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Received 21 June 2008, in final form 13 October 2008 Published 31 October 2008 Online at stacks.iop.org/PMB/53/6605 Abstract Electroporation is used in tissue for gene therapy, drug therapy and minimally invasive tissue ablation. The electrical field that develops during the application of the high voltage pulses needs to be precisely controlled. In the region to be treated, it is desirable to generate a homogeneous electric field magnitude between two specific thresholds whereas in other regions the field magnitude should be as low as possible. In the case of irregularly shaped tissue structures, such as bulky tumors, electric field homogeneity is almost impossible to be achieved with current electrode arrangements. We propose the use of conductive gels, matched to the conductivity of the tissues, to fill dead spaces between plate electrodes gripping the tissue so that the electric field distribution becomes less heterogeneous. Here it is shown that this technique indeed improves the antitumor efficacy of electrochemotherapy in sarcomas implanted in mice. Furthermore, we analyze, through finite element method simulations, how relevant the conductivity mismatches are. We found that conductivity mismatching errors are surprisingly well tolerated by the technique. Gels with conductivities ranging from 5 mS cm−1 to 10 mS cm−1 will be a proper solution for most cases. (Some figures in this article are in colour only in the electronic version)
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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 (microsecond to millisecond) high electric field pulses. Reversible electroporation of living tissues is the basis for different therapeutic maneuvers on clinical use or under study (Mir 2000) such as the in vivo introduction of genes into cells (electrogenetherapy) (Jaroszeski et al 2000, Dean 2005, Mir et al 2005) and the introduction of anti-cancer drugs into undesirable cells (electrochemotherapy) (Mir et al 2006, Sersa 2006, Marty et al 2006, Miklavcic et al 2006). More 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 agents (Davalos et al 2005, Edd et al 2006, Al-Sakere et al 2007, Rubinsky 2007). Electroporation is a dynamic phenomenon that depends on the local transmembrane voltage. It is generally accepted that, for a given pulse duration and shape, a specific transmembrane voltage threshold exists for the manifestation of the electroporation phenomenon (from 0.5 V to 1 V). This leads to the definition of an electric field magnitude threshold for electroporation (Erev); only the cells within areas where E  Erev are electroporated. If a second threshold (Eirrev) is reached or surpassed, electroporation will compromise the viability of the cells because electroporation becomes irreversible (cells do not reseal). A larger threshold can also be defined (Ethermal) for the manifestation of thermal damage caused by the Joule effect. This is particularly relevant in the case of IRE ablation techniques: if irreversibility threshold is surpassed but thermal threshold is not reached then cells are destroyed but tissue scaffold is spared and that facilitates post-treatment healing (Rubinsky 2007). It is quite obvious from the above that precise control over the electric field that develops in tissues is important for electroporation therapies (Gehl et al 1999, Miklavcic et al 1998, 2000, Valic et al 2004). The goal is to generate a rather homogeneous electric field magnitude (Emin  E < Emax) in the region of interest and an electric field magnitude as low as possible in the regions not to be treated. Note that we have indicated that the electric field magnitude in the region of interest must be between Emin and Emax instead of Erev and Eirrev. The Erev and Eirrev labels are usually employed to denote the minimum electric field magnitudes at which reversible electroporation and irreversible electroporation can be manifested, but that does not imply that all the cells will experience reversible or irreversible electroporation. In other words, even if the electric field magnitude at a certain area is slightly larger than Erev, that does not guarantee that all the cells in that area will experience enough reversible electroporation. Multiple factors, such as cell size, cell shape and intercellular spacing, modulate the induced transmembrane voltage. According to known experimental results, it is possible to define an Etarget that represents the optimal electric field magnitude for a specific treatment. Then we also define a tolerance around this value. That is, in the region to be treated, the electric field