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Abstract: Electrochemical treatment is an alternative modality for tumor treatment based on the
application of a low intensity direct electric current to the tumor tissue through two or more platinum
electrodes placed within the tumor zone or in the surrounding areas. This treatment is noted for its great
effectiveness, minimal invasiveness and local effect. Several studies have been conducted worldwide to
evaluate the antitumoral effect of this therapy. In all these studies a variety of biochemical and physiological
responses of tumors to the applied treatment have been obtained. By this reason, researchers have suggested
various mechanisms to explain how direct electric current destroys tumor cells. Although, it is generally
accepted this treatment induces electrolysis, electroosmosis and electroporation in tumoral tissues. However,
action mechanism of this alternative modality on the tumor tissue is not well understood. Although the
principle of Electrochemical treatment is simple, a standardized method is not yet available. The mechanism
by which Electrochemical treatment affects tumor growth and survival may represent more complex process.
The present work analyzes the latest and most important research done on the electrochemical treatment
of tumors. We conclude with our point of view about the destruction mechanism features of this alternative
therapy. Also, we suggest some mechanisms and strategies from the thermodynamic point of view for this
therapy. In the area of Electrochemical treatment of cancer this tool has been exploited very little and much
work remains to be done. Electrochemical treatment constitutes a good therapeutic option for patients that

have failed the conventional oncology methods.
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Background 16 and 10 million, respectively.
At present, different alternative therapeutic procedures

Cancer is a serious disease that causes about 13% of all . L .
are developing for this disease. Electrochemical treatment

deaths. According to statistics from the Health World (EChT), also called electrotherapy (ET), is one of the
Organization and the International Union Against Cancer alternative modalities for tumors treatment. It works when

in 2020 the number of new cases and deaths will increase to a low intensity direct electric current (DC) is applied to a
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Figure 1 Schematic representation of the acrylic chambers used
for the treatment of cell suspensions with EChT. A. DC source;
B. Multimeter used to measure the voltage between two electrode
positions; C. 24-well plate in which the cell suspensions are
distributed over each individual well (AF, anodic current flow; EIF,
electro-ionic current flow; CF, cathodic current flow); D. Bottle

containing cell suspension

tumor tissue through two or more electrodes placed within
the tumor zone or in the surrounding areas. This treatment
is noted for its great effectiveness, minimal invasiveness,
local effect and low cost.

Actually, research on the DC antitumoral effects has
increased enormously, which explains the growing number
of studies carried out in this field (1-4). In a previous review,
Nilsson et al. (5) give an overview of the experience related
to EChT from year 1776 up to year 2000. However, our
review summarizes the most important results and advances
obtained in vitro and in vivo using EChT from year 2001
up to now. Also, we analyzed the present knowledge of
the EChT destruction mechanism, and suggest some
mechanisms and strategies from the thermodynamic point
of view for this therapy.

Application of EChT in vitro models

We consider that in vitro experimental studies are very
important to evaluate the direct effect of EChT on culture
cell lines. In these studies, the electrodes are immersed into
the culture medium (cells suspension or cell monolayer)
and separated to the desired distance. This type of research
allows us to describe the effects of an experimental variable.
Also, it is appropriate for deducing a mechanism of action.
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Generally, this type of study allows more discernible results
with less variables and amplified reactions.

Using this method, Yen ez a/. (1) evaluated the
effectiveness of EChT in KB mammalian tumoral cells and
investigated the factors that influenced the effectiveness of
EChKT. The results showed that there was a slowdown in cell
growth when an amount of 0.3 C/mL (1.5 C for 5 mL of
culture medium; 3V, 400 pA for 62.5 minutes) was applied.
Also, an increase in EChT dose decreased the survival of
tumoral cells. The researchers concluded that the toxic
effect was related to the electric charge, the electric current
intensity, and the length of the treatment. They also agreed
that the pH effect on the cells is an important mechanism in
EChT.

