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Abstract

Electroporation is the phenomenon in which cell membrane permeability is
increased by exposing the cell to short high-electric-field pulses. Reversible
electroporation treatments are used in vivo for gene therapy and drug
therapy while irreversible electroporation is used for tissue ablation. Tissue
conductivity changes induced by electroporation could provide real-time
feedback of the treatment outcome. Here we describe the results from a study
in which fibrosarcomas (n = 39) inoculated in mice were treated according to
different electroporation protocols, some of them known to cause irreversible
damage. Conductivity was measured before, within the pulses, in between the
pulses and for up to 30 min after treatment. Conductivity increased pulse after
pulse. Depending on the applied electroporation protocol, the conductivity
increase after treatment ranged from 10% to 180%. The most significant
conclusion from this study is the fact that post-treatment conductivity seems to
be correlated with treatment outcome in terms of reversibility.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Electroporation, or electropermeabilization, is the phenomenon in which cell membrane
permeability to ions and macromolecules is increased by exposing the cell to short
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(microseconds to milliseconds) high-electric-field pulses (Neumann er al 1982). The
permeabilization can be temporary (reversible electroporation) or permanent (irreversible
electroporation) as a function of the electric field magnitude and duration, period and number
of the pulses. Both reversible and irreversible electroporation have important applications in
biotechnology and medicine (Mir 2001). Reversible electroporation is now commonly used
with microorganisms and cells in culture for transfection or for introduction or removal of
macromolecules from individual cells. Irreversible electroporation is used for sterilization of
liquid media from microorganisms. During the last two decades, reversible electroporation
has started to be used in living tissues for in vivo gene therapy (electrogenetherapy) (Jaroszeski
et al 2000, Dean 2005) and to enhance the penetration of anti-cancer drugs into undesirable
cells (electrochemotherapy, ECT) (Gothelf et al 2003). Recently, irreversible electroporation
(IRE) has also found a use in tissues as a minimally invasive surgical procedure to ablate
undesirable tissue without the use of adjuvant drugs (Davalos et al 2005, Miller et al 2005,
Edd et al 2006, Rubinsky et al 2007).

In vivo electroporation depends on too many factors to be reliably applied in an open-loop
procedure (Cegovnik and Novakovi¢ 2004, Pucihar et al 2001). Real-time feedback from the
outcome of the applied pulse or pulses is a requirement if it is desired to control electroporation
by means of the magnitude, number or duration of the pulses (Cukjati et al 2007, Glahder
et al 2005).

A set of possible methods for assessing the effects of electroporation could be based on
measurements of the passive electrical properties of the electroporation-affected cells or tissues
(Ivorra and Rubinsky 2007, Pliquett et al 2004, Grafstrom et al 2006, Cima and Mir 2004,
Pavlin ez al 2005, Kinosita and Tsong 1979). As a matter of fact, electroporation phenomenon
was first described in electrical terms (Stampfli 1957). Measuring changes in electrical
properties of cells has been proposed for determining the effectiveness of electroporation
protocols in individual cells (Huang and Rubinsky 1999) and in cell cultures (Glahder
et al 2005, Pavlin et al 2005). Similarly, changes in electrical properties were proposed
for detecting electroporation in tissues (Dev er al 2003), including the creation of images
of the electroporated tissue volumes by means of electrical impedance tomography (Davalos
et al 2002).

The present study is part of a comprehensive effort to fully characterize the changes in
electrical properties of tissues with reversible and irreversible electroporation. It is preceded
by similar but simpler studies in rat liver (Ivorra and Rubinsky 2007) and in rat skeletal muscle
(Ivorra et al 2007).

In another previous study (Al-Sakere ef al 2007), the efficiency of different electroporation
protocols for ablating tumors by IRE was assessed. Here we have employed some of those
protocols and we have compared the results in terms of impedance properties and of tissue
damage.

2. Methods

2.1. Tumor cell culture and tumor production

Cells from a LPB cell line, a methylcholanthrene-induced C57 Bl/6 mouse sarcoma cell line
(Belehradek et al 1972), were cultured using standard procedures in a minimum essential
medium (Gibco BRL, Cergy-Pontoise, France) supplemented with 100 U ml~! penicillin,
100 mg ml~! streptomycin (Sarbach, France) and 8% fetal calf serum (Gibco). C57
B1/6 female mice, 6—8 weeks old, were inoculated subcutaneously in the left flank with
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Figure 1. Architecture of the measurement system. The ‘in-pulse’ conductance is recorded by the
oscilloscope during the electroporation pulses whereas AC impedance is measured afterward.