magnitude must be within this tolerance interval in order to achieve successful treatment. Currently, optimization of the electric field distribution during electroporation is done through design of optimal electrode setups (Hofmann 2000, Edd and Davalos 2007, Zupanic et al 2008). However, there are situations in which an electrode setup alone is not sufficient for obtaining an optimal electrical field, particularly in situations such as the electroporation of irregularly shaped tissues or when the protection of specific tissue regions is required. In Ivorra and Rubinsky (2007a), we introduced the concept of using gels with specific conductivities in order to optimize the electric field distribution in different electroporation scenarios. One of those scenarios was the treatment of bulky superficial tumors. Although electrochemotherapy with plate electrodes is achieving impressive results with the treatment
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of such tumors (Mir 2000), some failures could be attributed to heterogeneities in the electric field distribution. A particularly interesting case is that of hard tumors that cannot be squeezed properly between the electrodes so that the geometry is not uniform between the plates and, as a consequence, the electric field distribution is heterogeneous (simulation results reported here help to understand this statement). The solution we propose is extremely simple: to fill all the space between both plate electrodes with a gel whose conductivity is the same as that of tissue. Then the whole material between the plates will become less heterogeneous in electrical terms and the generated electric field distribution will also be less heterogeneous. Conductive gels are already being used in electrochemotherapy in order to improve the electrical contact between the electrodes and the tissues. Nevertheless, this must not be confused with what we are proposing here. Gels for contact improvement should be highly conductive and must be applied in a thin layer. On the other hand, gels for electric field homogenization must have their conductivity matched to that of tissues and should be applied generously, filling all the space between electrodes. We describe here numerical and experimental studies demonstrating the validity and usefulness of this proposal. We also report the electrical conductivity of some commercial gels that were tried to assess their suitability for the proposed technique. While the structure of this report follows a classical outline (Introduction, Methods, Results, Discussion and Conclusions), the Methods and Results sections are divided into three subsections: (1) analysis of the technique based on computer simulations by the finite element method, (2) conductivity measurements of some commercial gels and (3) experimental study of the technique in an animal model (subcutaneous tumor in mice). 2. Methods 2.1. Computer simulations We employed the finite element method (FEM) to compute the electric field distribution under the assumption of static currents and fields. In the areas that result in electric field magnitudes larger than Emin but lower than Emax, we considered that electroporation is successfully achieved. This modeling methodology has been used by previous researchers in the field (Sel et al 2003, Dev et al 2003, Sugibayashi et al 2001) and it has been proven empirically that it is able to predict reasonably well the outcome of electroporation treatments (Edd et al 2006, Miklavcic et al 2000). Here, in order to improve the realism of the models, we consider that the tissue conductivity is not constant but it is electric field dependent. This feature was not taken into account until recently by researchers in the field but it has been shown to have a significant effect on electric field distribution computations (Sel et al 2005). Moreover, in contrast to a previous conference communication (Ivorra and Rubinsky 2007c), here the tissue conductivity is not considered homogeneous; three different tissues with their own conductive properties are considered: skin, tumor and muscle. The key idea of the FEM is the decomposition of an arbitrary geometry into small simple elements in which it is possible to solve the differential equations related to the phenomena under study. Given the appropriate boundary conditions, the solutions are then assembled and an approximate solution for the complete geometry is provided. In our case, the solved equation for each element is Poisson’s equation: (1) −∇ · (σ ∇V − J e ) = 0 e where σ is the conductivity, V is the voltage and J is a vector denoting the externally generated current density.