The cellular reactions generated by EChT treatment
were evaluated by Veiga et a/l. (6,7) For these study the
authors developed an experimental approach to assess the
effects of the cathodic and anodic reactions separately.
Additionally, Holandino ez /. (8) used the same approach
to analyze the electrolytic reactions. In this model, the
cellular suspensions were distributed in a system of three
acrylic chambers (2 mL of cell suspension per chamber),
connected in series by filter-paper bridges and fitted with
platinum electrodes at their extremities (Figure I). In
these conditions, an electric field of approximately 1V/cm
was generated, and the cell suspensions could be exposed
directly to the anodic reactions (AR), cathodic reactions
(CR), and to an electric current without contact with the
electrodes located in the intermediary chamber. The results
obtained from this approach with various tumor cell types
(mouse mastocytoma P815 cells, human promyelocytic
leukemia HL-60 and human leukemic K562 cell line and
its multidrug-resistant derivative K562-Lucena 1) show
that the CR always caused necrotic cell lysis. However, the
AR led to necrosis and apoptosis in its typical patterns (7).
These results show that the products from the CR or AR
influence the mechanism of cell death since the products
induce damage to vital structures such as the mitochondria
and the plasma membrane (6-8).

Recently, Bucco ez al. (9), using the same experimental
approach, study the effect of DC combinated with
L-tyrosine nanoparticles on melanoma B16F10 cells. Cell
suspensions were treated with of 2 mA, for 0 (control), 2,
4, 6, 8, and 10 min. The distance between the electrodes
was 8 cm. In this study, iz vitro cytotoxicity of DC was
significantly increased when associated with L-tyrosine-
loaded nanoparticles. This study showed that the
combination of nanotechnology and DC enhanced the
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antitumoral effectiveness and offers a new perspective in
cancer therapy.

Tumor regression of human leukemic cell lines (HL-
60, ML-1, U-937, MOLT-4, EOL-1) was detected by
Kurokawa er al. (10) using DC treatment during periods
between 0-90 min and different intensities of EChT (0.03,
0.2, 0.5, 2, 4 and 5 mA). These authors detected apoptotic
cell death characterized by cell shrinkage as well as nuclear
and internucleosomal DNA fragmentation.

Tang et al. (11) evaluated the therapeutic effectiveness
of EChT on Hela cells. The results showed that in the
proximal area to the cathode there was a basic environment,
and the levels of the K, Ca’* and Mg”* cations had
increased in this area. Concomitantly, the environment
around the anode was acidic, and the CI anion was reduced.
Furthermore, an increase in the percentage of cells in the
G, phase and a decrease of cells in the S phase of the cell
cycle were observed. From this study the authors concluded
that the antitumor effects of EChT were influenced by the
degree of ionization, the pH level and cell cycle control.

In addition, Wartenberg et a/. (12) analyzed the presence
of apoptosis in tumor cells from the oral mucosa (UM-
SCC-14-C) stimulated with DC fields (2 and 16 V/m for
24 hours). This research revealed a decrease in cell spread
and an upregulation of the cyclin-dependent kinase (CDK).
When an electric field of 4 V/m was applied for 24 hours,
the level of apoptosis increased. The authors also reported
a generation of reactive oxygen species (ROS) and the
increased expression of the NADPH oxidase subunits as
well as heat shock protein 70, which suggested that the
apoptosis in tumor cells of the oral mucus was initiated by
ROS generation in response to the DC treatment.

In vitro studies demonstrate that apoptosis is initiated
by the generation of reactive oxygen species induced by
DC. Also, these studies corroborate that alterations in
cell ultrastructures induced by DC vary depending on the
duration of therapy and electrodes polarity (6).

Application of EChT in animals models

A pioneer study by Chou et 4l. (13), using C3H/He] mice
and Fisher 344 rats demonstrated that the insertion of
electrodes at the tumor base significantly increased its
destruction rate and decreased the damage to the body
after the EChT was applied. Their report claimed that
this method of inserting the electrodes and alternating the
sequence of cathodes and anodes could cause a significant
destruction at the tumor base. The researchers also
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determined the ratio of the number of electrodes to the size
of the tumor, taking into account the effective area with
necrosis around the electrodes (2 cm).

