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cells to either survive the exposure (in ECT) or not (in IRE), respectively. For treatment of
tissues located close to the heart (e.g., in the liver), the safety of electroporation-based
therapies is ensured by synchronizing the electric pulses with the electrocardiogram.
However, the use of ECT and IRE remains contraindicated for patients with implanted
cardiac pacemakers if the treated tissues are located close to the heart or the pace-
maker. In this study, two questions are addressed: can the electroporation pulses
interfere with the pacemaker; and, can the metallic housing of the pacemaker modify
the distribution of electric field in the tissue sufficiently to affect the effectiveness and
safety of the therapy?

Results: The electroporation pulses induced significant changes in the pacemaker
ventricular pacing pulse only for the electroporation pulses delivered during the pac-
ing pulse itself. No residual effects were observed on the pacing pulses following the
electroporation pulses for all tested experimental conditions. The results of numerical
modeling indicate that the presence of metal-encased pacemaker in immediate vicin-
ity of the treatment zone should not impair the intended effectiveness of ECT or IRE
even when the casing is in direct contact with one of the active electrodes. Neverthe-
less, the contact between the casing and the active electrode should be avoided due
to significant tissue heating at the site of the other active electrode for the IRE protocol
and may cause the pulse generator to fail to deliver the pulses due to excessive current
draw.

Conclusions: The observed effects of electroporation pulses delivered in close vicinity
of the pacemaker or its electrodes do not indicate adverse consequences for either
the function of the pacemaker or the treatment outcome. These findings should
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contribute to making electroporation-based treatments accessible also to patients with
implanted cardiac pacemakers.

Keywords: Electrochemotherapy of tumors, Irreversible electroporation, Non-thermal
ablation therapy, Cardiac pacemaker, Implantable devices, Safety, Numerical modeling,
Experimental work

Background

Electroporation

When biological cells are exposed to electric pulses with intensity above certain
threshold, the induced transmembrane voltage leads to electroporation—a physical
phenomenon of increased cell membrane permeability for otherwise poorly permeant
molecules [1, 2]. If the intensity of the external electric field is below another thresh-
old this effect is transient, the membrane reseals and the cell survives (the reversible
electroporation), otherwise the electroporation leads to the cell death (the irreversible
electroporation—IRE). Both types of electroporation are exploited in different areas
as diverse as biomedicine and food processing technologies [1, 3]. Two clinical appli-
cations are considered in this paper—electrochemotherapy (ECT) and IRE ablation of
tumors. In both, the effects of the therapy are localized to the area of electroporation

with minimal side effects to the surrounding tissue.

Electrochemotherapy of tumors

In electrochemotherapy (ECT) of tumors reversible electroporation is combined with
chemotherapy. A single dose of the chemotherapeutic drug (bleomycin or cisplatin)
is injected intravenously or intratumorally before the application of electroporation
pulses [4]. Transient increase of membrane permeability of tumor cells facilitates an
increased cellular uptake of the hydrophilic drug molecules from the extracellular
space [1, 5]. This leads to significantly potentiated cytotoxic effects due to entrapment
of the drug after resealing of the membrane [6]. This is the main mechanism of anti-
tumor effectiveness of ECT. However, two additional contributing mechanisms were
identified—the vascular effects and the involvement of the immune response [6, 7].
Routine use of ECT and the number of clinical trials for new indications is constantly
growing. ECT is an efficient and safe therapy for treatment of different types of solid
malignancies in various superficial and internal tissues, including tumors in skin,
head and neck, brain, bone and internal organs (visceral and deep-seated tumors) in
human and veterinary medicine [8]. In a recent randomized Phase 3 study of elec-
trochemotherapy on basal cell carcinoma, it was shown that ECT is equally efficient
as surgery [9]. A typical protocol for ECT involves the application of a sequence of
pulses for each active pair of electrodes (8 pulses per pair). Pulses of short duration
(100 ps) and high voltage (e.g., at 1000 V/cm voltage-to-distance ratio) are used and
delivered either individually at 1 Hz or in sequences of 4 pulses with a 5-kHz repeti-
tion rate within a sequence [10]. Pulse delivery is synchronized with the ECG when
necessary. In clinical settings and for the largest inter-electrode distances (2—3 cm),
the maximum voltages and currents can be as high as 3000 V and 50 A, respectively
[8], and there can be as many as 12 electrode pairs that the electroporation pulses
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are delivered to. Various types of needle-type electrodes were developed for different
applications [6, 8, 11].

