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Abstract: Electrochemotherapy is a combination of high electric 

field and anticancer drugs. The treatment basis is electroporation or 
electropermeabilization of cell membrane. Electroporation is a 
threshold phenomenon and, for efficient treatment, an adequate local 
distribution of electric field within the treated tissue is important. 
When this local electric field is not enough, there is a regrown tumor 
cell; however, if it is stronger than necessary, permanent damage to 
the tissue occurs. In the treatment of dogs, electrochemotherapy is not 

yet an established treatment for mast cell tumor in veterinary medi-
cine, although there are studies showing evidence of its effectiveness. 
In this study, we examined electrochemotherapy of dog mast cell 

tumor with numerical simulation of local electric field distribution. 
The experimental result was used to validate the numerical models. 

The effect of tumor position and tissue thickness (tumor in different 
parts of dog body) was investigated using plate electrodes. Our re-
sults demonstrated that the electrochemotherapy is efficient and 
flexible, and even when the tumor extends into subcutis, the treat-
ment with plate electrode eliminated the tumor cells. This result 
suggests that electrochemotherapy is a suitable method to treat mast 
cell tumor. Key Words: Electrochemotherapy, Mast Cell Tumor 
(MCT), Numerical Simulation. 

____________________________________________________________________

 

Electroporation or electropermeabilization is a phenomenon 

of increased permeability in the cell membrane when an in-

tense electric field is applied (1) This effect permits efficient 

transport of macromolecules (even hydrophilic) inside the 

cells. The electroporation efficiency depends on pulse parame-

ters (2) and cell or tissue types (cell density, shape, and orien-

tation in relation to electric field) (3), (4), (5). The most im-

portant parameter for effective cell and tissue electroporation 

is adequate electric field distribution within the treated sam-

ple (6). 

There are several therapies and treatments with electro-
poration. Some clinical applications are electrochemotherapy 

(reversible electroporation), tissue ablation method (irreversi-

ble electroporation), and gene therapy and DNA-based vac-

cination (gene electrotransfer) (6). Electrochemotherapy 

standard operating procedures (SOP) have been defined for 

the treatment of cutaneous and subcutaneous tumor nodules 

(8). Several studies have shown success rate of electrochemo-

therapy procedures in more than of 80% of cutaneous metasta-

ses of different tumor types (9). 
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Mast cell tumors (MCT) in dogs develop frequently in the 

skin, but they also grow in intestine, liver, spleen and else-

where (10). Cutaneous MCTs compromise 11–27% of the skin 

tumor in dogs (10), (11). Electrochemotherapy has shown 

partial and complete remission in MCT (11), and has been 

recently suggested as an alternative to adjuvant radiotherapy 

for incompletely resected MCT (12). However, the outcome of 

the treatment depends on the position of electrodes, applied 
pulses, electrode geometry, and electrical properties of tissue 

treated (6). The numerical simulations predict or confirm these 

experimental findings are an important tool for the treatment 

planning of electroporation. Numerous studies have shown 

that the cell suspension conductivity is increased due to mem-

brane electropermeabilization (2), (13). The local electric field 

distribution within the treated tissue also produces conductivi-

ty increase (5), (14), (15). Some authors often consider the 

treated tissues with constant tissue conductivities. Corociv et 

al. (15) demonstrated that nonlinear model fits better than 

linear model. 

The aim of our study was to investigate the tumor position 

and dog’s tissue thickness on the local electric field distribu-

tion. We compared our tumor model with an electrochemo-

therapy treatment in a canine mast cell tumor. This numerical 

study was performed using four different composite tissues. 

MATERIALS AND METHODS 

Case Study 

The animal was a 7-year-old boxer with spontaneous nodu-

lar formation of cutaneous mast cell tumor on ear, grade II 

(16), with a diameter of about 5 mm. There were no clinical 
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symptoms. The animals were anesthetized and injected with 

intravenous application of bleomycin (15,000 𝐼𝑈/𝑚²) before 

the application of electric pulses. Electric pulses of1300 𝑉/

𝑐𝑚, 8 pulses, 100 𝑠, and 1 𝐻𝑧 were generated with a BTX 

ECM 830 (Harvard Apparatus, Holliston, MA), and were 

delivered in single session using two parallel, stainless-steel 

plate electrodes of 11 𝑐𝑚². The tumor was treated in accord-

ance with standard operating procedures of the electrochemo-

therapy (8). After the treatment, the patient was clinically 

monitored during 1174 days (until his death), there was no 

cancer recurrence. The experiments were performed in agree-

ment with the recommendations of the ethical committee. 

Numerical and geometry modeling 

The electric field distributions on biological tissue were 

computed by finite-element method (FEM) simulations using 

the COMSOL Multiphysics® software package. The mesh of 

68,851 tetrahedral elements was generated by FEM tool. 