Ren er al. (14) investigated the influence of the space
between the electrodes and dose by applying EChT to
MCEF-7 breast tumors in rats. The anatomical pathology
study revealed that the therapy induced tumor necrosis. The
authors concluded that the necrosis percentage increased
significantly with the increasing dose. Also, this study
showed that changes in electrode spacing (3, 5 and 10 mm)
did not significantly affect the tumor responses to EChT
within the same dose. However, Camué et 4/. (15) reported
that this distance should be 0.7 cm, in agreement with the
most used in DC treatment (1 cm). They also revealed an abrupt
decrease of electric field intensity induced into the tumor for
distances between electrodes below 0.28 cm, in agreement with
the results of Ren ez a/l. (14), who experimentally revealed
the occurrence of short-circuiting and open-circuiting
during DC treatment for 0.3 cm of distance between
electrodes.

By other hand, in a very interesting study, Li et /. (16),
using dog liver, proved the existence of a group of
biochemical alterations around the anode and cathode
in treated tumors. Around the anode researchers found
a pH of 2, acid hemoglobin, tissue hydration, hydrogen
ions that were the result of water electrolysis, and oxygen
and chlorine gas emissions. From these emissions they
explained the formation of hydrochloric acid and the acidic
pH. At the cathode region the researchers found a pH
of 12, tissue dehydration, and hydroxyl ions, which were
the results of water electrolysis. Hydrogen gas emissions
were also detected at the cathode, which provided the
source of sodium hydroxide responsible for the basic pH.
Halfway between the electrodes and in regions distal to the
electrodes, no significant differences were found between
the pH and the water concentration in tumors treated with
EChT and those in the untreated tumors. Therefore, the
authors concluded that the electrochemical effects of ECh'T
occur around the electrodes, in agreement with the results
reported by Tang et 4l. (11).

However, Von Euler er 4l. (17), analyzed the toxicity
of pH changes as a mechanism for tumor cell death.
Also, Von Euler ez al. (18) studied similar macroscopic,
histopathological and ultrastructural aspects in the liver by
applying a four-electrode configuration (in Beagle dogs)
and a two-electrode configuration (in Beagle dogs and in
Sprague-Dawley rats). The doses applied were of 5, 10
and 90 C. In this study it was concluded that EChT cell
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toxicity could be clearly identified by histopathological and
ultrastructural analyses. Also, this research showed that the
distance between the electrodes and the polarity of these,
are parameters that influence on the cellular damage.

In further studies carried out by Wemyss-Holden ez a/. (2)
the effect of the local application of DC in the treatment of
metastasis and tumors of the liver in pigs, was investigated.
These researchers conducted the treatment changing the
doses and the space between the electrodes to produce
lesions of different sizes. The dose was established
according to the volume of liver necrosis and a significant
correlation was obtained between both parameters. The
necrosis volume was smaller when the distance between the
electrodes was reduced. Moreover, the liver enzymes only
suffered temporary changes.

Ciria et al. (19) demonstrated that the EChT antitumor
effects were increased when the electric charge dose
increased and also a complete remission of the tumor was
achieved. In this study Fibrosarcoma Sa-37 and Ehrlich tumors
disappeared 60 days after treatment with an electric charge of
80 and 92 C/cm’ respectively, rendering Balb/c mice as cured.
In this work they also found that the fibrosarcoma Sa-37
was more sensitive to EChT than the Ehrlich tumor. This
finding confirmed the differences in the electrosensitivity
between these types of tumors and proved that the more
electrosensitive the tumor was, the more aggressive it was,
which was previously suggested by Bergues er /. (20).
These results indicate the existence of a specific threshold
of DC for which each one of these tumors are completely
destroyed. This hypothesis was theoretically corroborated
by Bergues ez al. (21).