IRE ablation therapy

If the intensity, number and/or duration of applied pulses exceed irreversible threshold
values, the affected cells die due to electroporation (IRE), largely due to irrecoverable
loss of homeostasis [2]. IRE is thus used as a non-thermal ablation therapy with impor-
tant advantages over the well-established conventional ablation methods [12, 13]. In IRE
ablation, the cell death is predominantly a result of electroporation and not the tem-
perature increase. However, local heating of tissue does occur, especially in the imme-
diate vicinity of the electrodes and when large numbers of pulses are used [12, 14, 15].
IRE ablation has been used in clinical trials for treatment of tumors in internal organs
such as liver, pancreas, kidneys and prostate [11, 16-19]. Compared to ECT, the num-
ber of pulses and voltages in IRE ablation of tumors are significantly larger. Typically,
at least 70—90 pulses of 70-100 ps duration are used at the voltage-to-distance ratio of
1500 V/cm. The spacing between needle electrodes is 1.5-2 cm and their active length is
1-1.5cm [12].

ECT and IRE ablation of tumors can benefit from the individualized treatment plan-
ning based on mathematical modeling and from coupling the treatment plan with a nav-
igational system to provide more accurate positioning of the electrodes and optimized
electrical parameters for the treatment [20, 21]. In this way, optimal coverage of the tar-
get tissue with sufficiently high electric field strength for the desired effect and minimal
damage in the normal tissue can be achieved. Treatment planning also helps to avoid
excessive heating and thermal damage of critical structures/tissues and to keep the cur-
rent below the maximum output level of the device.

Cardiac and other safety considerations for electroporation-based therapies

When treating deep-seated internal tumors in vicinity of the heart (e.g., in the liver),
there is an increased possibility for interactions of electroporation pulses with the car-
diac activity. The risk of harmful interferences is minimized by synchronization of the
delivery of electroporation pulses with the electrocardiogram (ECG). Synchroniza-
tion is recommended for all electroporation-based therapies in thoracic cavity or close
to the heart [12, 22]. However, as a safety precaution, the use of electroporation-based
therapies remains contraindicated for patients with implanted cardiac pacemakers if the
treatment zone is close to the implanted device [23]. Both manufacturers of clinically
approved devices for generation of electroporation pulses, namely IGEA (Carpi, MO,
Italy) for the Cliniporator system (for ECT) and Angiodynamics (Latham, NY, USA)
for the NanoKnife system (for IRE ablation) consider cardiac pacemakers as contrain-
dication for treatment [24, 25]. Angiodynamics further expands this to any implanted
devices with metallic parts.

The presence of metallic implants within or in vicinity of the treatment zone may
indeed negatively affect the outcome of electroporation-based treatments [26-28].
Metallic casing of the pacemaker has higher electrical conductivity than surrounding tis-
sue and may therefore change the electric field distribution, which could potentially lead
to undertreatment of the target tissue. It may also present an increased risk for thermal
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Fig. 1 Voltages and currents induced by electroporation pulses on the disconnected ventricular lead
for open contacts (@a—voltage only) and shorted contacts (b, €) as a function of the distance between
the electroporation and the pacemaker electrodes. For the amplitudes of electroporation pulses 1000 V
(both conductivities) and 3000 V (lower conductivity only). Mean average values and 4 SD bars are shown
(N=6-8). See Fig. 5 for the definition of distance D

damage in the surrounding tissue, especially for IRE ablation. IRE ablation is usually
considered a non-thermal method. However, several experimental in vivo and in silico
studies have shown a significant increase in temperature during treatment [14, 15, 20,
29, 30]. Thermal coagulation has been observed a few millimeters from the electrodes in
animal experimental studies [29-31]. The extent of thermal damage depends on tissue
type, pulse parameters, electrode exposure length and inter-electrode distance. Further-
more, the presence of metal has been found to increase generation of heat [29].

Aims of the study
In this preliminary study two questions related to the contraindication of electropora-

tion-based therapies for patients with pacemakers were addressed:

+ Do the electroporation pulses electrically interfere with the function of the pace-
maker in a way that could lead to its malfunction or even damage?

« Is the distribution of electric field in the tissue modified by the metal housing of the
pacemaker to the extent that either the effective treatment zone is modified and/or

that the tissue may be exposed to excessive heating?

