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Electrolytic ablation (EA), a medical treatment used in solid tumor ablation due to its minimum side
effects and low cost, consists in the passage of a low constant electric current through two or more
electrodes inserted in the tissue thus inducing pH fronts that produce tumor necrosis. Combined with
a recently introduced one-probe two electrode device (OPTED) this procedure results in a minimally
invasive treatment. Despite its success, EA has drawbacks such as the difficulties in determining the
optimum dose-response relationship between the applied current, treatment time and necrotized tumor
volume (NTV) and choosing a reliable dose parameter. In this work, a theoretical model is introduced
describing the EA/OPTED as an electrolytic process and the underlying electrochemical reactions through
the Nernst-Planck equations for ion transport. Model results show that the coulomb dosage is a reliable
dose parameter and predicts an optimal dose-response relationship for a given tumor size subjected
to an EA/OPTED, considering the optimum as the minimum coulomb dosage necessary to achieve total
tumor destruction while minimizing healthy tissue damage. Moreover, it predicts a nonlinear relationship
between coulomb dosage and NTV, dosage and NTV scaling as Q'4. Consequently, these results could
have a significant impact on dose planning methodology aimed at improving the effectiveness of the
electrolytic ablation.
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1. Introduction membrane permeability. Among them, electrochemotherapy (ECT)

combines reversible EP with poorly-permeant anticancer drugs to

Electrolytic ablation (EA) of tumors, also called electrochemi-
cal treatment of tumors (EChT), is a non-thermal ablative method
consisting in the application of a low direct electric current through
two or more electrodes inserted in the tissue generating electrolytic
products that induces tumor necrosis. This treatment was pio-
neered by Nordenstrom [1,2] and has been widely used in China
with good clinical results [3,4]. In [5-8] the effects of EA in tumors
in mice, either alone or with the use of chemotherapy, were stud-
ied. During the last decade, pulsed electric fields were explored
in local tumor treatment based upon electroporation (EP), a tech-
nique in which pulsed electric fields are employed to perturb cell
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potentiate their entry to the cell thus their intrinsic cytotoxicity.
Since its beginnings in the late 1980s, ECT has evolved into a clin-
ically verified efficient treatment for tumors of different origin in
Europe [9,10]. Recently, in [11] it was shown that combining EA
with reversible EP yields a significant increase in the extent of tissue
ablation in comparison to that obtained with EA alone. A possible
explanation is that reversible EP potentiates the entrance of toxic
electrolytic products into the cell increasing NTV. NTV is defined as
the volume of the tumor necrotized by EA. In summary, whether
alone or combined with EP, some of the advantages of EA are its
simplicity, effectiveness, and negligible side effects.

Tissue destruction in EA is mainly produced by necrosis. This
is because, during the electrolysis process, electrochemical reac-
tions take place at the electrodes, producing at the anode oxygen,
chlorine and protons as the main byproducts, while hydrogen and
hydroxide ions are released at the cathode.
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Itis the presence of strong pH changes that causes necrosis. Con-
comitantly, there is a migration displacement of water from the
anode to the cathode causing dryness at the former and hydra-
tion at the latter. Part of the gasses released at the electrodes
remain present in the medium and participate in other chemi-
cal reactions with organic and inorganic components of the tissue
[12].

In spite of the wide clinical experience available, still there is a
need for a deeper understanding of the fundamental mechanisms
involved in EA. Mathematical modeling validated with experimen-
tal measurements can greatly contribute to this goal. Ina pioneering
series of papers [12-16], in silico modeling of an EA protocol applied
to a tumor tissue were presented. The tissue matrix was seen as
an electrolyte and the EA protocol as an electrolysis process. The
ion transport in a zone near one of the electrodes (cathode or
anode) was described by a quasi-three-dimensional model (spher-
ical symmetry model) using the Nernst-Planck equations for ion
transport. Results show pH profiles at the anode to be strongly
correlated with the size of in vitro measured necrosis, thus con-
firming the effect of pH (the spreading of hydroxyl ions) in tissue
necrosis and suggesting that the model could be used for predicting
EA tumor treatment. More realistic models were presented in [17]
and [18] solving the one-dimensional Nernst-Planck equations for
ion transport in which the full cathode-anode ion transport inter-
action was described. Results show that under EA modeling with
two electrodes (with a separation of 3 cm between them), an ini-
tial condition with almost neutral pH evolves between electrodes
into extreme cathodic alkaline and anodic acidic fronts moving
towards each other, leaving the possible existence of a biological
pH region between them; towards the periphery, the pH decays
to its neutral values. Moreover, results also suggested that since
necrotic areas correlated well with those covered by alkaline and
acid fronts advances, pH front tracking can be effectively used to
predict the extent of tumor destruction and thus, the assessment
of EA effectiveness.

