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Abstract

:

Radiofrequency catheter ablation is an interventional procedure used to treat arrhythmia. An electrode catheter that could inject saline has been developed to prevent steam pop on heart tissue during radiofrequency catheter ablation. Thus, we investigated to numerical model on the effect of saline injection and heart tissue’s deformation. In this study, the hyperelastic model was implemented to analyze heart tissue deformation due to the catheter’s contact force. Besides, the advection–diffusion equation was used to analyze the mixture between saline and blood. We developed the multiphysics model that predicts thermal lesions based on the deformation of the heart and mixing between saline and blood flow. The thermal lesion and the maximum temperature in the numerical model that considered mixing saline and blood were smaller than that of other numerical models that did not consider mixing. Therefore, we observed that the saline injection was affected by thermal lesion due to higher electrical conductivity than blood flow and injection at a lower temperature than the human body. The numerical model was researched that considering the deformation of the heart tissue and saline injection in radiofrequency catheter ablation affects the heart tissue’s thermal lesion and maximum temperature.
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1. Introduction


Radiofrequency catheter ablation is an interventional procedure for treating arrhythmia. This procedure is performed by inserting an ablation catheter into the heart through a vein and applying radiofrequency current between an electrode of the ablation catheter and a ground electrode attached to the back of a patient to generate Joule heating. The heat generated at the electrode necrotizes the heart tissue that causes arrhythmia, thereby treating arrhythmia. If the temperature of the heart tissue and the electrode increases to become more than 80 °C while performing radiofrequency catheter ablation, the blood flowing inside the heart attaches with the electrode to generate a thrombus. Therefore, increasing the heart tissue impedance can cause steam pops at the electrode [1,2,3]. An electrode equipped with holes has been developed for saline injection to prevent this phenomenon [4,5,6,7,8,9]. The phenomenon in which an electrode catheter inside the heart injects saline involves mixing blood and saline. Thus, changes in the material property of electrical conductivity must be considered. Because the electrical conductivity of saline is higher than blood flow, it affects the impedance of the electrode. In addition, the saline temperature is lower than body temperature, which affects the generation of the thermal lesion in the heart tissue due to convective heat transfer when injected from the electrode. Some studies have investigated the numerical analysis of radiofrequency catheter ablation used to predict the thermal lesion of tissues [3,10,11,12,13,14,15,16,17,18,19]. However, previous studies have a limitation that blood flow or the change of electrical conductivity of saline was not considered. Some studies have ignored the area on the blood inside the heart and replaced it with the heat flux boundary condition using convective heat transfer coefficient, whereas some studies that considered the area on the blood inside the heart replaced it with the same to perform the analysis [3,11,14,15,16]. Furthermore, the saline injection flow should be considered because the flow that changes due to saline injection affects the convective heat transfer of the electrode, blood, and heart tissue. However, some studies have been ignored or the boundary condition replaced with a specific temperature at the electrode to perform numerical analysis [11,17]. Although some studies have analyzed the numerical model by considering the flow of saline injection of the electrode, they simplified the phenomenon by transforming the injection of saline through the injection holes of the electrode into the injection of saline on the electrode surface. In addition, the flow of saline injection and blood was set as a single phase, which did not reflect the material property of saline. Further, the heat transfer phenomenon based on saline injection inside the electrode that can be used to determine the temperature of the electrode was not accurately considered [10,13,18]. Although the heart model deforms when the catheter electrode contacts the heart tissue, only some studies have presented this phenomenon [17,18]. Therefore, this study aimed to review the thermal lesion in a heart tissue deformed due to contact with the electrode catheter, by expressing the material property of the mixed saline–blood area with a proportional expression of the concentration. The analysis areas were classified into three areas. In the first area, the deformation of heart tissue was investigated by indentation of heart tissue due to contact with electrode catheter. Thus, the advection-diffusion equation was implemented to analyze the mixing saline and blood when saline was injected into blood through the electrode. Finally, the previously estimated concentration was used to calculate the material property in the fluid area in which saline and blood were catheter analyzed by varying the contact force with the catheter diameter.