The first question was addressed empirically by exposing a functioning pacemaker
with its ventricular lead to electroporation pulses under various conditions and observ-
ing the effects, and the second question by numerical modeling of physical conditions
encountered during application of electroporation pulses near the implanted pacemaker

and pacemaker leads.
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Results

Experimental evaluation of the effect of electroporation pulses on the pacemaker

Figure 1 presents steady-state voltages and currents (the interference) measured at the
pacemaker ventricular electrodes without the pacemaker during application of a single
100-ps-long electroporation pulse. Two extremes are presented: with open ventricu-
lar lead contacts (the maximum voltage and zero current) and with shorted contacts
(the maximum current at reduced voltage that represents the voltage drop on com-
bined resistances of the anodic and cathodic leads). With the pacemaker connected, the
combined resistance includes the internal resistance of the device, therefore voltages
between those in Fig. 1a, b and currents lower than those in Fig. 1c are anticipated. As
expected, the amplitude of the interference decreased rapidly with the distance of the
electroporation electrodes from the pacemaker’s ventricular lead.

Figure 2 presents a typical example of the effect of electroporation pulses on ventricu-
lar pacing pulse for one or four electroporation pulses at 1000 V amplitude delivered
in the medium of the higher conductivity (physiological saline with the conductivity of
1.57 S/m).

Figure 3 shows unperturbed ventricular pacing pulses measured in both conductive
media used in the study (panel a), a zoomed-out version of Fig. 2b for comparison of
relative amplitudes of the ventricular pacing pulse and the artifacts caused by elec-
troporation pulses (panel b), and a more detailed view of only the said artifacts (panel
c). Note the declining amplitude of the artifacts caused by the technical limitation of
the Cliniporator pulse generator, which does not recharge its output capacitors dur-
ing delivery of pulses in high-frequency sequences.

Electroporation pulses resulted in distance-dependent voltage artifacts of expected
polarities, duration and reproducible amplitudes (similar to those reported in Fig. 1b).
No drastic changes in the characteristics of the pacing pulses were induced by the
electroporation pulses delivered before or after the stimulating phase of the pacing
pulse (Fig. 2 panels a, b, e, f).

Additional file 1: Figures S1 and S2 present the same kind of information as Fig. 2 for
electroporation pulses delivered in the medium with decreased conductivity of 0.34 S/m,
which is comparable to conductivities encountered in clinical practice in tissues such as
human liver. This reduced conductivity also enabled the use of the highest available volt-
age for electroporation pulses, which is 3000 V (again comparable to clinical situation).
It can be seen that the same kind of effects as described in Fig. 2 were also present in
the medium of lower conductivity, but the effects were more pronounced here and the
higher voltage resulted in considerably larger artifacts. In general, all observed effects
were distance-dependent (decreasing the distance D between the electroporation and
the pacemaker electrodes resulted in progressively larger interferences).

The shape of the pacing pulse was significantly perturbed and its amplitude reduced
only for electroporation pulses delivered during the stimulating phase of the pacing
pulse (panels c and d in Fig. 2, Additional file 1: Figures S1, S2). The effects were sim-
ilar for all investigated conditions except that they were less or more pronounced,
depending on the number of pulses or the amplitude of electroporation pulses. How-
ever, the most relevant observation was that all the described effects appeared only
for pacing pulses coinciding with the electroporation pulse(s). There was no residual



Jarm et al. BioMed Eng OnLine (2020) 19:85 Page 6 of 18

6 6
—— D=1cm
54 —— D=3cm ER
D=5cm
4 4 —— D=10cm 4 4
g 3 3
S 2 2
S
o
> 14 1
0 vy 0
4] 4 I
2 a o =1.57 S/m, 1 EP pulse (1 kV) 2 b o =1.57 S/m, 4 EP pulses (1 kV)
4 3 2 1 0 1 2 3 4 5 6 4 3 2 1 0 1 2 3 4 5 6
6 6
—— D=1cm —— D=1cm
5 —— D=3cm 5 —— D=3cm
~—— D=5cm ~——— D=5cm
4 4 —— D=10cm 4 —— D=10cm
g 3 3
S
8 2 2
o
> 1 1

0 e 0

-1 -1

2 C 6 =1.57 S/m, 1 EP pulse (1kV) . d ¢ =1.57 S/m, 4 EP pulses (1 kV)
2 -1 0 1 2 3 4 5 6 7 8 -2 -1 0 1 2 3 4 5 6 7 8
6 6
—— D=1cm
5 | —— D=3cm 5
D=5cm
4 f —— D=10cm 4
g 3 3
[
g 2 2
o
> 1 1
0 0
14 i
2 e 6 =1.57 S/m, 1 EP pulse (1kV) 3 f o =1.57 S/m, 4 EP pulses (1kV) |
14 0 1 2 3 4 5 6 7 8 9 1 0 1 2 3 4 5 6 7 8 9

Time (ms)

Time (ms)

Fig. 2 The interference of a single electroporation pulse (a, ¢, ) and a sequence of four electroporation
pulses (b, d, f) with 1000 V amplitude, 100 us duration, and 5 kHz repetition rate. Electroporation pulses
were delivered before (a, b), during (c, d) or after (e, f) the ventricular pacing pulse in the medium with
conductivity of 1.57 S/m. For comparison with the effects observed in the media of lower conductivity at
1000V and 3000 V amplitudes see Additional file 1: Figures S1 and S2

effect on the following pacing pulses. The pacemaker appeared completely immune to
electroporation pulses.