1 x 109 cells, producing in 9 days tumors 4-5 mm in diameter. Animals were housed and
handled according to the recommended guidelines (UKCCCR 1998).

2.2. Surgical process and tumor treatment

At the start of the procedure, mice were anesthetized with volatile anesthetic (Isoflurane
(Belamont, Neuilly, France) with the vaporizer at 4% for anesthesia induction and 1.5% for
anesthesia maintenance. An incision was performed on the skin near the tumor and the skin
flap containing the tumor was lifted, taking particular care to avoid cutting the main blood
vessels nourishing the tumor. The plate electrodes were placed in direct contact with both
sides of the cutaneous tumor, with the tumor sandwiched between the parallel plates. The
distance between the electrodes ranged from 1.5 to 3 mm and was adjusted to tumor size. The
spacing between the electrodes was measured and the information was used to set the voltage
delivered by the pulse generator so that the electric field magnitude matched the value specified
by the protocol (see section 2.4). The square-wave electric pulses (EP) were generated by an
electroporation power supply (Cliniporator™, Igea, Carpi, Italy) able to apply high-voltage
pulses with a repetition frequency ranging from 1 Hz to 5 kHz. To obtain a pulse application
frequency of 0.03 Hz (see protocol 3 in section 2.4), single pulses were manually delivered by
the operator every 33 s.

2.3. Measurement system

Measurement methods were the same that those employed in Ivorra and Rubinsky (2007).
Here we briefly summarize them and indicate some differences.

The general architecture of the measurement system is shown in figure 1. The
electroporation voltage pulses were applied to the sample through a pair of large annular
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electrodes (here the outer diameter is 4 mm instead of 10 mm (Ivorra and Rubinsky 2007)),
represented at the bottom right corner of figure 1. For each experiment the voltage value (V)
was selected so that the ratio V/d, where d was the distance between the electrodes, was equal
to the desired electric field magnitude of the protocol (see section 2.4).

Passive electrical properties of the tissue were measured during and after the application
of the electroporation pulse thanks to an automated switching mechanism. After the
electroporation pulse, the impedance of the tissue between the electrodes was measured
using the four-electrode method in which the electroporation electrodes (outer diameter =
4 mm, inner diameter = 1 mm) were used as current injection electrodes (100 wA) and
a pair of smaller inner electrodes (diameter = 0.7 mm) were used to measure the induced
voltage difference across the tissue sample. Recording of current and voltage during the
electroporation pulse application was performed with special oscilloscope probes (current
probe AP0O15 and high-voltage probe ADP305 from LeCroy Corp.). From these two signals
we computed the ‘in-pulse’ conductance.

The system was configured to measure in a bi-frequency mode (1 kHz and 15.5 kHz)
between the pulses and up to 500 ms after the end of last pulse at a rate of 500 samples per
second. After this time point, frequency scans (11 frequencies from 1 kHz to 400 kHz at a rate
of 20 scans per second) were recorded for 30 min. Nevertheless, as it will be noted in
section 3.1, we discovered that the multi-frequency analysis was not interesting in the
experimental study presented here and we focused our analysis only on data acquired at
1 kHz. Therefore, the system was in fact used as a single frequency (1 kHz) impedance meter.

Conductivity values were obtained by scaling conductances according to the cell factors
as computed by means of Finite Element Method tools as shown in Ivorra and Rubinsky
(2007). The size of tumors was not uniform and resulted in electrode plate separations ranging
from 1.5 to 3 mm.

2.4. Electroporation protocols

A total number of 39 LPB fibrosarcomas inoculated in mice were treated according to one of
the following electroporation protocols:

e Protocol I: 8 pulses of 100 us at a frequency of 10 Hz, electric field magnitude from
450 V cm~! to 3500 V em™!; five groups (450, 1000, 1500, 2500 and 3500 V cm™') of
five tumors.

e Protocol 2: 8 pulses of 100 us at a frequency of 1 Hz, electric field magnitude =
2500 V cm™!; single group of five tumors.

e Protocol 3: 8 pulses of 1000 us at a frequency of approximately 0.03 Hz, electric field
magnitude = 2500 V cm™!; single group of four tumors.

e Protocol 4: 80 pulses (delivered in four series of 20 pulses separated by approximately
5's) of 100 us at a frequency of 1 Hz, electric field magnitude = 2500 V cm™!; single
group of five tumors.