In [19] a one-probe two-electrode device (OPTED) containing
the cathode and the anode very close to each other (10~3m) was
introduced; its main advantage under an EA protocol is the inser-
tion of one applicator rather than two or more, thus minimizing
tissue intrusion. Experiments show that upon application of the
EA/OPTED protocols in a 3D gel model, two half-spherical pH fronts,
one basic and the other acid (from cathode and anode, respectively),
expand towards the periphery configuring a distorted full sphere.
Between electrodes, the fronts collide and vanish due to neutraliza-
tion. The efficacy of the EA/OPTED protocol was assessed measuring
the extent of the necrotized area. This was determined by the area
covered by acid fronts through a pH front tracking using pH color
change indicators.

Dose planning methodology is mandatory for a reliable treat-
ment outcome. Since the late seventies coulomb dosage (defined
as the electric charge, that is, the intensity of the constant electric
current applied multiplied by the time of its application) accord-
ing to tumor size was the guideline for optimal choice of electric
parameters [20]. Later on, searching for optimal dose planning, sev-
eral authors investigated the dose-response relationship between
the applied current, treatment time, coulomb dosage and NTV.
Some authors [20] used different coulomb dosages and found a
linear relationship between NTV and coulomb dosage (this was
also experimentally corroborated in [17] though this result was
not checked with a theoretical model). They also found no differ-
ences using lower or higher currents at a given coulomb dosage.
Though these results seem to imply that coulomb dosage is a reli-
able parameter other authors [20] found NTV to be related, not only
to coulomb dosage but also to the way at which it was administered.
Low current and longer treatment times yielded higher NTV, com-
pared with higher current and shorter treatment time [21]. Given

these controversial results, the problem as to whether the coulomb
dosage is a reliable dose parameter remains open.

The goal of this work is to establish the coulomb dosage as a reli-
able dose parameter and to determine the optimal dose-response
relationship for a given tumor size subject to an EA/OPTED, that is,
the coulomb dosage necessary to achieve total NTV while minimiz-
ing healthy tissue damage. This is obtained through mathematical
modeling validated with experimental measurements.

The plan of the paper follows: Section 2, Material and methods,
presents In vitro modeling and In silico modeling, Section 3, presents
results of in vitro modeling and in silico modeling and a comparison
between them and discussions, finally Section 4, presents general
conclusions.

2. Materials and methods
2.1. Invitro modeling

In vitro modeling of the EA/OPTED protocol in a 3D gel cube is
described in detail in [19]. Here we present a summary. As shown
in Fig. 1(a) the tissue is represented by a gel cube (0.023 m x 0.023
m x 0.018 m) consisting of 1% agar-agar in distilled water, with NaCl
at physiological concentration (160 mol/m3). The OPTED is com-
posed of two parallel needles separated 10~3m from each other,
and encased in a truncated cone holder, whose top and bottom
diameters are 2 10~3m and 5 10~3m, respectively (the holder has a
length slightly larger than half of the gel cube width). Each needle is
electrically insulated except at the point where it is in contact with
the gel, thus the electrode. Each electrode has an exposed area of 1.5
10-7 m2. The OPTED is inserted in the middle of the cube back face.
In [19] a constant current (taking the values: 4 10~3A, 8 10-3A and
10 10-3A) was applied during 1200 s. The applied voltage ranged
from3.9Vat2 1073A to 5.1 Vat 10~2A. pH front tracking was done
via an optical absorption technique. Phenolphthalein (C;9H1404,
transition pH range 8.0 - 9.62) and methyl red (C15H16N30,Cl, tran-
sition pH range 4.8 - 6.2) were used as basic and acid indicators,
respectively. Electric current circulation between the two elec-
trodes in an electrolyte produces bubbles. If the electrodes are close
enough, bubbles between them act as an electric insulator, dimin-
ishing the effective area through which electric current flows and
increasing the current density.