Numerical modeling
The influence of the presence of pacemaker is similar for both treatments (ECT and
IRE). In Fig. 4 only the results for IRE are shown because the impact of the pacemaker is
more noticeable in IRE protocols due to higher number of pulses used.

In both treatments, the presence of the pacemaker without contact with the electrodes
does not significantly affect the delivered electric currents when compared to control



Jarm et al. BioMed Eng OnLine (2020) 19:85 Page 7 of 18

5
6 =0.34 S/m
4 6 =1.57 S/m
S
[
o
ol
o
>
35
" —— D=1cm
30 4 N —— D=3cm
—— D=5cm
25 A [ —— D=10cm
g 20 A
]
3 15
ey N NN
g 10 F
5 1 NMNM
o 1 =
s b o = 1.57 S/m, 4 EP pulses (1 kV)
-3 -2 -1 0 1 2 3
35
—— D=1cm
30 ™ N — —— D=3cm
—— D=5cm
25 | —— D=10cm
S 20 A
)
8 15
S 10 T ] T =
51 N~ ]
; aiaiaiy
5 C =157 S/m, 4 EP pulses (1 kV)
-3.0 -25 -2.0 -1.5 -1.0

Time (ms)
Fig. 3 a Unperturbed ventricular pacing pulse in two media of different conductivities. b Comparison of
relative amplitudes of the electroporation pulse artifacts and the ventricular pacing pulse (same data as
shown in Fig. 2b). c Electroporation pulse artifacts from panel b shown in more detail

values (0-2% change). Changes in electric field distribution are mainly observed in the
healthy tissue, while electric field in the tumor remains mostly unaffected (Fig. 4b).
Complete coverage of the tumor with sufficiently high electric field is achieved for both
treatments. When compared to the control model (without pacemaker), the presence
of the pacemaker does not cause any additional heating of tissue (Fig. 4e). Although
both treatments are considered non-thermal, non-negligible tissue heating is observed
at the electrodes, especially in IRE. The maximum calculated increase from base tissue
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Fig. 4 The impact of the presence of metallic-encased pacemaker during IRE ablation of tumor. Images show
computed results at the end of pulse delivery for one of six active electrode pairs in the simulated procedure.
The simulated pulse protocol was 90 x 90 ps pulses delivered at 1 Hz with a pause of 3 s after each set of 10
pulses. Applied voltage to distance ratio was 1500 V/cm. a—c Electric field distribution in target tissue; d—f
Temperature in the target tissue. In the control model, the pacemaker is not present in the simulation. In the
no-contact model pacemaker is positioned 5 mm from the rightmost electrode. In the contact model, the
pacemaker is in conductive contact with the rightmost electrode. The top and side views correspond with
the model geometry shown in Fig. 6b

temperature (37 °C) is 9.6 °C and 40 °C for ECT and IRE ablation, respectively; the tem-
perature rise is limited to immediate vicinity of the electrode tips.

When the pacemaker is in direct contact with one of the electrodes, its influence
is more prominent. A significantly increased current draw is observed in the elec-
trode pairs containing the contact electrode—the calculated electric current is
approximately 50% higher when compared to control values. Electric field distribu-
tion changes drastically in electrode pairs containing the contact electrode as well.
Since the pacemaker itself acts like an electrode, higher electric field is produced
in the tumor and healthy tissue (Fig. 4c). A large volume of tissue surrounding the
contact point is subject to IRE. Electric field in the tumor in this specific case is not
impacted negatively: due to overall higher electric field, complete coverage of the
tumor is achieved with fewer electrode pairs compared to the control and the no-
contact models. Higher temperatures are observed in tissue for both treatments when
compared to the control models. In the ECT model, up to 5.2 °C higher temperatures
are observed in a pair-to-pair comparison; the temperature rise is most significant in
the pairs containing the contact electrode (average 3.2 °C increase). However, this rise
in temperature is limited to the immediate vicinity of the electrodes. The overall max-
imum calculated temperature is the same as in the control model without pacemaker.
In the IRE model, contact with one of the electrodes results in significant heating
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around the opposite electrode of the pair, however no significant heating is observed
at the contact point (Fig. 4f). Up to 31.4 °C higher temperatures are observed in a
pair-to-pair comparison to the control model. The temperature rise is most signifi-
cant in pairs containing the contact electrode (average 24.1 °C increase). The overall
maximum calculated increase from base tissue temperature is 70.4 °C (compared to
40 °C in the control model).