In addition, previous studies conducted by Bergues et 4/.
(22-27) showed that the type and size of a tumor have
influence on the therapeutic effectiveness of EChT. They
also demonstrated that the number of electrodes needed
to apply EChT depended on the tumor size. Additionally,
these researchs showed that the extension of tumor
destruction is proportional to the number of electrodes
placed. In these studies, EChT-treated tumors exhibited
cell oedema, cell and organelle lysis, denaturation and
coagulation of cytoplasmic proteins, and the presence of
an important inflammatory reaction, indicative signs of a
necrotic process.

Schroeppel et al. (28) evaluated the impact of EChT on
fibrosarcoma tumor induced in Fischer 344 rats. This team of
research applied 20 mA, over 66 minutes; and 10 mA during
16.6 minutes. Electrodes were inserted through the tumor
base in a single plane, 4 mm apart, alternating anode and
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cathode. Tumors disappeared from all 16 treated rats within
eight days. This group concluded that DC ablation provides
highly effective tumor destruction. Also, they suggest that
slower growth of tumors may involve the immune system.

Tell6 er al. (29-32) treated more than one hundred pet
dogs and cats that had different types of cancers. The aim of
these studies was to standardize the experiments in animals,
to establish an adequate dose-response relationship and to
determine the type of response of malignant tumors under
EChT.

Tell6’s research group evaluated the response of 27 dogs
with mammary tumors of different volumes exposed to
different DC charge intensities. This study showed the
dose-response relationship presented by the dogs. The
applied dose was ranged from 1-70 C/cm’. The animals’
complete response (absence of cancer cells) occurred at a
DC dose between 21 and 70 C/cm’.

Also, Tell6 et al. (32) evaluated the EChT effect on
animals with different types of tumors (such as: mammary,
skin and subcutaneous tissue, head and neck). A continuous
electric current of at least 20 C/cm’ was applied for 60 to
90 minutes through two or more electrodes (90% Platinum +
10% Rhodium) inserted 1-3 cm apart from one another in
the cancerous region. Cytological exams of the tumors after
EChT revealed development of inflammation and necrosis,
with abundant macrophage infiltration as an early response.
Infiltration of macrophages and lymphocytes increased after
treatment, possibly due to antigen released from damaged
tumor cells following ECh'T.

In these studies, Tell6 ez a/. (32) developed a new scheme
of electrode placement called monopolar cerclage (Figure 2)
with the aim of increase the effectiveness of the therapy. In
this new scheme tumor volume is encircling with a metallic
wire (cerclage wire) - analogous to a coil - and one pole of
the DC current source is connected to a metallic/cerclage
wire (which covers the tumor) while the other DC current
source pole is connected outside of the tumor region. In
this new electrode configuration, the negative (or positive)
electrodes formed by cerclage wires are passed around the
tumor volume and connected to a DC current source, while
the positive (or negative) electrodes are connected to a
metallic plate outside of the tumor region. According to the
Brazilian research group, the EChT monopolar cerclage
electrode configuration established an EChT standard
protocol on the electrode distribution in the treated region.

Thus, such results with animal models suggest that
EChT is a method with local effect, clinically effective
and safe. Also, studies in animal models corroborate that
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Laminated paper

Laminated paper

Figure 2 New schema to insert electrodes into tumor volume. The EChT monopolar cerclage approach applied to treat a feline mammary

cancer. Laminated paper, such as that from wrappers and pet food bags, is used as a metallic plate. Conductive gel is applied between the

laminated paper and the animal skin to avoid chemical injuries (“chemical burns”)

electrodes polarity, distance between electrodes, distribution
of electrodes and the reactions that occur around each
electrode are important parameters that have influence in
therapy effectiveness.

Clinical application of EChT

In 1978 the clinical use of EChT in the treatment of
malignant tumors in humans was reported for the first time
when Nordenstrom (33) treated patients with lung cancer.
In this study was explained the antitumor effects of EChT
by means of mechanisms associated, such as pH alterations,
electroosmotic transport of water, and the effects on ionic
transmembrane flow. Since Nordenstréom developed
his work in Sweden, the use of EChT has expanded to
countries such as China, Germany, Japan, Korea, Australia,
Slovenia, USA, Brazil, Cuba, Russia, and others, where this
method has been used as an alternative for the treatment of
patients with different histological types of tumors (5,34-44).