2. Materials and Methods


2.1. Model Geometry


Figure 1a presents the model that we were to solve, consisting of saline, blood, and catheter electrode in the heart. The width, length, and height of the heart tissue and blood in the heart were 50, 50, and 20 mm, respectively, and the diameters of the catheter were 7, 7.5, and 8 Fr [5,10,16]. The diameter of the electrode’s hole for saline injection was 0.4064 mm (0.16 in). The electrode holes were modeled that there were six holes on the electrode in an equiangular position. Figure 2a is a model of deformation of cardiac tissue by electrode catheters, and Figure 2b shows a mixture model of blood and saline. The model was configured to exhibit two-dimensional axial symmetry concerning the electrode part and the heart tissue. The mixing problem was defined by constructing saline and blood flow through the electrode, reflecting the deformation of heart tissue caused by the contact with the electrode. Figure 1b shows a schematic diagram of the numeric model. The deformation of heart tissue is first solved. If the mixing between saline and blood is considered, mixing between blood and saline is calculated, and then analyzed the heat transfer problem of heart tissue. Otherwise, it is solved as heat transfer of the heart tissue immediately. The analysis was conducted on three catheter diameters (7, 7.5, and 8 Fr) and two types of contact forces (10 and 20 g).




2.2. Governing Equation


2.2.1. Deformation of Heart Tissue


In the problem of heart tissue deformation by the contact force of the catheter electrode, the catheter electrode was assumed as an isotropic, linear elastic model. Further, a constitutive equation was applied to Hooke’s law, as shown in Equation (1).


  τ = E ε  



(1)




where  τ  is the stress (N/m2),  ε  is the strain, and E is Young’s modulus (Pa). In this model Young’s modulus (E) of electrode is 168 GPa, Poisson’s ratio ( ν ) is 0.38, and density ( ρ ) is 21,800 kg/m3 [20]. Because the heart tissue is deformed and shows nonlinear behavior when the external force is applied, this study aimed to introduce a hyperelastic model using the strain energy density function. The strain energy density function ( W ) based on the indentation of the heart tissue was assumed to be isotropic, incompressible, and defined in an exponential type as shown in Equations (2) and (3) [20,21].


  W =  d 1  (   e   d 2     I 1  − 3     − 1  )  



(2)






   I 1  = ∑  C  i i    



(3)




where    I 1    is the first invariant,  C  is the Cauchy–Green deformation tensor, and 1.872 kPa and 1.2081 were the values of the model parameters of    d 1    and    d 2   , respectively.




2.2.2. Mixing Between Blood and Saline


The two fluids mix when saline is injected from the electrode catheter. To reduce the computational cost, the concentration was used to model the mixing phenomenon between the two fluids [22]. Thus, the concentration and velocity field, including blood inside the heart and saline injection, should be coupled. The governing equation for the blood inside the heart and the saline injection flow was the incompressible Navier–Stokes equation, which can be described using Equations (4) and (5). By calculating Reynolds number by substituting the length of the heart tissue, speed, viscosity, and density of blood as Re =       ρ  b l o o d    u  b l o o d   f l o w    D  t i s s u e      μ  b l o o d     = 2381  , it was considered to be a laminar flow regime.


  ρ u · ∇   u = − ∇ P + μ  ∇ 2  u  



(4)






  ρ ∇ · u = 0  



(5)




where   ρ   is the density (km/m3),    u   is the velocity (m/s),  P  is the pressure (Pa), and  μ  is the viscosity (Pa∙s).



The governing equation for concentration is the advection–diffusion equation, which can be described using Equation (6).


  ∇ ·    D c  ∇   c   − u · ∇   c = 0  



(6)




where  c  is the concentration (mol/m3), and    D c    is the coefficient of diffusion (m2/s), i.e.,    D c  = 1.5 ×   10   − 9     m2/s [23]. Based on the calculated concentration, the mixed-domain material property should be defined using a proportional equation for blood, saline as shown in Equation (7) [22,23]. The mixed-domain material property (   A  m i x    ) was defined as viscosity ( μ ), thermal conductivity ( k ), and electrical conductivity ( σ ).


   A  m i x   =  A  b l o o d   ×   1 − c   +  A  s a l i n e   × c  



(7)








2.2.3. Heat Transfer of the Heart Tissue


As explained previously, the electric field, velocity field, and temperature must be solved simultaneously to solve the flow that includes blood inside the heart and saline injection as well as heat transfer that includes voltage applied to the electrode (reflecting the deformation of heart tissue caused by the contact force and mixed portion of blood and saline). At this point, the electric field, velocity field, and heat problems should be coupled with each other. The governing equation for the heat transfer problem is Pennes bioheat equation, as shown in Equation (8) [24].


  ρ  c P    ∂ T   ∂ t   = ∇ ·   k ∇   T   + q −  Q p  +  Q m  − ρ c u · ∇   T  



(8)




where  ρ  is the density (kg/m3),    c P    is the specific heat (J/K/kg), k is the thermal conductivity (W/m/K), T is the temperature (K),  q  is the heat source caused by radiofrequency current (W/m3),    Q p    is the heat loss caused by blood perfusion (W/m3),    Q m    is the metabolic heat (W/m3), and  u  is the velocity field (m/s). In this study, heat loss because of blood perfusion (   Q p   ) and metabolic heat (   Q m   ) were not considered because of their minimal effects [25,26].