In the model some areas in immediate vicinity of the electrodes are heated to tem-
peratures of more than 100 °C, because there is no term for boiling included in the
numerical model. In reality, vaporization would occur at these high temperatures,
which would drastically decrease bulk conductivity and further current increase.

The numerical results are shown in more detail in the tables in Additional file 2.

Discussion

Experimental evaluation of the effect of electroporation pulses on the pacemaker

The application of electroporation pulses induces significant changes in the shape
of the pacemaker ventricular pacing pulse in experimental conditions only when the
electroporation pulses coincides with the stimulating phase of the pacing pulse with
no residual effects in the following pacing pulses for all tested conditions.

A decaying baseline voltage shift of the opposite polarity was observed when the
pulses were delivered before the pacemaker pulse. Since the shift did not dissipate
before the ventricular pacing pulse was delivered by the pacemaker, it visibly affected
the absolute amplitude of the following pacing pulse (Fig. 2a, b). As all other effects,
the magnitude of this shift decreased with the decreasing distance D (the horizontal
distance between the electroporation electrodes and the pacemaker ventricular lead
electrodes, see Fig. 5). We cannot fully explain this shift, but it was probably partially
due to the combined resistive and inductive properties of the anodic and the cathodic
parts of the ventricular lead. A similar effect of a decaying negative voltage shift that

a
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r |
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I | t |
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Fig. 5 Relative positions of the electroporation electrodes (suspended vertically from above) and the
stimulating distal end of the pacemaker bipolar ventricular lead (fixed horizontally) in a container filled with
conductive solution to the height of 14 cm [38]. Side view (a) and frontal view (b) of the container is shown.
The active parts of the electrodes are shaded black. The distance D was adjusted between 0 and 10 cm as
shown in Figs. 1 and 2
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lasted more than 2 ms following the electroporation pulse was observed in the arti-
fact induced by the electroporation pulse when the pacemaker was disconnected. In
that case the ventricular lead was shorted at the other end thus permitting the maxi-
mum current to flow through serially connected anodic and cathodic leads during the
delivery of the electroporation pulse. This effect was much less pronounced when the
current was not flowing in the ventricular lead (the contacts of the ventricular lead
left open). See also Additional file 1: Figure S3.

In general, all observed effects were distance-dependent (decreasing the distance
D between the electroporation and the pacemaker electrodes resulted in progres-
sively larger interferences). However, it needs to be pointed out that sometimes we
observed some deviation to this rule. Most notably this can be seen in Additional
file 1: Figure S1A, B (1000 V pulses) where the effects observed for the inter-electrode
distance D=3 cm did not fit with the distance-dependency rule and we do not have
an explanation for this.

After testing in harsh conditions with D=1 cm at the maximum available elec-
troporation voltage of 3000 V and in a medium with conductivity comparable to tis-
sue conductivity in ECT/IRE of deep-seated tumors we found no evidence of any
malfunction of the pacemaker. However, without the proprietary data about the
electrical protection of the Adapta pacemaker we cannot claim that the maximum
voltages observed on the ventricular lead represent absolutely no risk for the pace-
maker. Nevertheless, further mitigating circumstances should be considered for real-
istic applications. In clinical situations, the electrodes for delivery of electroporation
pulses would never be placed as close to the pacemaker electrodes as in our study.
Distances of at least about 3 cm or more between the two sets of electrodes can be
expected unless the treatment zone was in the heart itself. At D=3 cm the ampli-
tude of the observed interference was less than 30 V. Furthermore, in clinical ECT
(and also for IRE) of deep-seated tumors in thoracic cavity the delivery of electropo-
ration pulses must always be synchronized with the absolute refractory period of the
ventricles, which follows the depolarization of the atria and the ventricles. Therefore,
for correct synchronization the electroporation pulses would be delivered after the
unperturbed ventricular pacing pulse (or normal ventricular R wave) and therefore
could not affect the shape of pacing pulses, atrial or ventricular. Furthermore, the
moment of correctly delivered electroporation pulses immediately after depolariza-
tion of the ventricles would coincide with the blanking periods for both the atrial and
ventricular channel (e.g., in case of the DDD pacing mode) and should therefore not
interfere with the programmed function of the pacemaker [32]. Finally, pacemak-
ers must be able to withstand the external defibrillation treatment. Even though not
directly comparable, the total energy delivered to a pair of electroporation electrodes
in ECT is typically only a fraction of the energy of a single defibrillation pulse. All this
suggests that the application of ECT for deep-seated tumors in close vicinity of the
heart should probably not be contraindicated, as also stated in the updated stand-
ard operating procedures for ECT of cutaneous tumors [10]. This conclusion could
be extended to the IRE ablation therapy. Namely, even though the total number of
delivered electroporation pulses (and consequently the total energy) is significantly
larger than in ECT (typically 90 vs 8 pulses per each electrode pair for IRE vs ECT,
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respectively), the pulses are delivered one at a time for IRE ablation and they are indi-
vidually synchronized with the ECG [10, 12]. Therefore, the delivered energy in case
of IRE is spread over a much longer period (more than an order of magnitude) than
in case of ECT and therefore represents a less intensive instantaneous stress for the
pacemaker.