The electric field distribution models were calculated using 

the steady current module. If supposing that the electric cur-

rent density 𝑱 in tissue is divergence-free, the solved equation 

is the Poisson’s equation: 

 

−∇ ∙ (𝜎∇𝑉) = 0 (1) 
 

where  is the tissue conductivity (𝑆/𝑚) and 𝑉 is the electric 

potential(𝑉). 

The boundary conditions were all insulating on the external 

surfaces (Neuman’s boundary condition). The contact between 

electrode and tissue was modeled as Dirichlet’s boundary 

condition. 

The geometry tries to model the electrochemotherapy in vi-
vo experiment reported, as shown in Fig. 1. The electrode 

separation is 𝑑 = 5 𝑚𝑚 and the applied voltage is 𝑉 = 650 𝑉, 

which result in an electric field magnitude of 1300 𝑉/𝑐𝑚. The 

tumor model comprises four types of tissues: epidermis and 

stratum corneum (SC), dermis, muscle and, tumor. 

Two models representing different parallel plate electrode 

placement situations were developed. The first model de-

scribes the electrodes touching the skin tissue just at limit 

tumor convexity and the second model implements the varia-

tion in tumor position and tissue thickness. 
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FIG.1. – Simulation of numerical model of dog tumor. (A) Tissue description; 

(B) mesh geometry; (C) 3D model detail, cut surface (epidermis and SC); the 

solid sphere is the tumor enveloped by dermis (translucent). 

 
In the areas where electric field magnitudes are low enough, 

the tissue conductivity can be treated as a constant (0), be-

cause the amplitude of the applied electroporation pulse is 

very low to produce an electric field above the reversible elec-

troporation pulse (𝐸𝑟𝑒𝑣).  

When the local electric field (𝐸) in the tissue exceeds the 

𝐸𝑟𝑒𝑣 value, the tissue conductivity increases owing to electro-

poration. Furthermore, the conductivity dependence of electric 

field is expressed as (17): 
 

𝜎(𝐸) = 𝜎0 + 
𝜎𝑚𝑎𝑥 − 𝜎0

1 + 𝐷. 𝑒−(
𝐸−𝐴

𝐵
)
 (2) 

 

𝐴 =  
𝐸𝑖𝑟𝑟𝑒𝑣 + 𝐸𝑟𝑒𝑣

2
 

 

𝐵 =  
𝐸𝑖𝑟𝑟𝑒𝑣 − 𝐸𝑟𝑒𝑣

𝐶
 

 

where 𝜎𝑚𝑎𝑥 is the maximal conductivity of permeabilized 

tissue, 𝐸𝑟𝑒𝑣and 𝐸𝑖𝑟𝑟𝑒𝑣are reversible and irreversible threshold 

of electric field, respectively, and 𝐶 = 8 and 𝐷 = 10 are sig-

moid function parameters (17). The values of 𝜎0, 𝜎𝑚𝑎𝑥, 𝐸𝑖𝑟𝑟𝑒𝑣  

and 𝐸𝑟𝑒𝑣for each tissue are presented in Table 1. 
 

TABLE 1. 

Electric parameters of electric conductivity dependency of tissue (17) 

 𝝈𝟎 

(𝑺/𝒎) 

𝝈𝒎𝒂𝒙 

(S/m) 
𝑬𝒓𝒆𝒗 

(𝒌𝑽/𝒎) 

𝑬𝒊𝒓𝒓𝒆𝒗 

(𝒌𝑽/𝒎) 

Epidermis and SC 0.008 0.800 40 120 

Dermis 0.250 1.000 30 120 

Muscle 0.135 0.340 20 80 

Tumor 0.300 0.750 40 80 

 

Fig.2 shows the (𝐸) dependency of four tissue types (Ta-

ble 1). The tissues present differences in cell size, form, and 

interactions. We can expect some cells to be permeabilized 

before the others when 𝐸 > 𝐸𝑟𝑒𝑣 The sigmoid function de-
scribes gradual increase in the tissue conductivity and when 

𝐸 > 𝐸𝑖𝑟𝑟𝑒𝑣  leads to saturation curve. 

The model simulation was run on personal computer (Intel 

Core i5-2500, 3.3 GHz CPU, 4 GB RAM) with Windows 7 

operating system. 
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FIG. 2. – 𝜎(𝐸)dependency as sigmoid function of four tissues: tumor, epi-

dermis and SC, dermis and fat, muscle. 
 

RESULTS 

 

Fig. (3A) presents the mastocytoma tumors with a diameter 

of about 0.5 𝑚𝑚. Fig. (3B), (3C), and (3D) shows the macro-

scopic changes on tumor observed after electrochemotherapy.  