DC conductance was measured during the pulses (‘in-pulse’ conductance) and AC impedance
was recorded in the inter-pulse intervals and for 30 min after the electroporation sequence.

3. Results and discussion

3.1. Tumor impedance before treatment

In Ivorra and Rubinsky (2007), we employed Cole model in order to parameterize the
impedance spectrogram of rat liver. Here we have obtained some impedance spectrograms
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Figure 2. Example of impedance locus (imaginary part of impedance, Im [Z], versus real part
of impedance, Re [Z]) before electroporation. Circles denote actual data and the continuous line
depicts the corresponding Cole model. Measured impedance values are scaled according to the
probe cell constant in order to provide impedivity values.

somehow suitable for Cole modeling (see figure 2); however, in most cases tumors produced
responses not compatible with any sort of simplified impedance spectrum model for living
tissues. This phenomenon was observed before in human breast tumors (Jossinet and Schmitt
1999) and it may be related to the fact that tumors are highly heterogeneous and disordered cell
structures. For the sake of simplicity and reliability, here we decided not to use Cole modeling.
In fact, here we only report and analyze the conductivity values. More precisely: all post-pulse
conductivity values that we provide in this paper are in fact admittivity magnitude values at
1 kHz.

We considered impedance measurements before electroporation from 15 out of 25 tumors
in protocol 1 in order to compute the original conductivity (mean o). Small tumors (distance
between plates <2 mm) were rejected for such purpose because they provided erratic values.
The resulting value is 1.35 £ 0.19 mS cm™! (mean =+ standard deviation). This value
represents the admittivity magnitude at 1 kHz that we estimate to be close (error <5%) to
the DC conductivity value. Such a statement is based on repetitive observation that the Ry
value (inverse of the DC conductivity), in those cases where Cole modeling was possible, was
almost identical to the magnitude of the impedance at 1 kHz (e.g. see figure 2).

In all the following experiments we have rejected data that came from experiments
in which the separation distance between plates was less than 1.6 mm or that came from
experiments in which the initial conductivity was not within a £40% tolerance range of the
mean value given here (1.35 mS cm™!).

3.2. Conductivity between and after the pulses

A simplistic electrical model of the biological cell can be used to qualitatively understand
the effects of electroporation on the tissue passive electrical properties. In such a model, a
resistance representing the extracellular medium is in parallel with a capacitance accounting
for the cell membrane in series with a resistance representing the intracellular medium. When
electropermeabilization is achieved, then the membrane capacitance is partially shunted by a
membrane resistance. Afterward, resealing of the membrane causes the shunting resistance to
increase and the impedance tends to return to its original values.

And indeed the experimental results seem to fit that model: each pulse causes an immediate
increase in conductivity that is followed by a slow tendency toward the original conductivity
value (figures 3 and 4). Such ‘recovery’ tendency becomes slower with time. At first glance,
the response could be modeled by a time-exponential function of the type

—(@—1p)

o()=A+B-e 7, (1)
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Figure 3. Relative conductivity between pulses and for a short period after pulses from an
experiment belonging to protocol 1 (eight pulses of 100 s at 10 Hz) at 2500 V cm™!. o denotes
the original conductivity of the sample, that is, before any pulse has been applied.
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Figure 4. Relative conductivity between pulses from an experiment belonging to protocol 4
(80 2500 V cm™! pulses of 100 ws at 1 Hz, delivered in four series of 20 pulses separated by
approximately 5 s). The inset shows a magnification of the response after the first pulse.

where o is the conductivity, t — #; is the time after the end of the pulse and 7 is the ‘time
constant’, a scalar, and A and B are also scalars. That would be in agreement with the model
presented in DeBruin and Krassowska (1999) in which the decay in the number of pores after
the pulse follows an exponential function. However, for the time range considered here (from
10 ms to 1 s after pulse ends), we have noted that responses can be much better approximated
by time-logarithm functions of the type (see figure 4)

o(t)=A—B-In(t — ty). @)
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This sort of time-logarithmic conductivity decay can be also observed in results from other
electroporation studies (Ghosh ef al 1993) although, to the best of our knowledge, it has never
been noted. In other physical phenomena in which time-logarithmic relaxations are observed,
such a behavior is attributed to a distribution of relaxation constants (Prozorov and Prozorov
2004). Here it seems plausible that due to the heterogeneity of tissues, and in particular
of tumors, the leaky sites induced by electroporation pulses could manifest a wide range of
resealing time constants. Therefore, this result does not necessarily contradict the exponential
decay model in DeBruin and Krassowska (1999).