Since 1987 EChT has been used in China by Xin ez al. (4)
for the treatment of malignant and benign tumors, and
up to date, it has been applied to over 20,000 patients. At
present, this is the most complete clinical study that has
been carried out. This study showed that EChT can be
used in patients with inoperable malignant tumors or with
tumors that do not respond to radio or chemotherapy, and
also in patients with benign tumors, with satisfactory results
in all cases. Also, Xin et 4/. (4) found that the effectiveness
in the treatment of benign tumors was actually greater than

© Chinese Journal of Cancer Research. All rights reserved.

in malignant tumors. This same result was obtained for
superficial tumors as compared to visceral ones.

Liu et al. (45) researched the mechanism and effectiveness
of EChT in 33 advanced stage cancer patients. Results
showed that tumor cells in phases G, G,/M, S, as well as
the aneuploid cells, were destroyed. The researchers also
found that the apoptotic proportion was very high after the
therapy was applied. In this study it was concluded that this
therapy could destroy tumor cells in a non-selective way by
inducing apoptosis.

In 2005, Dr. Li Jing-Hong from the China-Japan
Friendship Hospital supervised the use of EChT in Cuba
for the treatment of patients with malignant and benign
tumors. The study was developed by Verdecia et al. (46)
to evaluate the effectiveness and safety of this method.
Four patients with malignant tumors (ductal invasive
carcinoma of the right breast; ductal invasive carcinoma of
the left breast; liposarcoma of the posterior thoracic wall
in the right scapular zone of the back and metastasis of an
undifferentiated nasopharyngeal carcinoma) and one patient
with benign tumor (congenital lymphangioma of the left ear)
were treated. The applied dose was ranged from 40-100 mA.
A significant reduction of tumor volume was obtained in all
cases.

The therapy procedure applied in these patients showed
that EChT is a safe method. A close follow-up of the treated
patients demonstrated that the side effects were minimal.
After the treatment was applied, the patients obtained a
favorable rating in their physical and mental capacities and
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Table 1 Results of studies in patients with use of EChT

Ciria et al. Antitumor effects of electrochemical treatment

Researcher Tumor Dose Efficacy (%) Findings

Zhang et al. [2003] Benign prostatic 160-220 C 69 Necrosis and exfoliation of prostatic urethra
hyperplasia mucosa

Fosh et al. [2003] Hepatocellular 1,500 C 100 1 week after the procedure there was no evidence
carcinoma of viable tumor

. . . All patients recovered the normal function of
Li et al. [2006] Lingual hemangioma 100-120 mA 100
tongue

Yoon et al. [2007] Advanced breast 1,000 C No recurrence of breast cancer during 18 months
cancer after EChT
Breast hemangioma 80C 100 No evidence of recurrence of hemangioma

were in good general condition.

Clinical studies confirm the results obtained iz vitro
and in animal models. All these studies corroborate the
effectiveness of ECh'T as well as the possibility of its use in
tumors with different stages and locations (Table 1).

The mechanisms involved in tumor death
induced by EChT

Tumor cells are more susceptible to changes in their
microenvironment than are normal cells, particularly those
changes affecting the ionic composition of fluid surrounding
the cells tissue. Precisely, the exposure of a tumor to DC
can lead to a great variety of biochemical and physiological
responses (47).

For this reason, several mechanisms have been proposed,
such as: induction of bioelectrical forces into the tumor (26);
Changes in tumor pH around electrodes (4,48); apoptosis
induction (10,49); changes in tumor cells membrane potential
(27,47); tumoral tissue ionization (48); production of toxic
substances coming from electrochemical reactions (17);
deposition of electrode material in tumor due to EChT
aplication (48,50); immune system stimulation (27,28);
extraction of water from tissue by electroosmosis (48,51);
and simultaneous action of the electrochemical reactions
that occur into the tumor (mainly involving reactive oxygen
species) and strengthening the immune system (23).