No necrosis areas can be observed in Fig.(3B). Therefore, in 

the simulation model, if the area with Eirrev (necrosis area) is 

bigger than 5% of tumor volume, the math model will be 

considered as invalid. Fig. (3D) presents an effectiveness of 

the treatment, and no tumors can be observed. The local elec-

tric field is 𝐸𝑟𝑒𝑣 < 𝐸 < 𝐸𝑖𝑟𝑟𝑒𝑣on all tumor areas. 
Fig. 4 shows the results of superficial dermal tumor model. 

The epidermis and SC thickness is 0.06 𝑚𝑚 (19), dermis 

thickness is 1 𝑚𝑚 (20), muscle thickness is 5 𝑚𝑚(21), and 

tumor diameter is 2.9 𝑚𝑚. The thickness values are applied 

for dogs. The three different models with: (A) tissues conduc-

tivities are constant, which is not dependent on electric field 

((𝐸)); (B) each tissue being modeled by Eq. (2) and data 

presented in Table 1; and (C) the sphere conductivity being 

uniform and equal to tumor, which was used in another 

study (22). 

In Fig. 5, three different situations with different dermis 

thickness, tumor radius, and tumor position are presented. The 

epidermis and SC thickness is considered constant (0.06 𝑚𝑚), 

muscle thickness is 5 𝑚𝑚 and the tissues conductivity is de-

pendent on the electric field. Fig. (5A) presents dermis thick-

ness is 0.8 𝑚𝑚 and tumor diameter is 3.28 𝑚𝑚. Fig (5B) was 

simulated with dermis thickness is 1.5 𝑚𝑚 and tumor diame-

ter is 1.88 𝑚𝑚. The tumor radius is 0.94 𝑚𝑚, as showed in 
Fig (5C). It is difficult to determine the exact tumor position 

and dimension tissues. We analyzed these situations to verify 

the match of possibility treatment. 
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FIG. 3. – Electrochemotherapy applied to a dog tumor of 5 𝑚𝑚; pulses of 

1300 𝑉/𝑐𝑚, 8 pulses, 100 𝑠, and 1 𝐻𝑧. (A) Before the treatment; (B) 

immediately after the applied electric pulse, visible necrosis areas are not 

observed, (C) 1 month after electrochemotherapy; (D) 2 months after treat-

ment; only healthy tissue observed. The dotted line is the free surgical mar-

gins recommended in (10). 
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FIG. 4. – Local electric field distribution with applied voltage of 650 𝑉 

(electrode distance of 5 𝑚𝑚). These tumors are grade I, well-differentiated 

superficial dermal tumors. (A) Constant conductivity in all tissues (0); (B) 

tissue conductivity according to the model of Eq. (2); (C) there are no epi-

dermis, SC, and dermis around the tumor; the tumor diameter is 5 𝑚𝑚.. 



DISCUSSION 

 

MCTs or mastocytomas are frequently seen in dogs, par-

ticularly in the skin. The treatment of choice is wide excision 

(3 𝑐𝑚 free margin, Fig. 3D) eventually followed by other 

treatment modalities such irradiation, cortisone, and/or chemo-

therapy (10). The advantages of electrochemotherapy in these 
cases is: easy and effective treatment of single or multiple 

tumor nodules (7); reduction in tissue loss and good cosmetic 

effects obtained due to a selective cell death mechanism that 

primarily affects the dividing tumor cells (23); and treatment 

of choice for tumors refractory to conventional treatments (9). 

When bleomycin is injected intravenously, the selectivity of 

treatment is caused by a mitotic cell death that kills the divid-

ing tumor cells (23). The neighboring cells are affected by the 

electric field and bleomycin as well inside the cells; however, 

normal cells do not divide, explaining selectivity towards the 

dividing tumor cells and safety of the procedure. Another 
advantage is the vascular effects of the electric pulses; elec-

trochemotherapy provokes a transient vascular lock, which 

prevents bleeding and even stops previous bleeding in the case 

of hemorrhagic nodules (7). 

In dogs and cats, cutaneous MCTs are solitary or multicen-

tric tumors that are usually confined to the dermis and/or sub-

cutis (24). This model considers solitary, circumscribed, and 
superficial dermis (grade I), and extend into the deeper dermis 

and subcutis (grade II), as shown in Fig. 3. Although grade I is 

better well-differentiated tumor than grade II (24), we defined 

the tumor like a sphere for both the cases.  

Our model utilizes the tissues electric conductivity of hu-

mans (Table 1). Gabriel et al. (25) observed that the electric 

conductivity of human and dog skin is similar. We extend this 

similarity to conductivity dependence of electric fields. Some 

works have modeled this dependency as constant (26), linear 

(21), and nonlinear (14), (18). The sigmoid model (17) was 

used in this study, because Corovic et al. (17) demonstrated 

that nonlinear models fit experimental results better than linear 
models. There is no definition of conductivity math model 

during electroporation.  