2.2. Insilico modeling

EA/OPTED therapy is an evolutionary process determined by
the products emerging from the electrolysis process, in particular,
pH fronts which are the main cause of tissue destruction. During
the process, all the variables intervening in the electrolysis and
in the generation of electrolytic products are modified. Clearly,
pH fronts, thus EA/OPTED therapy, is a highly nonlinear process
strongly dependent in the transport of ions and in the electrochem-
ical reactions taking place at the electrodes.

Accordingly, for the establishment of the coulomb dosage
as a reliable dose parameter and for determining the optimal
dose-response relationship for a given tumor size subject to an
EA/OPTED, the following in silico model describing the underlying
ion transport process is introduced.

Assuming that ion transport is solely governed by diffusion and
migration the in silico EA/OPTED model in a 3D domain is described
by the Nernst-Planck equations for the concentration of ions in a
four component electrolyte where Butler-Volmer and electroneu-
trality conditions prevail. Thermal effects are not taken into account
in our model because they are considered negligible vis-a-vis pH
fronts effects. The model comprises four unknown variables: the
concentrations of B=H*, OH-, CI-, Na* ions. In passing, it is worth
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Fig. 1. a) Snapshot of a fully developed spherical pH fronts halo emerging from
the OPTED electrode (inserted normally to the center of the back face of the gel
cube) during an EA/OPTED (image modified from a figure taken from [19]). b) The
computational domain in the x-y plane (rotated top view of the cube and the OPTED
electrode). The zoomed region at the top right corner displays bubbles surrounding
electrodes.

noting that tissue natural buffer plays a role in the dose-response
relationship as it tends to neutralize pH fronts. However, it is not
taken into account in the present model because of the working
conditions used: the rate of protons and hydroxyl generation at the
electrodes quickly overcomes the buffering capability of the tissue
fluids. The equations are written as:

aC
8—tB+V-NB=RB (M

Here, the molar flux is:

N = —DBVCB — %UBCBVQD (2)
B

where Dg, Cg, zg and ug are the diffusion coefficient, concentration,
charge number (with sign) and mobility of the species B, ® is the
electric potential and t is the time.

The ionic mobility and diffusion coefficient are related through
the Nernst-Einstein equation:

RT u
p= ——=Up
|zg|F

where T is the absolute temperature, R the universal gas constant
and F the Faraday’s constant.

Rg represents the production of species B through chemical reac-
tions in the electrolyte. In particular, water proteolysis reaction is
the only homogeneous chemical reaction considered:

(3)

kw,
H* +OH < H,0

w,b

where k,, , and k,, ¢ are the backward and forward dissociation
constants of water, respectively. The reaction terms in tissue are:

Ry+ = Roy~ = kw,bChy0 — K fC+ Cop- (4)
Re = Rygr =0 (5)
Combining Eqgs. (1), (2), (3), (4) and (5)

aC z
a:” =V. (DH+ VCH+ + |Z:%|UH+CH+V¢) + kw,bCHzo
—kw s Cy+Coy- (6)
0C,p- Zon-
gtH = V- (Doy-VCou- + %uow Con-VP)
+ kw,bCHZO — kWJrCHJr COH’ (7)
0C- Zo-
Tctl =V.-(Dg-VCq- + %uCFCCFVCD) (8)

The concentration of the fourth specie (Na*), is obtained via the
electroneutrality condition (9):

Zzg Cg=0 (9)
B

The electrostatic potential ® can be calculated from the charge
conservation condition

V.jr=0 (10)

where the total current density jr is given by

jT:FZZB Ng (11)
B
the electrostatic potential @ is obtained from
> V- (DsVCs)+ Y IzplupV - (GGVP) =0 (12)
B B

The electric field is obtained via
E=-V® (13)

System (1-13) with appropriate initial and boundary conditions
(described in the appendix) is valid in a space domain defined by
the geometry in Fig. 1(b) and time.