The radiofrequency current is applied at an approximate frequency of 500 kHz, the Joule heating caused by the current of displacement and conduction should be considered. However, only resistive heat generated by the conduction current can be considered because the displacement current is lower than the conduction current in a biological medium and the size (below 1 m) of the domain to be analyzed in this numerical model [27,28]. Thus, a quasi-static approach could be applied to the electric field problem, and it can be described as Equations (9) and (10).


  ∇ ·   σ E   = 0  



(9)






  E = − ∇   ∅  



(10)




where σ is the electrical conductivity (S/m), E is the electric field (V/m), and ∅ is calculated by introducing electric potential (V). The heat source ( q ) caused by the radiofrequency current in the energy equation is shown in Equation (11).


  q =  1 2  σ    E   2   



(11)







The governing equation for blood inside the heart and saline injection flow is the incompressible Navier–Stokes equation, which can be described as Equations (12) and (13).


  ρ   ∂ u   ∂ t   + ρ u · ∇   u = − ∇ P + μ  ∇ 2  u  



(12)






  ρ ∇ · u = 0  



(13)




where  ρ  is the density (km/m3),  u  is the velocity (m/s),  P  is the pressure (Pa), and  μ  is the viscosity (Pa∙s).





2.3. Material Property and Boundary Conditions


The material properties related to electricity, heat, and flow of the model component are presented in Table 1 [10,16,19]. The electrical and thermal conductivities of the heart tissue were defined as Equations (14) and (15), respectively, as functions of temperature.


   σ o   e  0.015   T − 310.15      



(14)






   k o  + 0.012   T − 310.15    



(15)







The viscosity and density of blood are 0.0021 Pa∙s and 1000 kg/m3, respectively [10,16,19], whereas those of saline are 0.001 Pa∙s and 1000 kg/m3, respectively, based on the material property of water. The electrical conductivity of saline based on temperature is shown in Equations (16) and (17) [29]. The normality (N) was set to 0.15397, and Figure 3 is electrical conductivity of saline as a function of temperature, calculated by Equations (16) and (17).


      σ  s a l i n e     T , N   =   σ   25 , N   [  1 − 1.962 ×   10   − 2     298.15 − T   + 8.08       ×   10   − 5       298.15 − T    2       − N   298.15 − T   { 3.020 ×   10   − 5   + 3.922 ×   10   − 5   298.15 − T           + N (   1.921   − 5   − 6.584 ×   10   − 6     298.15 − T    } ]     



(16)






   σ  s a l i n e     25 , N   = N ( 10.394 − 2.3776 N + 0.628258  N 2  − 0.13538  N 3  + 1.0086 ×   10   − 2    N 4  )  



(17)







The boundary conditions of the heart tissue deformation model are shown in Figure 4a. The contact condition of heart tissue and electrode catheter was applied, and the equivalent Young’s modulus was set as    E  equ   = 6  d 1   d 2    [21]. Weights (contact force) of 10 and 20 g were applied to the electrode catheter in the −z direction. The displacement of the electrode catheter in the r direction was set as    v r  = 0   m. A fixed constraint condition was applied to the bottom part of the heart tissue.



The boundary conditions related to the flow and concentration of the mixed model for saline and blood are shown in Figure 4b. The model was conducted by setting the velocity in blood area as 0.1 m/s, concentration as 0 mol/m3, flow during saline injection as 13 mL/min, and concentration as 1 mol/m3. Using the calculated concentration, the viscosity, thermal conductivity, and electrical conductivity in the mixed area were calculated, as shown in Equation (7).



The boundary conditions related to electricity, heat, and flow of the heat transfer model are shown in Figure 5. In the flow problem, the blood flow inside the heart was set as 0.1 m/s in the y direction [4,8,10]. The opposite boundary surface is the exit boundary surface, which is set as atmospheric pressure. In addition, the boundary surface of the upper area in z direction was set as an open boundary condition (    p  I     n  = 0   N/m2) because the velocity of the upper area boundary surface was set as the no-slip condition (0 m/s) in some studies [10,19], which would be determined to affect the blood inside the heart owing to the wall effect. The flow rate of saline injection was set at 13 ml/min [4]. In the model of heat transfer, the temperature at each outer boundary surface was uniformly set as 37 °C. The initial temperature for all the components was set as 37 °C, except for saline (20 °C). By referring to the impedance values related to the human body, electrode, and blood during radiofrequency catheter ablation when considering a lumped parameter model, the power of the electrode was set as    Z a  = 75    Ω   ,    Z  body   = 35    Ω   ,    Z  t i s s u e   = 200    Ω    [30,31]. Further, the power of the electrode was applied at 9.375 W.