An obvious observation in figures 3 and 4 is the accumulative effect of the pulses. That
is, each pulse increases the conductivity of the tumor. However, it is also clearly observable
that the step in conductivity is smaller pulse after pulse. This is quite reasonable when it
is taken into account that (1) electroporation phenomenon depends on the transmembrane
voltage and (2) the transmembrane voltage induced by an external electric field depends on the
conductivity of the membrane. In other words, as the membrane conductance increases due to
permeabilization, it is more difficult to achieve the required transmembrane voltage for further
permeabilization. On the other hand, it is also noticeable, particularly in figure 3, that the
decay in conductivity slows down pulse after pulse. Hence, pulse repetitions not only increase
permeabilization but also make it more stable. This can be related to the models in which
long, or multiple, pores increase the radius of previously created pores, thus making them more
stable (DeBruin and Krassowska 1999), or to models in which the multiple pores increase the
probability for the formation of the so called long-lived pores (Pavlin and Miklavcic 2008).

A key objective of the study presented here was to assess whether impedance changes
induced by electroporation are related to treatment outcome so that this sort of measurements
could be employed in a closed looped fashion for electroporation control. In this sense, it
is understandable that the instantaneous conductance increase after electroporation treatment
could be valuable as it reflects the increase in membrane permeability. Since conductance can
decrease quite fast after the electroporation pulse (figures 3 and 4), it is necessary to define a
precise time point at which the ‘instantaneous’ conductance increase is calculated. We have
chosen to analyze measurements 50 ms after the end of the last pulse. This time point is both
sufficiently large to allow relay switching and circuitry settling after the end of the high-voltage
pulse and sufficiently small to allow measurement between electroporation pulses at 10 Hz
(i.e. interval between pulses = 100 ms). Figure 5 shows relative conductivity after treatment
(ratio between conductance 50 ms after treatment and conductance before treatment). These
results show some interesting clear features: (1) protocols 3 and 4 at 2500 V cm~! produce
significantly higher conductivities than protocol 1, even at 3500 V cm™'; (2) the conductivity
after protocol 1 seems to be quite constant up to 1500 V cm™!; (3) the average conductivity
increase for protocol 2 is similar to that for protocol 1 at 2500 V cm™".

In a previous study (Al-Sakere et al 2007), some of the electroporation protocols employed
here were tested in order to determine whether they resulted in reversible or irreversible
electroporation. The parameters set for protocol 1 (eight pulses of 100 us at 10 Hz)
correspond to the parameters employed to perform electrochemotherapy of superficial tumors
with cytotoxic drugs (Gothelf et al 2003). However, without those cytotoxic drugs, this
electroporation protocol did not produce significant changes in tumor evolution for electric
field magnitudes below 2000 V cm™!. In the absence of those drugs, at 3300 V cm ™! (actually
not reported in Al-Sakere et al (2007)), it was noted that tumor growth was significantly
slowed down but complete tumor regression was not achieved, indicating partial achievement
of irreversible electroporation. On the other hand, also in the absence of cytotoxic drugs,
protocols 3 (8 pulses of 1000 ps at 2500 V cm™") and 4 (80 pulses of 100 us at 2500 V cm™1)
yield complete tumor regression in more than 60% of the cases, thus indicating that tissue
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Figure 5. Relative conductivity after treatment (50 ms after the end of last pulse) versus field
magnitude for different protocols; protocol 1: 8 pulses of 100 us at 10 Hz; protocol 2: 8 pulses
of 100 us at 1 Hz; protocol 3: 8 pulses of 1000 us at 0.03 Hz; protocol 4: 80 pulses of 100 us
at 1 Hz. Black marks indicate the mean values for each protocol and field magnitude. Gray color
marks indicate individual experiments. The slight random differences in the field magnitude were
artificially introduced for representation purposes.

damage by electroporation was severe. As shown in figure 5, the immediate post-treatment
conductivities from protocols 3 and 4 are clearly larger than those from protocol 1, even at
3500 V cm~!. This is an indication that the immediate conductivity increase seems to be
related to treatment outcome. Moreover, in figure 5, it is also possible to note that the increase
in conductance for protocol 1 at fields below 2000 V cm~! is quite constant and moderate
in comparison to what it is obtained at 2500 V cm~! and 3500 V cm~! in which, although
complete tumor regression is not achieved, some degree of irreversible electroporation is
produced.