Table 1 presents the parameters used in the model. Published
diffusion coefficients of ions in liquid medium [22] were adequately
reduced to describe diffusion in a gel medium:

DS = 0.8 Dyater
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Table 1
In silico model parameters.
Parameter Value Ref Parameter Value Ref
Zy+ 1 ZoH- -1
Zq- -1 Zya+ 1
Dy+ 9.31107? m?s~! Doy~ 5261079 m?s!
Dyo+ 133109 m?s7! D~ 2.0310° m?s!
c. 104 mol m—3 (5 104 mol m—3
C;’W 160 mol m—3 [23] Cgr 160 mol m=3 [23]
Chyo 55500 mol m—3 298 K
96485.3415 A s mol~! R 8.31 kgm? K-' mol~' s2
HR02 4 T’lRC,2 2
Ny, 200~ 2 Vh+ R, 4
Yty Rar, 2 VOH Ry, 204~ 2
eq -6 -2 eq -2
]ROZ 10°Am [24] ]ch2 10Am [25]
Ep! 1407V Epl 0.816 V [22]
Cly 02
K s 1.5 108 m3 mol-' s~! [26] Kw.b 2710551 [26]

Diffusion coefficients are given at an infinite dilution in water
at 37° C. In vitro experiments [ 19] show that the pH fronts advance
is almost spherical, from the center of the gel cube in the outward
direction. Previously published 1D mathematical models [13-16]
assumed spherical symmetry, thus they are limited due to the
inherent bias between the acid and basic fronts. Accordingly, here
we introduce a 2D representation assuming negligible changes in
the z-axis, and for this purpose, adapting the effective area of the
electrode due to bubble effects and proton diffusion coefficients
(see Table 2). Bubbles at the electrodes are not fully described by
the model.

Fig. 1(b) shows the scheme of the computational domain (a box
0f2.31072m x 2.3 10~2m) used in the x-y plane (rotated top view of
the cube and the OPTED). This box is described by a uniform mesh
of 10000 nodes (100 x 100). The holder is proxied by a rectangu-
lar domain with a diameter of 3.45 10~3m as shown in the figure.
The zoomed region at the top right corner displays the holder top
with the protruding electrodes with an exposed area of 1.5 10~7m?2.
Each electrode (surrounded by bubbles) is represented by one mesh
node. The in silico model uses finite differences and standard relax-
ation techniques. The time step is 5.0 10~4s. The program was
written in C++. The non-linear system of equations at anode and
cathode boundaries was solved by Newton’s method, using Multi-
dimensional Root-Finding routines from the GNU Scientific Library
(GSL).

3. Results and Discussion

Mathematical prediction of an optimal dose planning requires
its validation with experimental results. With this goal in mind,
we present predictions of ion transport mimicking the 3D gel
EA/OPTED modeling previously discussed. We first show concen-
trations of the four ions considered (H*, OH—, CI-, Na*) to illustrate
the complex interaction and evolution during the electrolytic pro-
cess. Ion transport is determinant for obtaining pH variations,
which in turn are essential for reliable NTV prediction.

Figs. 2, 3 and 4 present model predictions of ion concentra-
tion and electric potential very close to the electrodes, over a line

Table 2

Proton diffusion coefficient fitted values (DI”;W = Dy+ Dy) and electrode effective
area (A ), for different electric currents (2, 4 and 8 1034, respectively). Last column
gives the current density (jr)

1[10734] Dy Ac [1075 m?] jr (102 Am—2]
2 1.1 2 1

4 0.7 1 4

8 0.9 0.8 10

parallel to x-axis, anode and cathode are at positions (1.242 10~2m,
1.151072m) and (1.058 10-2m, 1.15 10~2m) respectively, at 1200 s
and with an applied current of 4 10-3A. These results show that at
the anode (right), protons increase, sodium, hydroxides and chlo-
ride decrease; at the cathode (left), hydroxides and sodium increase
while protons and chloride diminish. It is noted that due to elec-
trodes vicinity there are abrupt changes in concentrations in a zone
close to electrodes. In particular, Fig. 4 shows the strong gradi-
ents of the protons giving rise to pH fronts. This is because, due
to migration and diffusion, non-reacting cation (sodium) deplete
at the anode and accumulate at the cathode, while protons and
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Fig. 2. Predicted H* (top) and OH~ (bottom) concentrations vs. distance, at 1200 s (I
=41073A). Anode and cathode are located at (1.242 10~2m, 1.15 10~2m) and (1.058
10-2m, 1.15 10-2m), respectively, indicated by black circles.
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Fig. 3. Predicted Na* (top) and CI~ (bottom) concentrations vs. distance, at 1200 s
(I=41073A). Black circles indicate electrodes position.