A Ivorra et al



6608 (a)



(b)



Figure 1. (a) Geometry of the model employed in the FEM simulations; (b) parts of the model. Electrode thickness is 1 mm.



The specific FEM tool used here was COMSOL Multiphysics 3.4 (www.comsol.com) and the mode chosen for the simulations was ‘3D conductive media DC’. The boundary conditions were all insulating on the external surfaces. A mesh of 46 964 tetrahedral elements was automatically generated by the FEM tool. The geometry of the analyzed case is shown in figure 1. Up to a point, it tries to model the electrochemotherapy in vivo experiments reported in the next sections. The electrode separation distance is 4.4 mm and the applied voltage is 572 V. In the ideal parallel plates’ setup, that is, two infinite plate electrodes that sandwich an infinite slab of homogeneous material, this would result in an electric field magnitude of 1300 V cm−1, which is equivalent to the intended 1300 V cm−1 in the mice experiments (520 V for a 4 mm distance). This electric field magnitude has proven to be suitable for treating cutaneous tumors that can be properly placed between the two parallel plates (Belehradek et al 1993) (see also section 4). That is, it is large enough to guarantee that all cells in the region of interest undergo reversible electroporation but it is not large enough to cause significant irreversible electroporation. In the simulations, we define this magnitude as Etarget and we assume that the admissible tolerance range in the region to be treated is ±33%. In other words, we consider that successful electrochemotherapy is surely achieved in those regions in which E  0.66Etarget whereas the regions with E > 1.33Etarget are under risk of irreversible electroporation. In the resulting graphs, black color indicates E < 0.66Etarget; gray color 0.66Etarget  E  1.33Etarget; and white
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E > 1.33Etarget. Different gel conductivities ranging from 0 S m−1 (no gel) to 10 mS cm−1 were tried. Moreover, three cases in which the geometry of the gel is not optimal (see figures 5(a), (e) and (i)) were also analyzed. Because tissue conductivity depends on the electric field and the field in turn depends on the conductivity, some sort of iterative process is required to solve the resulting electric field distribution. Here, the model was solved as a sequence of steps in which the conductivity distribution for each step was defined by the electric distribution in the previous step (Pavselj et al 2005). Ten steps were employed here (but no significant changes were noticed after the sixth iteration). There is a significant number of studies on the small-signal passive electrical properties of different animal and human tissues (Grimnes and Martinsen 2000). However, when the electroporation phenomenon is involved then reliable data are extremely scarce (Pavselj et al 2005, Mossop et al 2006). Previously, we have produced some data on liver (Ivorra and Rubinsky 2007b), skeletal muscle (Ivorra et al 2007) and tumor (pending for submission). From those studies we know that tissue conductivity increases immediately after the onset of the electroporation pulse and that such conductivity raise increases with electric field magnitude until ‘saturation’ conductivity is reached. Pavselj et al (2005) did a similar FEM study to the one we report here and reported quite exhaustive experimental data on the conductivity of tissues under electroporation pulses. We have combined their experimental results with ours to create the conductivity models (conductivity versus electric field magnitude) for the simulations (figure 2). Quite arbitrarily we have chosen piecewise linear functions to approximate the conductivity behavior of tissues (σtumor (E > 100 V cm−1 ) = 1.5 mS cm−1 , σtumor (E =1600 V cm−1 ) = 2.6 mS cm−1 ; σmuscle (E > 200 V cm−1 ) = 1 mS cm−1 , σmuscle (E > 600 V cm−1 ) = 5 mS cm−1 ; σskin (E > 300 V cm−1 ) = 0.1 mS cm−1 , σskin (E > 1200 V cm−1 ) = 4 mS cm−1 ). Other functions, such as sigmoids could also be employed (Pavselj et al 2005); dispersion of measured values is too large in order to favor any specific sort of function. Nevertheless, we want to point out that we performed simulations with quite different models (some of them were far from fitting measured values) and results did not contradict the main conclusions of this study.



2.2. Conductivity measurement of some commercial gels It will be shown that a gel with a conductivity of about 5 mS cm−1 is a good choice for the technique described here. Such a gel can be easily implemented with agar and sodium chlorine (Ivorra and Rubinsky 2007a). Nevertheless, in view of the fact that the technique is quite tolerant to conductivity mismatches, we wondered whether there is a commercial gel with similar conductivity so that the technique would be adopted more easily in clinical environments. Gels intended for electrocardiography (ECG) or defibrillation are probably too conductive (conductivities larger than 10 mS cm−1) and, on the other hand, gels intended for ultrasonography do not need to conduct electricity and their conductivity could be extremely low. However, as manufacturers probably try to maximize the applications of their products, it is quite reasonable to assume that gels with intermediate properties exist. We have tried to locate data on electrical conductivity of gels used in electrocardiography (ECG) and ultrasonography. Unfortunately, the manufacturers of ECG gels provide little useful data and in the case of ultrasonography conductivity, data are almost non-existent. The scientific literature is also not very helpful in this case; we only found two quite old studies comparing the conductivity of different gels (Geddes 1972, Hummel et al 1989). Therefore, we collected some commercial gels and measured their conductivity.
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Figure 2. Conductivity models (dark lines) employed in the simulations reported in this study: (a) tumor, (b) skeletal muscle and (c) skin. The crosses (×) represent actual measurements reported in Pavselj et al (2005) whereas the circles represent data obtained by us (partially reported in Ivorra et al (2007) for the muscle case).