The three models were analyzed by using COMSOL Multiphysics 5.5 (COMSOL Inc.) software. The models of heart tissue deformation and the mixing of saline and blood were analyzed under a steady-state, and the model of heat transfer with respect to the heart tissue was analyzed over time and was set as 60 s. The maximum time step was set as 0.2 s.





3. Results


The displacement distribution of heart tissue when it comes into contact with the catheter electrode based on contact force is shown in Figure 6, and the displacement of the catheter electrode based on contact with the catheter diameter is shown in Table 2. When the same contact force was applied, the maximum displacement decreased with the increasing catheter diameter. As the catheter diameter increased by 0.5 Fr and when considering contact forces of 10 and 20 g, the maximum displacement decreased by 3.3 and 2.3%, respectively.



Based on the deformation of heart tissue caused by contact with the catheter electrode, the distribution of the concentration and streamline in the model that considers mixing between saline and blood are presented in Figure 7a. Based on Equation (7) and the concentration, the electrical conductivity of the model mixed between saline and blood areas are presented in Figure 7b. The result indicated that the area surrounding the heart tissue that contact with the catheter electrode was affected by the injection of saline. To observe the difference of mixing between saline and blood, the distribution of electrical conductivity and the electric field with contour (black line) of 10 V/mm are shown in Figure 8 in the xz plane with a catheter diameter of 7.5 Fr and contact force of 10 g. For the model considering mixing between saline and blood, the electrical conductivity of saline calculated in Equation (7) was higher than those for which mixing was not considered in the surrounding electrode and in the interfaces of heart tissue and blood. Therefore, it could be indicated that the magnitude of the electric field and the size of contour with 10 V/mm in the model which consider mixing were smaller than the model which did not consider mixing.



This study aimed to identify the thermal lesion as it changed irreversibly when the temperature of the heart tissue is more than 50 °C, with a 50 °C isotherm [3,10,15,16]. Moreover, the dimensions of the thermal lesion were defined as depth (D), maximum width (MW), and depth at maximum width (DW). The dimensions of the thermal lesion and the maximum temperature in the heart tissue are presented in Table 3 with time (30 and 60 s), contact force (10 and 20 g), and whether mixing between saline and blood. The dimensions of the thermal lesion and maximum temperature decreased with the increasing catheter diameter, regardless of mixing between saline and blood. Figure 9 and Figure 10 indicated the temperature distribution and 50 °C contours of the yz plane in numerical model with time (30 and 60 s) and whether mixing between saline and blood. In the model that considered mixing between saline and blood, the thermal lesion was asymmetrical with respect to the z axis, and when depth at maximum width (DW) was measured, it was determined the higher dimension of the two values on the z axis. By comparing with an experiment result [4], depth (D) of heart tissue based on the catheter diameter of 7.5 Fr was 5.9 and 7.2 mm when considering times of 30 and 60 s, respectively (having errors of 10 and 4 % compared to the numerical model results). Similarly, maximum width (MW) was 11.2 and 13.5 mm when considering 30 and 60 s, respectively (having errors of 10 and 23% compared to the numerical model results).




4. Discussion


In the model of deformation of heart tissue, when the contact forces were 10 and 20 g, the saline injection hole (the gray line in Figure 6) was not blocked with the heart tissue, resulting in the smooth injection of saline. However, the holes of saline injection were blocked by the deformed heart tissue when the contact forces were 30 and 40 g. Therefore, only the cases in which the contact forces were 10 and 20 g were considered for problems of mixing between saline and blood and heat transfer of heart tissue.



As the contact force increased, the contact area between the catheter electrode and heart tissue increased, resulting in the increased power dissipation [17,18]. Therefore, it could be observed that the dimensions of the thermal lesion with a contact force of 20 g were increased by more than 10% compared to the contact force of 10 g. Furthermore, in the case of catheter diameter of 7.5 Fr and contact force of 10 g, the maximum temperature of the model considering mixing between saline and blood decreased by more than 10 % compared to the model without mixing, and the dimensions of the thermal lesion decreased by at least 1% and up to 14% at maximum. This could be attributed to the convective heat transfer of the heart tissue owing to saline injection with a temperature of 20 °C and the fact that the electrical conductivity of saline was higher than that of blood, resulting in the decreasing electric field and Joule heating.