This diversity of proposed mechanisms evidence that
despite promising results obtained with EChT] there is no
consensus among authors respect to the antitumor action
mechanism. However, it is generally accepted that EChT
induces electrolysis, electrophoresis, electroosmosis and
electroporation in tumoral tissues, which cause chemical
changes in the tumor cell microenvironment, and tumor
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metabolism. Also, is accepted that this alternative method
promotes locally destructive electrolysis due to pH gradient
(49,52-54).

These electrolytic reactions include generation of
chlorine, oxygen and hydrogen ions at the anode and

hydrogen gas and sodium hydroxide at the cathode (55).

Anode: 2H,O — O, + 4H" + 4e” [1]
2CI" = Cl, + 2¢” 2]
Cathode: 2H,0 + 2 — H, + 20H" (3]

As the electric current flows into electrodes, both tumor
destruction and electrochemical reactions occurs basically at
the surface of electrodes. An additional killing effect occurs
as a result of water electrolysis and electrolytes yielding
NaOH and HCI disseminate a certain distance from the
electrode. Chloride ions accumulate around the anode will
combine with H* to form HCI. Na" formed after electrolysis
will move toward the cathode and combine with OH ions to
form NaOH. However, chlorine causes some bleaching of
the local tissue, whereas hydrogen produces local cavitation
(48-50,56-61).

The electrolysis products make the region surrounding
the anode very acidic (around pH 2) and the region
surrounding the cathode strongly alkaline (pH 12). At these
extreme pH values, the tissue proteins become denaturated
and the cell structure collapses and the cell eventually dies.
The pH changes in combination with the released chlorine
gas and hydroxyl free radicals results in a locally cytotoxic
microenvironment that induces coagulative and colliquative
necrosis in the area of electrode application (48-50,56-62).

This necrosis could be explained from ischemia
that appear in all DC treated tumors, which can lead to
an irreversible damage of tumor cells and hence to cell
death. Also, this necrosis could be associated with several
experimental findings such as phospholipid degradation, loss
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of high-energy phosphate and increased intracellular calcium
(6-8,17), membrane damage (13), ionic imbalance (48),
mitochondrial alterations (56) and injury of the mechanism
of ischemia/reperfusion (53,63). Precisely, the coagulative
necrosis could be usually ischemic due to the presence
of reactive oxygen species induced in the tumor by the
electrochemical reactions, as demonstrated experimentally
by Watenberg ez al. (12).

An interesting fact is that tumor hyperacidification
might activate cytolytic mechanisms through increased
activity of lysosomes, resulting in the destruction of tumor
tissues. Additionally, low pH values also inhibit glycolysis
and protein synthesis upon which malignant tissues are
dependent (64).

Furthermore, due to the existence electric field, an
interstitial water flow from the anode to the cathode is
generated, causing electroosmotic dewatering of the tumor
tissue, which produce dehydration of the anodic site and
hydration of the cathodic surface. This leads to an increase
in tumor tissue turgor around the cathode which results
in a resistance in blood flow and hence local ischaemia.
During electroosmotic process all charged substances,
dissolved or suspended in tissue, migrate in the electric field
and as consequence an accumulation of ions and charged
tissue constituents are obtained in different locations of the
electric field (48-50,56-61).

The electric field influences the ion exchange across
the cell membranes and thereby the conditions for
many essential enzyme-regulated reactions. Also, EChT
can produce a redistribution of cell surface receptors
and influence the flow of specific ions through plasma
membrane ion channels. By these reasons, EChT
effectiveness in tumor cells could be influenced by the
plasma membrane receptors and the electrical response level
of those receptors; altered level in ion channel and Na*/H"
antiporter structure; and media pH variations. Any changes
in the flow of ions through cellular ion channels can have
significant effects on cellular metabolism, proliferation rate,
cytoplasmic pH, mobility, cell cycle transitions, apoptosis,
and inhibition of DNA synthesis (65-67).