For planning of the electrochemotherapy treatment, it is im-

portant to consider the conductivity variation during electro-

poration (14). We demonstrated the effect of planning the 

treatment without model electroporation in tissue, as shown in 

Fig. (4A). The electric field is not enough (𝐸 < 𝐸𝑟𝑒𝑣) inside 

the tumor. The constant conductivity model does not describe 

the experimental result (tumor eliminated; Fig (3D)). 

Fig. (4B), with (𝐸), presents the electroporation effect on the 
electric field distribution and, consequently, on the treatment 

efficiency. Fig. (4C) shows the simulated results of only one 

tumor. This model is used in simulations of cutaneous tumor 

(21). The irreversible electric field is greater than 5% of tumor 

volumes. This result evidences the importance of dermis, 

epidermis and SC on our model. 

The epidermis and SC are thin (typically around 

0.1 𝑚𝑚 (27)), which contributes a great deal to the electrical 

properties of skin. Its low conductivity makes skin one of the 

least conductive tissues in the human body (Table 1). The 
difference in the epidermis thickness depends on the dog’s 

body, but it does not affect the electric field distribution at 

simulated tissues (data not shown). The epidermis and SC 

thickness of dogs (0.02 0.06 𝑚𝑚 (19), (20)) are thinner 

than those of humans (0.05 1 𝑚𝑚 (27)). The dermis is the 

second layer of skin, beneath the epidermal layer. This layer is 

much thicker than the epidermis; the dermis thickness of hu-

mans is 50 𝑚 on the eyelids to 1 𝑚𝑚 on the palms and soles, 

with an average thickness of 100 𝑚 (27), whereas that of 

dog is 800 𝑚 to 1.5 𝑚𝑚 (20). As shown in Fig. (5), we 

verified the dermis thickness variation in dogs, and tumors 

invading the muscle area. The distance between the electrodes 

was 5 𝑚𝑚 in all cases. Therefore, we modified the tumor 

radius and depth. 

In the Fig. (5A), the tumor radius is 1.64 𝑚𝑚 and it was be 

treated properly (𝐸𝑟𝑒𝑣 < 𝐸 < 𝐸𝑖𝑟𝑟𝑒𝑣). There small necrosis 

areas are limited to dermis, epidermis and SC. It might be 

possible that necrosis areas occur after electrochemotherapy 

application, but it is not visible. Fig. (5B) shows a smaller 

tumor than that presented in Fig. (5A) (radius of 0.94 𝑚𝑚) 

with a maximum dermis described in the literature (tumor on 

(A) 

 

(B) 

 
  (C) 

 

 
 

FIG. 5. – Local electric field distribution with applied voltage of 650𝑉 

(electrode distance of 5 𝑚𝑚). (A) Dermis thickness is 0.8 𝑚𝑚, tumor diame-

ter is 3.28 𝑚𝑚, epidermis is 0.06 𝑚𝑚, and the tumor extension to muscle is 

0.2 𝑚𝑚 (characteristic of grade II); (B) Dermis thickness is 1.5 𝑚𝑚, tumor 

diameter is 1.88 𝑚𝑚, and the tumor extension to muscle is 0.2 𝑚𝑚; (C) The 

subcutaneous tumor (radius is 0.94 𝑚𝑚) is inside the muscle (3 𝑚𝑚 under 

the skin surface). 
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the paws). Even in this case, the treatment is efficient. This 

result suggests that skin melanocytic tumor treatment can be 

applied on the entire dog body. These results thus confirm the 

importance of flexibility of electrochemotherapy on the cuta-

neous and subcutaneous tumors (8). Fig. (5C) represents a 

subcutaneous tumor. The irreversible electric field is localized 
only near the electrodes (epidermis, SC, and dermis). Some 

studies have shown that in these tumors, it is better to use 

needle electrodes (15), (22). However, if the depth of the tu-

mor is less than 3 𝑚𝑚, the plate electrodes can be used (6). 

We estimated that the results presented in Fig. (5A) are close 

to reality, because the ear dermis is more consistent 

with 0.8 𝑚𝑚. 

 

CONCLUSION 

 

In this study, we compared the electrochemotherapy treat-

ment of dog mast cell tumor using plate electrodes and possi-

ble variations in thickness tissues and tumor positions. We 

demonstrated that the structural variations of dog tissues, 

dermis between 0.8 and 1.5 𝑚𝑚, and even subcutaneous tu-

mors (𝑑𝑒𝑝𝑡ℎ < 3 𝑚𝑚) permit efficient treatment (i.e., the 
local electric field is enough to permit bleomycin inside the 

tumoral cells).  If mast cell tumor is extended into subcutis, 

electrochemotherapy will eliminate these tumor cells at depth 

less than 3 𝑚𝑚. These results confirm the flexibility and effi-

ciency of electrochemotherapy and the protocols proposed by 

Marty et al.(8). 
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