Numerical modeling

Numerical results suggest for both therapies (ECT and IRE) that the presence of metal-
encased pacemaker does not affect the coverage of the tumor tissue regardless of contact
with the electrode and should thus not impair the effectiveness of the electroporation-
based treatment. However, if the pacemaker is in contact with one of the electrodes, the
entire housing acts as a large electrode resulting in an increased current draw from the
electroporator. Consequently, overall higher electric fields are produced in target tis-
sue, potentially achieving better coverage than without the pacemaker. However, this
increased current draw also increases the probability of interruption of pulse delivery
due to exceeded hardware-limited maximum values [33].

In both treatments, tissue heating is not increased in the presence of the pacemaker
without contact with one of the electrodes. If contact with one of the electrodes is estab-
lished, however, higher temperatures are observed in tissue. In ECT the rise in tempera-
ture is not as pronounced, which indicates that treatment safety should not be affected.
In IRE a significant rise in temperature is observed at the site of the second active elec-
trode in the pair. This observation agrees with the observation of heating around the
electrodes when a metal stent was present within the treatment zone [26]. The metallic
casing itself does not heat up during treatment, but rather acts like a heat sink, therefore
thermal damage due to heating of metallic casing is unlikely.

Due to its limitations, our study should be considered preliminary and thus conclu-
sions need further confirmation. One of the limitations of the numerical part of the
study is the lack of validation of the model. Although the same model has been used
in previous studies, and has also been validated for various tissues, such as liver, mus-
cle and kidney [20, 34—37], it has not yet been validated for this specific tissue setting.
Moreover, the potential negative impact of the presence of a metal-encased pacemaker
on the efficacy of electroporation-based treatment has only been investigated in one
simplified geometry. A patient-specific treatment plan is in any case advised.

The situation with the pacemaker in contact with more than one electrode has not
been evaluated in this study. However, it is worth noting that such a condition would
result in short circuit conditions. Pulse delivery would be terminated for all shorted elec-
trode pairs due to excessive current, which would result in undertreatment of the target
tissue.

Conclusions

In our study we found no evidence of harmful effects of electroporation pulses, such
as those used in ECT or IRE of tumors, on functioning of a pacemaker even for pulses
applied in immediate vicinity of the pacemaker electrodes. Transient voltage artifacts of
up to almost 200 V were observed on the pacemaker electrodes during delivery of elec-
troporation pulses in the most extreme situation (the maximum pulse voltage of 3000 V
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and the unrealistically small distance between the electroporation and the pacemaker
electrodes of 1 cm). In conditions resembling those encountered in clinical practice for
the smallest realistic distance between the treatment and the pacemaker electrodes (i.e.,
3 cm) the amplitude of voltage artifacts did not exceed 30 V. Due to similarity of elec-
troporation pulses used for ECT and IRE treatments this observation is equally relevant
for use of IRE ablation in patients with pacemakers. Numerical computation showed ele-
vated temperatures in immediate vicinity of the electrode tips also without the presence
of the pacemaker—up to 9.6 °C and 40 °C increase from base tissue temperature for ECT
and IRE, respectively. The presence of the pacemaker without contact with the elec-
trodes did not further contribute to tissue heating. When the pacemaker was in direct
contact with one of the electrodes up to 9.6 °C and 70.4 °C increase from base tissue
temperature was observed in ECT and IRE, respectively. In the modeled geometries, the
presence of a metal-encased pacemaker did not negatively affect tumor coverage regard-
less of contact of one electrode with the pacemaker housing.