By other hand, the possibility of DC in inducing an
immune response or enhancing the toxicity of immune cells
could be possible because of platelets and leukocytes are
deposited around anode, due to its negative charge, forming
micro-trombes in capillaries and blood vessels, near of the
treatment zone. This fact produce an extensive embolism
in blood vessels around the anode zone and oedema around
cathode zone, which produce a blockage of microcirculation
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and tumor blood supply is interrupted due to an intense
vasoconstriction. Also, oxyreductases in capillary endothelial
cells could be activated by the superimposed electrical field
and the free radicals produced in the lumen of capillaries
could cause lysis of red blood cells with multiple capillary
microthromboses occurring. These facts also could produce
a decreased blood flow and also could contribute to the
necrosis of tumor tissue (48-50,56-61).

If the applied electric field is sufficiently strong, the
exposure to treatment can cause a significant increase in
the electric conductivity and permeability of the cell plasma
membrane and therefore all these severe disturbances
produced by EChT in tumor cells cause its destruction
rapidly and completely (47,50,55-57). Tumor, from the
thermodynamic point of view, is a self-organizing dissipative
structure which depends of the continuous flow of energy
and matter from the host. By these reasons, in tumor cells
the entropy production rate is always higher than that of
healthy cells (68-71).

Tumor tissue exposure to an appropriate electric
field may induce chemical and thermal changes due to
electrochemical reactions and pH variations produced by
ECKT. All these changes alter the processes of structural
and funtional self-organization in tumors causing its death
(68-73). By other hand, this electric field may increase the
entropy production in normal tissues above that of the
tumor tissue. In this sense, the electric field can reverse the
entropy flow leading to death of tumor cells, which is also
enhanced by pH modifications induced by EChT (72).

However, when tumor is not completely destroyed
by the action of the DC, a partial response to treatment
is obtained. We consider that in this type of response to
treatment, there are two stages (74). In the first stage, the
tumor volume decreases up to a minimum value. In the second
stage, tumor volume begins to rise again. The mechanism
in the first stage can be explained because into the tumor are
induced necrosis, apoptosis, chronic inflammation and vascular
congestion due to DC action (19). In this case, in tumor zone
appear polymorphonuclear leukocytes, monocytes, and
toxic products coming from the electrochemical reactions
(75,76). On the contrary, in the second stage the mechanism
could be related to tumor self-organization. This fact
could be explained because of tumor, as a complex-
nonlinear dynamic system, is self-organized in time and
space due to the dose of DC is not enough to induce the
irreversible damage that leads to its complete destruction.
This fact corroborates that tumor a structure far from
thermodynamic equilibrium, and characterized by its high
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Table 2 Results of studies with different electrodes configuration with use of ECh'T

Researcher Tumor Dose Electrodes position Findings
Chou et al. RIF-1 4-20 C Perpendicular or parallel to the body The effectiveness is dependent on electrode
[1997] placement and dosage

Ren et al. [2001] MTF-7 10-80C

Von Euler et al.

[2004]

Ciria et al. Ehrlich 5-110C

[2004] Sa-37 body.

Mikhailovskaya M-1 10-80 mA Vertical or horizontal to the tumor
et al. [2009] base

Belyy et al. Choroidal 30-35C  Anode: surface

[2012] melanoma Cathode: intrastromal

Parallel to the tumor base. Perpend- The changes in electrode spacing do not affect the
icular to the long axis of the body
R3230AC 100r20C Caudal-cranial direction

tumor responses to EChT within the same dose
Apoptosis and necrosis in anodic area. Necrosis in
cathodic area

Perpendicular to the long axis of the Complete regression in fibrosarcoma Sa-37 for 80 C

Complete regression in Ehrlich tumors for 92 C
The increase in current intensity is associated to the
increase in cases with complete regression of tumors
Tumor with subtotal necrosis. Local effect of the
EChT around the electrode

complexity, robustness and adaptability (77).

Self-organization is the capacity of a macromolecular
complex to determine its own structure based on the
functional interactions of its components. This process is
an effective way to organize complex structures (69-78).
Tumor could be considered as a self-organizing dissipative
structure, characterized by the constant exchange of matter
with the environment that surrounds it and its capability to
a spontaneous transformation into a more complex system.
Although this system presents a structural stability, however
continuously generates entropy due to energy of dissipation.
"This structure remains stable by exporting this entropy into
the environment (72,76).