hydroxyl ions produced at electrodes are transported towards the
periphery; between electrodes, they are neutralized yielding water.
In turn, chlorides migrate from the cathode and are consumed at
the anode to yield chlorine.

Fig. 5 shows a snapshot at 1200 s of the predicted electric field
and the electrostatic potential for an electric current of 4 10-3A.
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Fig. 4. Predicted pH variations (top) and electrostatic potential ® (bottom) vs. dis-
tance, at 1200 s (I = 4 10-3A). Black circles indicate electrodes position.

Image shows the strong variation of the electrostatic potential, and
thus the electric field, near the electrodes and the asymmetry due
to the influence of the difference between the acid and basic front
velocities. Fig. 6, left column, shows in vitro results consisting in
a time sequence of digital images seen from above and close to
the electrodes. Fig. 6, right column, shows the predicted evolution
of the acid (white circle) and basic (black circle) pH fronts. In both
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Fig. 6. Left column: in vitro time sequence of digital images (close to the OPTED electrodes) showing the evolution of the acid (white circle) and basic (black circle) pH fronts
in a 3D gel model with I=4 10-3A (from top to down: 300's, 700 s and 1200 s). The dark grey background corresponds to the gel matrix (figure taken from [19]). Right column:
Predicted evolution of the acid (blue circle) and basic (red circle) pH fronts. The light green background corresponds to the gel matrix. Box dimensions: 1.29 10~2 m x 1.65

102m

figures (from top down) images are taken at: 300s,700s and 1200s.
Box dimensions: 1.29 102 m x 1.65 10~2 m. In the in vitro exper-
iment, the dark grey background, as well as the small dark central
halo, correspond to the gel matrix and bubbles generated at the
electrodes, respectively. These bubbles have the effect of hinder-
ing pH front propagation near the electrodes and decreasing the
electric current. In the in silico model predictions, the light green
background corresponds to the gel matrix (there is a mismatch
between the predicted and experimental pH fronts collision which
is probably due to the fact that the halo seen in the experiments is
not fully described in the in silico model).

Fig. 7, left: reslice from the time sequence of images (from Fig. 6,
left column) showing the evolution of the acid (right) and basic
(left) pH fronts. This reslice is constructed from a stack of pH spa-
tial distributions over the same line as in Fig. 2, for different times,
and then filtered with a border detection algorithm to show the
trajectory of both fronts. It unveils the existence of significant pH
gradients during the experiment. It is readily seen the larger exten-
sion of the anodic pH front relative to the cathodic one whose causes
are discussed below. Fig. 7, right: predicted reslice from the time
sequence of images showing the evolution of the acid (blue) and
basic (red) pH fronts. Again, it is readily seen predictions following
closely experimental measurements.

Fig. 8 shows in vitro results (black curves) and predictions (gray
curves) of acid pH front trajectories, for different electric currents.
Fig. 9 shows the same for basic pH fronts trajectories (thresholds for
acid and basic pH fronts were pH<6.2 and pH > 8.0, respectively).
Results show that, as current intensity increases, at equal times
trajectories cover a larger space. It is clearly seen that predictions

Table 3
Acid pH front trajectories (fitted with r(t)=k*t™, where t is the application time, k
and m are constants), for different electric currents (2, 4 and 8 1034, respectively).

1 k m
2103%A 0.00021713 0.4788
4103A 0.21485 0.50776
8103A 0.32039 0.48323

closely follow experiments. Moreover, acid pH fronts are faster
than basic ones; this is due to the larger diffusion and migration
coefficients of protons. Nevertheless, in all cases, acid and basic
pH fronts advance is fitted by r(t)=k*t™ where m is about 0.5
(see Table 3 and 4) which means that pH fronts scale in time as
03, suggesting that pH fronts mainly follow a diffusion-controlled
process.