Our study should be considered preliminary and thus conclusions need further con-
firmation, however, the effectiveness of ECT or IRE, seem not to be impaired by the
presence of a pacemaker or its leads in the vicinity of the treatment zone. Numerical
modeling suggests that thermal damage due to heating of metallic casing of the pace-

maker is unlikely.

Methods

Experimental evaluation of the effect of electroporation pulses on the pacemaker

The measurements were performed at room temperature (21 °C) in a glass container
filled with either physiological saline (0.9% NaCl solution) or the saline diluted with
distilled water at 1:4 ratio, thus resulting in two media with conductivities 1.57 and
0.34 S/m, respectively (the lower value mimicked the conductivities encountered in
tissue during ECT of liver metastases). The conductivity was measured at 21 °C with
SevenCompact 5230 conductometer (Mettler Toledo, Columbus OH, USA). The experi-
mental setup is presented in Fig. 4 [38].

In the first stage of the study, the bipolar ventricular lead (type CapSure Z Novus 5054)
was not connected to the pacemaker; the connector (not submerged) allowed us to
measure the maximum possible voltage or current (with the contacts open or shorted,
respectively) between the pacemaker electrodes due to application of electroporation
pulses. In the second stage, the ventricular lead was connected to an Adapta pacemaker
(ADDRO1 model, Medtronic, Minneapolis, USA) which was programmed into asyn-
chronous D00 pacing mode and submerged. The atrial bipolar lead was also connected.
Atrial pacing pulses were converted into adjustably delayed TTL pulses (0 V and 5 V
output values) to trigger the generation of electroporation pulses. Thus, we were able
to observe the effects on the pacemaker function for electroporation pulses delivered at
different times with respect to the charge-balanced ventricular pacing pulse. The pace-
maker is assumed to be in its most vulnerable state during generation of the pacing pulse
due to relatively low internal impedance that could allow harmful currents flowing into
the device due to electroporation interference.

Electroporation pulses were generated by Cliniporator Vitae device (IGEA, Carpi,
MO, Italy) and delivered via two needle electrodes for clinical ECT (type VG-1230M20;
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conductive length 3 c¢m, diameter 1.2 mm) submerged in parallel into the medium
(Fig. 4). The inter-electrode distance was fixed at 3 ¢cm, the maximum distance limited
by the hardware capacity and also recommended in the standard operating procedures
for ECT [10]. Standard rectangular pulses (1000 and 3000 V amplitude, 100 ps duration)
were generated individually or in sequences of four pulses (repetition rate 5 kHz, i.e.,
100 ps on, 100 ps off). The voltages appearing between the electrodes of the ventricular
lead were sensed at the ventricular electrodes in the medium. The measurement instru-
mentation included HDO6104A oscilloscope, two HVD3605 differential high-voltage
and two CPO31A high-current probes (Teledyne LeCroy, Chestnut Ridge, NY, USA)
for monitoring of generated electroporation pulses and interferences on the ventricular
lead.

Numerical modeling

The impact of the presence of a metal-encased pacemaker on effectiveness and safety of
electroporation-based therapies was further investigated by means of numerical com-
putation. Two scenarios for treatment of a subcutaneous tumor were investigated: ECT
and IRE. In both scenarios the influence of a metal-encased pacemaker was evaluated
with the pacemaker in contact and without contact with one of the electrodes. A control
scenario without the pacemaker was also evaluated. A previously designed numerical
framework for planning of electroporation-based treatments was adapted for all compu-
tations [20, 28, 39].

All numerical computations were performed in COMSOL Multiphysics software
(Comsol AB, Stockholm, Sweden), however the computations were set up and controlled
in MATLAB (MathWorks, Natick, MA, USA) scripting environment through LiveLink.
A simplified geometry including both the tumor and the pacemaker was used in this
study. Placement of the pacemaker mimicked its position on the fascia of the pectoralis
major muscle (Fig. 5). The tissue model consisted of three isotropic and homogeneous
components: the spherical tumor (12 mm diameter), the fat tissue, and the underlying
muscle tissue. The skin was not included in the model due to subcutaneous location of
both the tumor and the pacemaker. The electrical and thermal properties of tissues and
electrodes were taken from literature and databases and are listed in Table 1 along with
the relevant references. The pacemaker model consisted of the titanium housing and the

Table 1 Electrical and thermal properties of modeled tissues taken from relevant
literature (given in brackets)