Dosage and electrodes arrangement

All in vitro, in vivo and clinical studies discussed above show
the diversity of points of views respect to the utilization
mode and combination of the different parameters used in
the EChT application. In these studies different doses of DC
(intensity and time of application), number and position of
electrodes, number of applications and variations of therapy
are used (54,79). Indeed, the antitumor mechanisms of DC
are proposed from the different experimental conditions
established by each author. In each of these studies the use of
different DC dose, exposure time and a specific configuration
of electrodes are reported. This lack of consensus whith
respect to the use of the therapy parameters and its lack of
standardization has prevented its implementation in the
Clinical Oncology as an alternative method.

It is important to note that for the selection of the
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optimal dose of DC and the arrangement of electrodes are
required to consider many different variables, such as DC
dose, exposure time of therapy, number of times to repeat
the therapy, therapy variant (cathodic, anodic and anodic-
cathodic therapy), mode of electrodes insertion (vertical or
parallel to the larger diameter of tumor and radial), array of
electrodes (number of electrodes, shape of the array, array
size), tumor histological variety and type of host (74).

We consider that the lack of optimization of the array
of electrodes in terms of its parameters can explain the
diversity of electrode configurations and dose used in the
different studies and thus the diversity of experimental
results (1able 2). In our opinion, this parameter constitutes a
major problem that has prevented the establishment of the
EChT in Clinical Oncology.

The distribution of DC applied into the tumor depends on
electrode array. This means that the antitumoral effectiveness
of EChT depends on how the electrodes are placed into the
tumor, with the aim to obtain the optimal distribution of
applied DC, taking into account the dose (80).

The above mentioned justifies the importance of using
mathematical models as an efficient and powerful tool to
improve the distribution of electric field and electric current
density into the tumor (80-85). This is an important fact
for dose and treatment planning of EChT because of this
tool allows to display the distributions of electric current
density in the tumor and surrounding healthy tissue (two
biological media with different conductivities). By other
hand, mathematical models permit us the proper selection
of the initial volume and the electrode configuration in
order to increase the antitumor effectiveness the EChT.
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Additionally, this useful tool avoids unnecessary experiments
and therefore excessive spending of time, material and
human resources. However, in our opinion, mathematical
models in the field of EChT in cancer have been exploited

very little and much work remains to be done.

Conclusions

The results obtained in EChT application in vitro, in vivo,
and clinic show that this is a simple, safe and effective
therapy with minimal side effects because of its local
character. Due to its favourable therapeutic profile, this
therapy is a feasible treatment for cancer patients. Different
electrode insertion methods and distribution have been
used. Also, distinct currents, voltages and electric quantity
have been empirically determined. Electrical dosage
in tumors varies on depending of tumors conductivity,
volume, position and electrode configuration. Also, the
effectiveness of EChT depends on several factors such as:
the electric charge dose (intensity and exposure time to
EChT), the type of tumor (histological type, stage, initial
size), electrode configuration (number, polarity, position),
and EChT frequency (one or more stimuli). The great
variety of antitumor mechanisms proposed for EChT shows
that researchers have not reached a definitive conclusion
on how EChT induces tumor tissue destruction. However,
most scientists believe that tumor destruction is caused
by the changes in pH and the action of the toxic products
that result from the electrochemical reactions around the
electrodes. These factors alone do not explain, however,
neither the rapid destruction immediately after the EChT
is applied, nor the extensive necrosis in time and space.
Although the principle of EChT is simple, a standardized
method is not yet available. The mechanism by which
EChT affects tumor growth and survival may represent
more complex process. For this reason, it is necessary to
have a better understanding of the involved fundamental
mechanisms and to elaborate a reliable strategy for the
optimization of electrodes array and dose. At present, a
useful tool employed in EChT standardization process is
the mathematical modelling and analyze cancer as both
disipative and complex system.
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