In brief, our model predicts an initial neutral pH profile evolving
into two half-spherical pH fronts, one basic and the other acid (from
cathode and anode, respectively), expanding towards the periph-
ery configuring a distorted full sphere. Due to the cathode-anode
proximity the internal pH fronts rapidly coalesce and neutralize.

Table 4
Basic pH front trajectories (fitted with r(t)=k* t™, where t is the application time, k
and m are constants), for different electric currents (2, 4 and 8 10~3A, respectively)

I k m

2103A 0.20262 0.49363
4103A 0.2722 0.47258
8103A 0.34801 0.45272
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Fig. 7. Left:in vitro pH front tracking trajectories: acid (left) and basic (right) (figure taken from [19]); pH front trajectories is the result from a reslice of the time sequence
of images from Fig. 6, left column, filtered with a border detection algorithm. Right: predicted pH front tracking trajectories.

These results show that model predictions closely follow in vitro
measurements, in particular, predicted pH fronts. In this manner,
we can safely conclude that our model has been satisfactorily vali-
dated with experimental results.

For dose planning methodology, we need to establish the
coulomb dosage as a reliable dose parameter and to determine the
optimal dose-response relationship between the coulomb dosage
and NTV. Tissue destruction in EA is produced by the products
emerging from the electrolysis process, in particular, pH fronts,
which in turn, are a function of the coulomb dosage applied. In
other words, in EA/OPTED, NTV is measured by the extent of
tumor volume covered by pH fronts, thus there is a functional
relation between NTV and the coulomb dosage applied. It follows
consequently, that coulomb dosage stands as a reliable dose

11
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Fig. 8. Acid pH fronts vs. time, for different electric currents (black and gray curves
represent in vitro and in silico results, respectively).

parameter as it controls the extension of the zones reached by the
PH fronts.

The optimal dose-response relationship between the coulomb
dosage and NTV for clinical use will be obtained with the help of
previous mathematical results. To this end, we need to establish
some basic assumptions. We first assume that the generic tumor to
be ablated by the physician (plus a security margin) is contained in
a sphere of radius R, thus a fixed volume size. We also assume that
the OPTED electrode is located at the center of the tumor. Therefore,
when this generic tumor is subjected to an EA/OPTED treatment
its volume is gradually covered in time by a spherical pH front of
radius r(L,t) that determines NTV. Clearly, when NTV reaches the
sphere of radius R, the tumor is totally destroyed with a minimum
coulomb dosage. This is exactly what happens in the 3D gel cube
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Fig. 9. Basic pH fronts vs. time, for different electric currents (black and gray curves
represent in vitro and in silico results, respectively).
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Fig. 10. Predicted (lines) and experimental (marker), respectively, NTV vs. coulomb dosage.

experiments assuming a tumor of radius R located in the center
of the gel cube and constrained within the gel cube space. Based
on these assumptions, and using in silico model results, Fig. 10
presents NTV theoretical predictions (straight lines) and experi-
mental results (markers), respectively, as a function of the coulomb

dosage. NTV is calculated as NTV(Q)=a Q ((1 0*3m)3 Jwhereaandb
depend in the electric current: (a,b) pairs are (1.25 1072,1.48),(1.18
10-2,1.42)and (1.0510-2,1.36) forI=2, 4 and 8 103 A, respectively.
Results show that predictions follow experimental trends and there
is a nonlinear relationship between NTV and coulomb dosage, that
is, NTV scales as Q14.