Fat Tumor Muscle

Initial electrical conductivity o, (S/m) 0.080 [40, 41] 0.200 (39, 42] 0.135 [35, 39]
Final electrical conductivity .4 (S/m) 0.240 [35, 39] 0.600 [35, 39] 0.405 [35, 39]
Threshold for reversible EP (V/cm) 100 [35, 39] 400 [35, 39] 200 [35, 39]
Threshold for irreversible EP (V/cm) 900 [35, 39] 900 [35, 39] 900 [35, 39]
Thermal conductivity k (W/m K) 0.21[41] 0.52[20, 40] 049 [41]
Specific heat capacity Cp (J/ kg K) 2348 [41] 3540 [20] 3421 [41]
Density p (kg/m?) 911 [41] 1079 [41] 1090 [41]

Perfusion rate w (1/s) 0.00043 [40] 0.01798 [40] 0.00069 [40]
Thermal coefficient of conductivity ay (%/°C) 1.5 [20] 1.5[20] 1.5120]
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silicone-covered lead connectors. The built-in material properties from COMSOL were
used (Titanium beta-21S and Silicon). An unstructured tetrahedral mesh was built in
COMSOL and consisted of 27,643 elements for the ECT model and 21,623 elements for
the IRE model. When compared to the finest possible mesh that was still manageable in
the transient computation (197,119 elements for the ECT model and 138,480 elements
for the IRE model), the use of a coarser mesh produced a< 1% error in calculated electric
current and maximum temperature while greatly reducing the computation time.

For the ECT model (Fig. 5a) a hexagonal-electrode configuration of seven elec-
trodes was used with a standard ECT protocol: eight 100 ps pulses per each of 12
active electrode pairs delivered in two sequences of four pulses with reversed pulse
polarities. The sequences were delivered at 1 Hz and the pulses within each sequence
at 5 kHz repetition rate. The applied voltage was 730 V [6, 10].

For the IRE model (Fig. 5b) four needle electrodes were modeled, surrounding the
tumor in a rectangular configuration. IRE delivery protocol from [20] was used in the
simulation: 90 pulses of 90 ps duration per electrode pair with a 1500 V/cm voltage-
to-distance ratio delivered at 1 Hz with a pause of 3 s after each set of 10 pulses.
The pacemaker was positioned either 5 mm from the nearest electrode (Fig. 5a) or in
direct contact with the nearest electrode (Fig. 5b).

Electric field distribution in tissue is determined through solving the stationary
Laplace partial differential equation for electric potential. The outer boundaries of
model domain are considered electrically insulated while the continuity equation is
applied to the inner domain boundaries. Electroporation is implemented as a non-
linear electric field dependent increase in tissue electrical conductivity [20]. Electric
field distribution is calculated separately for each active electrode pair in the treat-
ment. The computed electric field for the n-th electrode pair is compared to com-
puted field from all previous pairs (1 to n — 1) and the maximum contributions from

all pairs are combined into treatment equivalent field E,, of n-th electrode pair as

eq,n
follows:

max(Eeqn—1,En);n>1
Eeq,n: {En;x},f:eqin 1 l'l) ; lanN;

where N is the total number of electrode pairs, E,

eqn 18 the treatment equivalent field

after application of pulses to the n-th electrode pair, E,,_; is the treatment equivalent
field from electrode pairs 1 to # — 1 and E,, is the actual computed electric field produced
by the n-th electrode pair. The final electric field distribution in tissue is represented by
the equivalent electric field after application of pulses to all N electrode pairs (£, ). The
percentage of tumor volume covered in target electric field strength, 400 V/cm for ECT
and 650 V/cm for IRE ablation [39], was extracted from the final field distribution.

Computations of heat dissipation are performed separately with a transient model
through solving the bioheat transfer equation [14, 28, 43]:

oT
pcpg +Ve(—kVT)=Q+ pcpa)(Tblood = T) + Qmet

Q= ceE?.
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a ECT model, no contact b IRE model, contact
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Fig. 6 a 3D model for the simulation of ECT treatment of a spherical subcutaneous tumor. The distance from
the pacemaker casing to the nearest electrode is 5 mm. b 3D model for the simulation of IRE ablation of a
spherical subcutaneous tumor. Pacemaker is in direct contact with rightmost electrode. Only one scenario
(contact or no contact) is shown for each treatment

Right side of the equation represents the heat sources in the model—the heat source
Q approximated by a Joule heating term and source terms representing tissue perfusion
and metabolism. Similarly to the computation of electric field distribution, the outer
boundaries of the model domain are thermally insulated, in order to create the “worst
case” conditions, while continuity condition is applied to the inner boundaries. All
parameters descriptions and values are provided in Table 1. Maximum tissue tempera-

ture is calculated at the end of pulse delivery for each electrode pair (Fig. 6).
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