The measurement cell consisted of two circular electrodes (1 cm diameter) on parallel plates separated by 2.2 mm. Cell constant (= 4.6 cm) was obtained by FEM simulations (Ivorra and Rubinsky 2007b) and verified with a saline solution NaCl 0.9% (resistivity at 25 ◦ C ≈ 70  cm). Measurements were performed with impedance analyzer 4294 A (Agilent, Inc.) at 10 kHz (oscillation voltage = 100 mV).
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For the animal experiments detailed in the next sections, we chose the Eko-Gel by CA.MI.NA, S.r.l. (Egna, Italy). The conductivity of this gel is 1.55 mS cm−1 and cannot be considered an optimal choice (see the next sections). The decision was motivated by the fact that this particular gel is already employed in clinical electrochemotherapy to improve the electrode–tissue electrical contact (despite the fact that this gel is intended for ultrasonography and not for electrical applications). 2.3. Animal model 2.3.1. Tumor cells 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, CergyPontoise, France) supplemented with 100 U ml−1 penicillin, 100 mg ml−1 streptomycin (Sarbach, France) and 8% fetal calf serum (Gibco). C57 Bl/6 female mice, 6–8 weeks old, were inoculated subcutaneously in the left flank with 1 × 106 cells, producing in 9 to 10 days tumors of 3.9 ± 0.15 mm (mean ± standard deviation) diameter when they were subjected to electrochemotherapy. Animals were housed and handled according to the recommended guidelines (UKCCCR 1998). 2.3.2. Tumor treatment. At the start of the procedure, mice were anesthetized using a mixture of xylazine 12.5 mg kg−1 (Bayer Pharma, Puteaux, France) and ketamine 125 mg kg−1 (Parke Davis, Courbevoie, France). 10 μg of bleomycin (Roger Bellon S A, Neuilly-Sur-Seine, France) was injected intravenously (in the retro-orbital sinus) 4 min before the delivery of the electric pulses. Electroporation electrodes consisted of two stainless steel plates (10 mm width, 0.7 mm thick and 4 cm long). The tips of the electrodes were placed in direct contact with both sides of the cutaneous tumor, with the tumor between the parallel plates but without compressing it. The distance between the electrodes was 4 mm in all treatments. Conductive gel (Eko-Gel, CA.MI.NA, S.r.l., Egna, Italy) was applied according to the groups detailed in section 2.3.3. The square-wave electric pulses were generated by an electroporation power supply (CliniporatorTM, Igea, Carpi, Italy) able to apply high voltage pulses with a repetition frequency ranging from 1 Hz to 5 kHz. Here the treatment parameters were: eight pulses of 520 V with a duration 100 μs and repetition frequency of 5000 Hz. Maximum currents were recorded. Tumor volume was assessed every 3 days after treatment in order to evaluate response to the treatment. The formula used to compute the volume is V = ab2π /6, where a is the longest diameter of the tumor and b is the next longest diameter perpendicular to a. That is, tumors are approximated by ellipsoids. 2.3.3. Groups. Gel+ group (n = 9): the plate electrodes were placed on each side of the tumor, facing the largest diameter of the tumor, as represented in figure 1. The electrodes were embedded in the gel, and then another amount of gel was added in addition by using a syringe to completely cover the tumor and to remove possible air bubbles. Gel− group (n = 9): before applying the electrodes to the tumor, the electrodes were also embedded in the gel but they were shacked vigorously so that no excess of gel remained on the electrodes. After placement no additional gel was applied. The purpose of the thin layer of gel that remained on the electrodes was to improve the electrical contact between the electrodes and the tissues. Control group (n = 10): no treatment was applied to these tumors.
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Figure 3. Electric field magnitude without gel when the applied voltage is 572 V (electrode separation distance = 4.4 mm). Pictures on the left show lateral cross sections (through tumor center and perpendicular to the skin and to the electrode plates) and pictures on the right show top cross sections at the tumor base. Simulation results for three different models are displayed: (a) homogenous and constant conductivity in all tissues (σ skin = σ muscle = σ tumor = 1 mS cm−1), (b) not uniform but constant conductivities (σ skin = 0.1 mS cm−1; σ muscle = 1 mS cm−1; σ tumor = 1.5 mS cm−1), (c) tissue conductivities according to models in figure 2. Black color indicates E < Emin (866 V cm−1); gray color Emin  E < Emax (ideal electric field magnitude for treatment, Etarget ± 33%); and white E  Emax (1733 V cm−1).