The accompanying graph in Fig. 11 presents theoretical predic-
tions of NTV (lines of equal value) under an EA/OPTED as a function

of the electric current (I) and time (t) of application. Here, NTV is
calculated as NTV(I,t)=(4/3)r r(I, t)3 ((10‘3m)3) where the radius
is fitted, from in silico results, with: r(I, t)=(a+b I)t*-4! and a, b, ¢
and d take the value 0.16, 0.023, 0.5 and 0.007, respectively. The
minimum current in Fig. 11 is 2 10-3 A, which is the minimum
value studied here; clearly, albeit lower values could in principle
be applied, for sufficiently low currents no necrosis will take place
because for a low rate of ion production at the electrodes, trans-
port by diffusion will suffice to eliminate protons (at the anode)
and hydroxyls (at the cathode), so as to avoid the rise of pH changes
enough to destroy the tumor. Accordingly, given a tumor volume to
be ablated, the physician can choose among different pairs of elec-
tric current and time of application, from the corresponding NTV
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Fig. 11. Predicted lines of equal value of NTV ((]O’3m)3) as a function of the electric current (I) vs. time (t) of application.
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lines ofequal value in Fig. 11. In particular, he may choose regarding
patient conditions a low current and longer treatment time rather
than a higher current and shorter treatment time, without induc-
ing major secondary effects. In summary, given a tumor size and its
characteristics, the EA/OPTED in silico model introduced here can
predict the exact minimum coulomb dosage that would yield an
optimum EA/OPTED protocol that is, maximizing NTV while mini-
mizing healthy tissue damage.

4. Conclusions

Concerning dose planning methodology, it was established the
coulomb dosage as a reliable dose parameter and it was determined
the optimal dose-response relationship between the coulomb
dosage and NTV, in the context of an EA/OPTED protocol for a
given tumor size. The optimal EA/OPTED was defined as the optimal
choice of the applied coulomb dosage that would succeed in achiev-
ing total NTV while minimizing healthy tissue damage. The optimal
dose-response relationship was obtained by means of a mathemat-
ical model describing the ion transport underlying the electrolysis
process. The basic assumption in EA/OPTED dose-response rela-
tionship is that the extent of NTV is determined by the extent of
the volume covered by pH front spreading which in turn, is a func-
tion of the coulomb dosage. The mathematical model is based on
the 2D Nernst-Planck equations for ion transport of four chemical
species (H*, OH~, CI-, Na*) under the assumption of electroneu-
trality and Butler-Volmer conditions at the electrodes interface.
Theory predicts an initial neutral pH profile evolving into two half-
spherical pH fronts, one basic and the other acid (from cathode
and anode, respectively), expanding towards the periphery config-
uring a distorted full sphere. Due to the cathode-anode proximity
the internal pH fronts rapidly coalesce and neutralize. In silico pre-
dictions closely follow in vitro measurements, in particular, areas
covered by acid and basic fronts correlate well with necrotic areas,
thus predicting the extension of NTV. Moreover, results show that
the predicted relationship between NTV and coulomb dosage fol-
lows experimental trends, that is, NTV scales as Q' In conclusion,
given a tumor size and characteristics, the EA/OPTED in silico model
introduced here can predict the exact coulomb dosage that would
yield an optimum EA/OPTED protocol.
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Appendix A.
A.1. Boundary conditions

Using platinum electrodes the main reactions considered at the
anode-tissue interface are oxygen evolution reaction and chlorine
evolution reaction, respectively:

2H,0 = 0, + 4H" + 4e~ (Ro,)
2C1" = Cly +2e~ (RCIZ)

Mass transport of species B across the anode surface (N -1,
where 1 is the normal vector to the surface) is either non-existent
or equal to the charge transfer.

VH+ R, JR,. T
Dy (VCiys -11) — Ty Cye (VD i) = ——2 7% (1)
1Zg+ | MRy, F
-« ZoH- -«
—DOHf(VCOHf-n)—ilz‘)H tgy-Co (V1) =0 (15)
OH™
Ve Jrg, 1
Z - - Cl™ ,R¢y fal
—D-(VCr )= =y Ce (VD)) =——2 2 (16
a-(VCq ) Za | a-Car( ) MR, F (16)
- z -
—Dygt (VCygt 1) — Ny Cgt (VP -i1) =0 (17)
1Zgt |

where MR, and N, are the number of electrons transferred in the

electrochemical reaction Ro, and R, . VH* Ro, and vy, g, are the

Ra,
stoichiometric coefficients of species H" and Cl, in the reactions Ry,

and R, .jR02 n arlded2 -1 denote partial electric current density
contributed by the electrochemical reactions Ro, and R¢, normal
to the anode surface.

