, they did react in AAI to
misinterpretation of the EMI signal with tachycardia
or fibrillation. Detection interpretation by the device
under test and the dysfunction level vary depending on
the type of AICD and the manufacturer. For instance,
a study by Korpinen et al. [2012] involved 31 PM
tested at 50 Hz, and about 7kV/m showed that only
one PM reacted to EMI in unipolar mode DDD (Dual-
chamber pacing and sensing, with atrial synchronous
ventricular pacing).

DISCUSSION

It is crucial to highlight that these results were
obtained for highly disadvantageous scenarios: close
to or worst-case in given conditions. Indeed, our
results indicate field levels for which there is a
potential risk that devices will have a dysfunction
caused by EMI, which may lead to a clinically
significant event. However, it may not systematically
imply health consequences, and effects are always
reversible once the AICD is no longer under exposure.
We also observed rare cases where EMI caused
AICDs to switch into noise mode, which means that
they continued to deliver the standard heartbeat.

We excluded 17 AICDs that ran out of battery
power after the telemetry warning indicating a critical
state of charge. (Before getting to this stage of charge,
the patient was alerted by a clearly noticeable
vibration or sound months before, and if the battery
or AICD is not changed, pacing functions can even
stop, so we did not study that extreme case.)

The chamber configuration of the AICD might
also affect the electric field level that may induce
dysfunction. From the 110 ICD patients that were
tested in Aachen [Napp et al., 2014], none of them
were in auricular mode AAI (atrial-inhibited pacing
mode), while some of them were in DDD mode. In
addition, we did some tests in DDD configuration on a
small random sample of AICDs. However, we did not
find any failure below the ones that had already been
found as AAI or VVI, as expected. The signal
discrimination algorithms were working more effi-
ciently with two leads than one at such low
frequencies and laboratory conditions. Moreover, a
group of AICDs also was tested in a state of minimal
sensitivity, and none of them showed any reaction. So

Bioelectromagnetics
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as not to overwhelm the numerous results, we will not
discuss those tests.

We experimentally tested 54 AICDs against 50
and 60 Hz, with a statistically significant number of
devices. Seven different types of over 11 ICDs and 28
different types of 43 PMs were tested. The design of
the experimental bench and phantom was done
considering a worst-case exposure, including a
grounded human body (which is not common in daily
life and even less probable in occupational exposure).
As the worker will wear isolated shoes, in theory,
there is no risk of false detection of arrhythmia. In the
case of a stimulus-dependent patient, risk is minimal
to work in occupational exposure if bipolar AICDs are
configured at nominal sensitivity. The inhibition of the
detection of a pathological incident such as VF or VT
should be studied by injecting a cardiac signal.

The level of interference is close to in situ as
well as in vivo findings in the literature [International
Electrotechnical Commission, 2007; Gercek et al.,
2017b], and the differences might be coming from
different models and testing methodologies. For
example, one test was completed under real 400 kV
lines [Korpinen et al., 2014], and another one was a
current injection in vivo [Pavlicek et al., 2017]. In this
paper, we proposed an in vitro approach to test the
AICDs in electric fields with a cost-effective test
bench that may help to build a risk assessment for
workers bearing cardiac implants in the frame of the
family standard CENELEC 50527.

More investigations with heartbeat signals are
necessary to ascertain whether the cardiac signals are
drowned in noise, so that patients living with
pathology are not simply ignored for treatment
because of EMI.

CONCLUSION

Forty-three PMs and 11 ICDs were tested against
50- and 60 Hz electric fields up to 248 and 200 kV/m,
respectively. On the basis of the results of this study,
there appears to be no risk of EMI for a false treatment
for stimulus-dependent patients in public places with
PMs, unless the device is configured with unipolar
maximum sensitivity. When AICDs are configured with
bipolar maximum sensitivity or unipolar nominal
sensitivity, there appears to be no risk of EMI for the
same cases due to public exposure, but occupational
exposure may present some degree of concern. How-
ever, there appears to be no risk for AICDs configured in
bipolar mode with nominal sensitivity in occupational
environments compliant with low ALs according to EU
directives, although a very slight risk exists for high ALs
for a few ICDs tested. The influence of ungrounded
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phantoms and heartbeat signals may be the subject of
future studies, which will clarify two other cases that
could not be studied: inhibition of heartbeat signal or
arrhythmia detection (in the case where a patient has an
arrthythmia while EMI occurs).
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