3. Results 3.1. Computer simulations Figure 3 shows simulation results without conductive gel (σ gel = 0 mS cm−1) for three different model constraints sets: (a) conductivity is uniform (σ skin = σ muscle = σ tumor) and it is not modified by the electric field (σ (E) = 1 mS cm−1), (b) conductivity is not uniform (σ skin = σ muscle = σ tumor) but it is constant (σ skin = 0.1 mS cm−1; σ muscle = 1 mS cm−1; σ tumor = 1.5 mS cm−1) and (c) conductivity for each tissue is according to the models depicted in figure 2 (not uniform and not constant). The three cases result in electric field distributions that are far from being homogeneous. Most tumor volume would not be treated properly (E < Emin, black color). We assume that the third set of constraints (used in following simulations) provides results closest to reality (Pavselj et al 2005). The second set (not uniform but constant conductivities) is clearly not realistic as it yields high electric fields in the skin but almost null in muscle and tumor; this even happens in simulations in which the tumor is properly compressed between the plates (simulations not reported here). Experimental results clearly
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Figure 4. Electric field magnitude when tumor is covered with gel. Different gel conductivities: (a) no gel (σ gel = 0 mS cm−1), (b) σ gel = 0.5 mS cm−1, (c) σ gel = 1 mS cm−1, (d) σ gel = 2 mS cm−1, (e) σ gel = 5 mS cm−1 and (f) σ gel = 10 mS cm−1. Black color indicates E < Emin (866 V cm−1); gray color Emin  E < Emax (ideal electric field magnitude for treatment, Etarget ± 33%); and white E  Emax (1733 V cm−1).



contradict such behavior: electroporation of inner tumors can be performed efficiently through the skin (Gothelf et al 2003). It is interesting to note that the first set of constraints (uniform and constant conductivities) provides results that are qualitatively similar to those from the third set, at least in this particular case. In fact, this can be explained quite intuitively: electroporation makes uniform tissue conductivity. In other words, tissues with higher resistivity (inverse of conductivity) experience higher electric fields which cause higher electroporation and larger resistivity drop. Figure 4 shows the simulated electric field magnitude distribution for different gel conductivities ranging from 0.5 mS cm−1 to 10 mS cm−1 (conductivities up to 50 mS cm−1 were tried but are not shown here). The ideal distribution would be Etarget ± 33% electric field magnitude (gray color) in tumor and null electric field in other tissue regions (electric field distribution in gel is not relevant). Such ideal distribution is best approximated for gel conductivities 2 mS cm−1 and 5 mS cm−1 (figures 4(d) and (e)). Lower conductivities result in non-treated areas (E < Emin V cm−1, i.e., black color) whereas higher conductivities cause unnecessary over-treated patches (white color). The former case must be avoided as any cancerous surviving cell can cause tumor recurrence; the consequences of the later case are not so grave in the case of tumor treatment. Because of this, we consider that the optimum gel conductivity range for the treatment of tumors by electrochemotherapy is between 5 mS cm−1 and 10 mS cm−1; lower gel conductivities can result in non-treated spots whereas higher gel
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Figure 5. Electric field magnitude when tumor is not properly covered with gel (σ gel = 5 mS cm−1). Model geometries are shown on the top (a, e, i). Result views: lateral cross section through tumor center and perpendicular to the skin and to the electrode plates (b, f, j); top cross section at tumor base (c, g, k) and front cross section through tumor center (d, h, l). Black color indicates E < Emin (866 V cm−1); gray color Emin  E < Emax (ideal electric field magnitude for treatment, Etarget ± 33%); and white E  Emax (1733 V cm−1).