Using Butler-Volmer equation it is possible to compute the
partial electric current density (jR02 -1) corresponding to oxygen
evolution and proton release from electrochemical reaction Ro,,
normal to the anode surface:

F(® +E9 ) i
. Re,7 | [P0, Cu+
2RT pg‘; CE,+

. = .eq
Jro, 1 =g, { €XP

F(® +Eg )

exp 2RT

(18)

and the partial electric current density (jRa -1) corresponding to
2

chlorine evolution from electrochemical reaction R, normal to
the anode surface:

Co- F(® +E)) Pa

i »n — i a _ 2 _ 2

o, 1, (&) oo [5r]-(73
2

(Sl

(19)

F(® +E)
P —5RT

j;‘é and j;‘; denote the exchange of electric current density in
2 2

the reactions R, and Rg, at equilibrium. E;Z and E;ZI are the

2 2
potential difference between solid and liquid phases at equilibrium
conditions and relative to the standard electrode potential of the
reactions Rp, and R, .

PSZ’ Pf.?z, PEZ are the partial pressures of species O,, Cl, and Hy
at equilibrium state. Cf},, CJ,,_, Cgr are the initial concentrations
of species H*, OH~ and Cl~.

The ratio of a pressure and its equilibrium pressure is assumed

tobe 1:

Po, _Pa, _ Pu,

eq = peqd — peq
Py, Pc12 Py,

=1 (20)
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Total current density perpendicular to the anode surface (jr - f1)
is the sum of the partial current densities corresponding to both
electrochemical reactions:

jT'ﬁ:jRoz 'ﬁ+ch,2 i (21)

Egs. (9), (14) - (21) are used to obtain the concentrations of the
four electrolytes analyzed (H*, OH-, CI- and Na*), the electric field
and the electrostatic potential at the anode.

At the cathode-tissue interface the main reaction is:

2H20 +2e" = Hy + 20H™ (RHz,ZOHf)

And the mass transport of species B across the cathode surface
(Ng - 1) is either non-existent or equal to the charge transfer.

—Dyy+ (VCys -11) — é”;luwcm(w:.ﬁ) -0 (22)
H+

- ZoH~ -
Doy~ (VCopy- -11) — 0”7|uOH7c0H7(V<1>.n)

1Zoy
- VOH” Ry, a0n- IRuy200- " (23)
a Ny, 200~ F
o Zge ~
7DC,7(Vcle.n)77|ZC' g-Ca- (Vi) =0 (24)
cl
~ ZNG+ ~
—DNa+(VCNa+~n)—|Z +‘u,\,a+C,\,a+(V<1>~n) =0 (25)
Na

The partial current density (jg,, -1i) contributed by the
2,20H~

hydrogen evolution and the hydfoxide production reaction
(Ry, 20n-)- and the total current density (jr -i2), all normal to the
cathode surface, are the same:

Jro i =l o (26)
Egs. (9), (22) - (26) are used to obtain the concentrations of
the four electrolytes and the electrostatic potential at the cathode.

Jr _ is a constant value (see Table 1).
Hy,20H

At boundaries other than those where electrodes are located
(walls and bubbles) the concentrations and potential gradients nor-
mal to the surface of the boundary are assumed to be zero:

VCy+ it =VCoy 1 =VCq 1= VCyp - 1=VP.71=0  (27)
A.2. Initial conditions

Regarding initial conditions, at t=0, concentrations are taken
as constants in the entire electrolyte domain (initial salt concen-
tration is set to be 160 mol/m3, which are close to concentrations
found in plasma and interstitial fluids [23]). Initial pH is set to be
7 (neutral). Initial electric potential at the anode surface, d>z;gde,

is computed through Eq. (21). Initial electric potential at the

cathode surface, CDE;Sw 4er 1S computed through an expression
derived through the introduction of the concentration flux density
at the cathode surface (Ng -i1) into Eq. (11):

Eil=-Vd.io_ 1" (28)

F Z|ZB|’JBCB
B

Initial electric potential is computed via:

Q=0 _0.54(P=0 4+ =0 ) (29)

tissue anode cathode

and the solution of the Laplace equation:

VZd =0 (30)

With zero gradients at the remaining boundaries, i.e.,
Vo.-n1=0 (31)
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