Note that conductance behavior for protocol 1 has two distinctive patterns: (1) moderate
and quite constant at 500 V cm~!, 1000 V cm~! and 1500 V cm~! and (2) significantly
higher and field dependant, apparently linear, for 2500 V cm~! and 3500 V cm~!. This is
particularly interesting because the transition region between both behavioral regimes is where
we believe that irreversible electroporation is first manifested (from results in Al-Sakere et al
(2007)). This same observation (i.e. the presence of two distinctive patterns) is also observed
in other sort of conductance measurements reported in next sections. We suggest that as long
as only reversible electroporation is achieved, changes in conductance remain weak. This
observation might be linked to electroporation models in which the formation of large pores,
or membrane defects, presumably more stable than small pores and more harmful, manifests
a highly nonlinear relationship with the electric field magnitude (Krassowska and Filev 2007).

Figures 3 and 4 clearly indicate that electroporation is a phenomenon that shows memory
effects; that is, its behavior will depend on previous pulsing history (Teissie et al 2005).
Hence, it could be expected that time interval between pulses could have some impact on
electroporation effects. On the other hand, Miklavcic et al (2005) have demonstrated in vivo
that the frequency of the pulses is not relevant in terms of electrochemotherapy treatment
outcome in the range from 1 Hz to 5 kHz using an electroporation protocol equivalent to
our protocol 1 (plus administration of bleomycin). Here we decided to try protocol 2, which
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Figure 6. Relative conductivity increase after treatment versus applied electric charge during
electroporation treatment (‘charge displacement parameter’ from Grafstrom er al (2006)). E
indicates the field magnitude (V cm™1), Y, is the average admittance value during the electroporation
pulses, 7 is the duration of each pulse (100 us for protocols 1, 2 and 4 and 1 ms for protocol 3)
and N is the number of pulses (8 in protocols 1, 2 and 3 and 80 in protocol 4).

is equivalent to protocol 1 at 2500 V cm~! with a frequency of 1 Hz instead of 10 Hz, to
assess whether conductivity changes reflected similarities between both protocols, as it could
be expected from Miklavcic et al’s results. And our conductivity results indeed show that
both frequencies produce similar results (figure 5). Therefore, this fact reinforces previous
indications that immediate conductivity changes after treatment can assess outcome

Grafstrom et al (2006) found linear relationships between the applied electric field
magnitude and the conductivity increase in rat muscle tissue for fields up to 1800 V cm™!.
They proposed that the electropermeabilization efficiency (rated by the cellular uptake of
extracellular molecules) and conductivity increase are both linearly correlated with the total
electric charge injected during electroporation pulses (‘Q’, obtained from current measurement
during the pulse). From the experiments performed in the current study, we indeed observe
that a linear relationship may exist between the conductivity increase and Q for low Q values
(see inset in figure 6) although it seems that such statement is not valid for large Q values
(protocols 3 and 4). Nevertheless, it is interesting to note that, in the case of protocol 1,
a linear relationship may exist between the conductivity increase and Q whereas the same
cannot be said about the relationship between the conductivity increase and the applied field
(figure 5).

A practical disadvantage of post-pulse conductivity measurements is that they may be
distorted by the electrode—tissue interface impedance if no precautions are taken. In the
present study we employed the four-electrode method to avoid such distortion. In cases in
which the four-electrode method is not feasible, other two strategies could be tried to avoid,
or to minimize, the influence of the electrode—tissue interface impedance: (1) to reduce the
interface impedance of the electrodes by increasing their effective area mechanically (e.g.
sandblasting) or chemically (e.g. deposition of platinum black (Ivorra and Rubinsky 2007))
and (2) to increase moderately the measurement frequency (e.g. from 1 kHz to 10 kHz).
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Figure 7. Relative in-pulse conductivity (dynamic conductivity) in an experiment from protocol 3
(eight pulses of 1000 us at 0.03 Hz). Intervals between pulses (~33 s) are not displayed.