conductivities will result in overtreatment of healthy areas and unnecessary high current drawn from the generator. Results shown in figure 4 are obtained with an optimum, and maybe unrealistic, geometry of the gel deposit. In figure 5 three different non-optimum gel geometries and their simulation results are shown. In these three cases, the conductivity of the gel is 5 mS cm−1. Results indicate that the technique is not only robust against conductivity mismatches but also against improper deposition of the gel (provided that a large enough amount of gel is employed). If the gel is applied as shown in figure 5(a) (uniform layer on the tumor surface), the technique will only provide enough field distribution improvement if the gel layer is very thick. In the particular case shown here (figure 5(a)), the gel layer was thick enough to cause reversible electroporation in the whole tumor. Nevertheless, this sort of gel deposition must be avoided; the top surface of the deposited gel must be as flat as possible. The second case (figure 5(e)) is probably the most realistic representation of what can actually happen when the gel is applied on the tumor; the gel spreads outside the tumor region and the gel surface on top of the tumor is slightly convex. We consider this case as non-optimum because the layer of gel on the tumor is very thin on top of the tumor (we recommend clinicians to use a much thicker layer of gel). Even so, results are similar to those obtained for the optimum gel geometry when the gel conductivity is 5 mS cm−1 (figure 4(d)). Finally, the third scenario (figure 5(i)) shows an extreme situation that should be avoided; the geometry along the axis between both electrodes must be as constant as possible. It was quite surprising for us that such irregular gel deposition was still able to produce reasonable results in terms of electric field distribution inside the tumor. 3.2. Commercial gel conductivities Table 1 contains the conductivities of the measured gels. None of them fits within the optimal range from 5 mS cm−1 to 10 mS cm−1. We will probably continue the search for a suitable commercial gel, but, even if such a gel is found, the implementation of a custom commercial gel for this specific application cannot be ruled out; from discussions with
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Figure 6. Tumor volume after treatment (mean ± standard deviation). Table 1. Measured conductivities of some commercial gels. Model



Supplier



Conductivity (mS cm−1)



UltraBio Sterile Eko-Gel Ultraphonic Aquasonic 100 Sterile Signal Gel Redux Gel



Sonotech, Inc. CA.MI.NA, S.r.l Pharmaceutical Innovations, Inc. Parker Laboratories, Inc. Parker Laboratories, Inc. Parker Laboratories, Inc.