Electrode—electrolyte interface impedance behaves similarly to a capacitance and therefore its
impedance magnitude is higher at lower frequencies. On the other hand, tissue conductance
sensitivity to electroporation is higher at lower frequencies. Hence, a trade-off would exist
between sensitivity and distortion for choosing the frequency for two-electrode post-pulse
conductivity measurements.

3.3. ‘In-pulse’ conductivity

In-pulse conductivity (equivalent to the term ‘dynamic conductivity’ employed in nonlinear
electronics) was calculated by dividing the current flowing through the electrodes by the
voltage applied during the electroporation pulse. Figure 7 shows the evolution of relative
in-pulse conductivity for one of the experiments within protocol 3. Note that the in-pulse
conductivity increases during each pulse and that it is significantly larger than the conductivity
before pulses (=0 ) or the conductivity after treatment is completed (in this particular case,
O after treatment/ 00 ~ 2.1). Such qualitative features are common to the four protocols at any field
magnitude. That is, in all the experiments performed here, the in-pulse conductivity is larger
than the conductivity before pulses and larger than the conductivity after treatment.

The step increase in conductivity when each pulse is applied seems to be immediate in
terms of the time resolution considered here (1 us). Moreover, it is probably masked by the
peak in current due to the charging of cell membranes. This is in agreement with previous
experimental studies and with models that predict that most pores are immediately (<1 us)
created after the transmembrane voltage overcomes the electroporation threshold (DeBruin
and Krassowska 1999). Then, after the voltage drops, it seems that a significant part of the
increase in conductivity is also lost in an immediate fashion. Although we do not have data
for such voltage drop interval (up to 10 ms after the pulse) the loss of conductivity is not
compatible with the slow decay functions we observe afterward (section 3.2). This is also
in agreement with previous experimental results (Kinosita et al 1988, Hibino er al 1993)
and would be in agreement with those models that predict the existence of short-lived pores
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Figure 8. Relative average in-pulse conductivity (dynamic conductivity) at the last 10 us of the
first pulse versus field magnitude for different protocols; protocol 1: 8 pulses of 100 us at 10 Hz;
protocol 2: 8 pulses of 100 s at 1 Hz; protocol 3: 8 pulses of 1000 us at 0.03 Hz; protocol 4:
80 pulses of 100 us at 1 Hz. Black marks indicate the mean values for each protocol and field
magnitude. Gray color marks indicate individual experiments. The slight random differences in
the field magnitude were artificially introduced for representation purposes.

(which are created during the pulse and transiently increase conductivity but immediately, in
milliseconds, become sealed after high-voltage ceases) and long-lived pores (those would be
the ones that we observed in section 3.2 and that contribute to increased permeability for ions
and molecules for some seconds or even minutes) (Pavlin et al 2005).

Figures 8 and 9 show the average in-pulse conductivity at the last 10 us of the pulse
relative to the original conductivity (before any pulse has been applied). Figure 8 shows
relative conductivity at the end of the first applied pulse and figure 9 shows it at the end of the
last applied pulse.

An indication of the quality and repeatability of the measurements is given by the fact
that protocols 1, 2 and 4 at 2500 V cm~! produce almost equal results at the end of the first
pulse (figure 8).

The fact that conductivity at the end of the pulse is larger than the original conductivity (o)
indicates that some degree of electroporation has occurred in all the cases, even for protocol
1 at 500 V cm™!. There is an obvious dependence of the conductivity increase on the electric
field magnitude. In the first pulse (figure 8), for protocols 1, 2 and 4, conductivity gradually
increases as the electric field magnitude increases. In particular, for field magnitudes 500,
1000 and 1500 V cm™', the dependence seems to be quite linear. The conductivity increase
for large field values could also follow another linear dependence but more data points would
be needed to hypothesize any sort of function. Nevertheless it is worth noting that, as in the
case of post-pulse conductivity, there appears to be some sort of transition in behavior from
1500 V.ecm™! to 2500 V cm ™1,

Measurements of the relative conductivity at the last pulse (figure 9) show that previous
electroporation pulses had some effect on the conductance of the tissue. This is significantly
clearer in protocol 1 at 2500 and 3500 V cm™! and protocols 2, 3 and 4. Up to a point, this
is an indication that the last pulse relative conductivity is also correlated with the degree of
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Figure 9. Relative average in-pulse conductivity (dynamic conductivity) at the last 10 us of the
last pulse versus field magnitude for different protocols; protocol 1: 8 pulses of 100 us at 10 Hz;
protocol 2: 8 pulses of 100 s at 1 Hz; protocol 3: 8 pulses of 1000 us at 0.03 Hz; protocol 4:
80 pulses of 100 us at 1 Hz. Black marks indicate the mean values for each protocol and field
magnitude. Gray color marks indicate individual experiments. The slight random differences in
the field magnitude were artificially introduced for representation purposes.

damage caused by irreversible electroporation. However, it must be mentioned that although
protocol 1 at 3500 V cm™! produces higher last-pulse conductivity than protocol 4 we know
from the study reported in Al-Sakere et al (2007) that tissue damage induced by protocol 4 is
much more severe. Hence last-pulse conductivity does not seem to be such a good prognostic
indicator as immediate post-treatment conductivity.

It is worth noting that the maximum in-pulse relative conductivity is about 5 (figure 9).
This implies an in-pulse conductivity of about 6 mS cm~! which is similar to the maximum
conductivity we observed in muscle electroporation experiments at 1500 V cm ™! (Ivorra et al
2007). We hypothesize that in both cases the membrane impedance has become irrelevant.
That is, membrane has become so permeable to ions that its resistance is insignificant when
compared to the resistance of the intracellular and the extracellular media. Such statement does
not imply that the membrane is completely disrupted; only a tiny fraction of the membrane
needs to be disrupted in order to achieve such irrelevance in terms of conductivity (Hibino
et al 1993).

3.4. Long-term conductivity evolution after treatment

In all experiments, impedance was measured for 30 min after electroporation treatment. After
the initial drop in conductivity compatible with logarithm evolution described in section 3.2,
relative conductivity decreases at a lower rate toward the pre-treatment value o (figure 10).
In some cases (protocol 1 at 500, 1000 and 1500 V cm™!), it even gets to values lower than
the original conductivity value. This phenomenon also happened in the livers subjected to
reversible electroporation and, to some extent, in those subjected to irreversible electroporation.
It is probably a clear indication of membrane resealing combined with, or followed by, cellular
edema due to unbalanced osmotic pressure (Abidor e al 1994) (see Ivorra and Rubinsky (2007)
for other possible explanations).
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Figure 10. Conductivity evolution after treatment from an experiment belonging to protocol 1
(eight pulses of 100 us at 10 Hz) at 2500 V cm~!. The inset is a magnification of the first 40 s.
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Figure 11. Relative conductivity 30 min after treatment versus field magnitude for different
protocols; protocol 1: 8 pulses of 100 ws at 10 Hz; protocol 2: 8 pulses of 100 us at 1 Hz; protocol
3: 8 pulses of 1000 us at 0.03 Hz; protocol 4: 80 pulses of 100 us at 1 Hz. Black marks indicate
the mean values for each protocol and field magnitude. Gray color marks indicate individual
experiments. The slight random differences in the field magnitude were artificially introduced for
representation purposes.

However, compared with liver behavior here the decrease toward pre-pulse values seems
much slower. Another significant difference, the sudden drop of resistivity that occurred at
about 15 min after IRE in liver, here is not manifested. We attributed that decrease to sudden
cell rupture, or cell fusion, triggered somehow by electroporation.

Figure 11 shows relative conductivity values 30 min after treatment. Note that samples
subjected to protocol 1 at low fields (500, 1000 and 1500 V cm™!) recover their original
conductivity (0 30 min after treatment = O 0) and that some cases show lower conductivities. On the
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other hand, samples subjected to larger fields or to protocols 2, 3 and 4 do not reach their
original conductivity. At 2500 V cm™!, samples from protocols 3 and 4 show conductivity
values clearly larger than those of samples from protocols 1 and 2. Hence ‘long-term’
conductivity is probably a good indicator for damage by irreversible electroporation.

4. Conclusions

Probably the most significant conclusion that can be drawn from the study presented here is
the fact that post-treatment conductivity indeed seems to be correlated with treatment outcome
in terms of reversibility. This would be valid for immediate conductivity assessment after the
pulse sequence and for measurements taken 30 min thereafter.

Conductivity measurements taken from voltage and current measurements during the
application of the last electroporation pulse also seem to show some degree of correlation with
tissue damage. However, in this case the distinction between some experimental protocols is
not so clear as for the case of post-treatment measurements.

An interesting observation is that pulse repetition slows down conductivity decay after
the pulse. This probably indicates that permeabilization becomes more stable due to multiple
pulses.
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