0.0015 1.55 0.85 2.05 41.5 39.5



manufactures, we deduced that electrical conductivity is not a tightly controlled parameter in manufacturing, at least in the case of gels intended for ultrasonography. Therefore, there is the need for a conductive gel whose conductivity is specified, and guaranteed, from 5 mS cm−1 to 10 mS cm−1. Another desirable feature of such gel would be sterility. 3.3. Animal model Tumor growth results (figure 6) clearly indicate that the technique described here improves significantly the antitumor efficacy of electrochemotherapy (a Student’s t-test was applied on the samples of groups Gel+ and Gel− at day 18 after treatment and the obtained p-value was 7.3 × 10−5). The fact that complete regression is not achieved in the cases treated with gel (Gel+ group) may be due to the non-optimal conductivity of the employed gel (1.55 mS cm−1 instead of 5 mS cm−1) or to the selection of an insufficient voltage for electroporation. In any case, it is confirmed that it is better to use conductive gel in the way described here than just for electrode–tissue contact improvement (Gel− group). As expected, currents drawn from the generator in the Gel+ group (4.22 ± 0.66 A; mean ± standard deviation) were significantly larger (Student’s t-test p-value < 0.001) than currents drawn in the Gel− group (1.53 ± 1.10 A; mean ± standard deviation). 4. Discussion In a previous conference communication (Ivorra and Rubinsky 2007c), we showed, by means of a simplified finite element model, that mismatching errors between tissue conductivity and
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gel conductivity were surprisingly well tolerated and that a proper conductivity for the gel would be 5 mS cm−1. Here we have employed an enhanced model that includes specific conductivities for skin, tumor and muscle tissues. The conclusions we reach are the same. Furthermore, here we demonstrate empirically that this technique increases the anti-tumor efficacy of bleomycin-based electrochemotherapy in the treatment of sarcomas inoculated into mice. Few days after inoculation, these tumors are soft and easily treated by compressing them between parallel plate electrodes. Complete tumor regression is easily achieved when the proper electrochemotherapy protocol is applied. However, here we wanted to mimic what happens in those tumors that cannot be compressed properly between two plates; a non-optimal electrode geometry was employed. In all the treatments, the electrode distance was 4 mm whereas the mean maximum tumor diameter was around 3.9 mm. Therefore, the tumor was not compressed properly and some dead spaces existed. Again we would like to clarify that the geometry we have employed here is not optimal and that, under normal conditions, clinicians will compress the tumor between the plates so that good contact and electric field uniformity are achieved (Corovic et al 2008). Tumor growth, days after treatment, shows significant improvement for those tumors in which conductive gel was employed to fill the space between both plate electrodes. Quite arbitrarily, we have chosen a tolerance of ±33% around Etarget for the definition of optimal field magnitude distribution. Here we briefly show that such tolerance interval is reasonable in the case of electrochemotherapy. From Al-Sakere et al (2007), we know that the protocol applied here (eight pulses of 100 μs) at 2000 V cm−1 induces some degree of irreversible electroporation in tumors (growth delay), but it is not sufficient to cause complete regression. On the other hand, in Pavselj et al (2005), in which electrochemotherapy efficiency is assessed indirectly by measuring cellular uptake of a radioisotope, it seems that tumor cells are not significantly destroyed by irreversible electroporation up to the highest field magnitude studied there (1350 V cm−1). Hence it seems that irreversible electroporation for tumors appears somewhere between 1350 V cm−1 and 2000 V cm−1. Since 1730 V cm−1 (Emax = Etarget + 33%) is close to the average of both points (1675 V cm−1), it can be considered a proper upper threshold for tumors. Moreover, we have performed a study (pending for submission) in which tumor impedance is measured after electroporation that seems to confirm that the irreversible electroporation threshold for tumors is of that order. The lower threshold (Emin = Etarget + 33% = 866 V cm−1) can also be justified from Pavselj et al (2005): there it is noticed that cellular uptake for sarcomas reaches a plateau, an indication of proper electroporation, around 800 V cm−1. A minor drawback of the technique presented here is an increase in the current drawn from the generator. In the particular experimental case presented here, which should be considered as a very extreme case, the average current for the Gel+ group almost tripled the average current for the Gel− group. On the other hand, it is interesting to note that the current drawn in the Gel+ group is more repetitive (smaller standard deviation) than the current drawn in the Gel− group. The large dispersion of current values in the Gel− group may result from the way in which the residual gel allows contact between the electrodes and the skin.



5. Conclusions We propose the use of conductive gels with an electrical conductivity equal to, or slightly larger than, that of tissues to fill dead spaces between plate electrodes gripping the tissue for electrochemotherapy of surface tumors. We have shown that this technique indeed improves the antitumor efficacy of electrochemotherapy in sarcomas implanted in mice. Furthermore,
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