The numerical model result indicated that the error at depth (D) was less than 10% and that the error at maximum width (MW) was less than 23% compared with the experimental result in the case of catheter diameter of 7.5 Fr and contact force of 10 g. This is because the catheter electrode and heart tissue are perpendicular to each other in the numerical model and the heart tissue is not perfectly horizontal in the actual experiment (therefore, the deformation of the heart tissue during saline injection could not be considered).




5. Conclusions


In this study, the numerical model was investigated that considering the deformation of the heart tissue and saline injection in radiofrequency catheter ablation affect the thermal lesion and maximum temperature of the heart tissue. As the contact force increased, it was indicated that the size of the thermal lesion increased. In addition, it was observed that saline injection affected the maximum temperature and the thermal lesion of the heart tissue. Although this study only considered the case in which the catheter electrode is perpendicular to the heart tissue, the thermal lesion must be observed by changing the angle of the catheter electrode in future work.
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Figure 1. Definition of the model in the heat transfer of the heart tissue (a) and schematic diagram of the numerical model (b). 
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Figure 2. Definition of the deformation model of heart tissue (a) and the mixing model between saline and blood flow (b). 
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Figure 3. The electrical conductivity of saline as a function of temperature. 
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Figure 4. Boundary conditions of the deformation model of heart tissue (a) and the mixing model between saline and blood flow (b). 
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Figure 5. Boundary conditions of the heat transfer model of the heart tissue. 
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Figure 6. Displacement distribution with catheter diameter of 7.5 Fr. (a) contact force = 10 g, (b) contact force = 20 g, (c) contact force = 30 g, (d) contact force = 40 g. 
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Figure 7. Concentration distribution and streamline in the model that considers mixing between saline and blood (a) and distribution of electrical conductivity calculated using Equation (7) (b). 
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Figure 8. The distribution of electrical conductivity (a,b) and the electric field (c,d) with contour (black line) of 10 V/mm in the xz plane with catheter diameter of 7.5 Fr and contact force of 10g. (a,c) model mixed saline, (b,d) model unmixed. 
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Figure 9. Temperature distribution with contour 50 °C of the heart tissue with the catheter diameter of 7.5 Fr and contact force of 10 g. (a,b) time: 30 s, (c,d) time: 60 s, (a,c) model mixed saline, (b,d) model unmixed. 
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Figure 10. Temperature distribution with contour 50 °C of the heart tissue with the catheter diameter of 7.5 Fr and contact force of 20 g. (a,b) time: 30 s, (c,d) time: 60 s, (a,c) model mixed saline, (b,d) model unmixed. 






Figure 10. Temperature distribution with contour 50 °C of the heart tissue with the catheter diameter of 7.5 Fr and contact force of 20 g. (a,b) time: 30 s, (c,d) time: 60 s, (a,c) model mixed saline, (b,d) model unmixed.



[image: Electronics 10 01674 g010]







[image: Table] 





Table 1. Material properties of the model elements.
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Properties of the Model Elements






	
Model element

	
σ [S/m]

	
k [W/m/K]

	
cp [J/kg/K]

	
ρ [kg/m3]




	
Electrode

	
4.6 × 106

	
71

	
132

	
21500




	
Heart tissue

	
σ0: 0.54

	
k0: 0.531

	
3111

	
1060




	
PU (catheter)

	
N/A

	
0.026

	
1045

	
70




	
Blood

	
0.667

	
0.54

	
4180

	
1000




	
Saline

	
    σ  s a l i n e     

	
0.59

	
4186

	
1000
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Table 2. Displacement of the catheter electrode.
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Displacement of Catheter (mm)




	
Diameter of

Catheter (Fr)

	
Contact Force = 10 g

	
Contact Force = 20 g






	
7

	
1.9402

	
3.0352




	
7.5

	
1.8762

	
2.9634




	
8

	
1.8145

	
2.8932
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Table 3. Thermal lesions and the maximum temperature of heat tissue based on the catheter diameter, contact force, time, and status of mixing between saline and blood.






Table 3. Thermal lesions and the maximum temperature of heat tissue based on the catheter diameter, contact force, time, and status of mixing between saline and blood.





	

	
Time, CF

	
Model Mixed Saline

	
Model Unmixed




	
7 Fr

	
7.5 Fr

	
8 Fr

	
7 Fr

	
7.5 Fr

	
8 Fr






	
D (Depth, mm)

	
30 s, 10 g

	
5.36

	
5.29

	
5.27

	
5.93

	
5.84

	
5.77




	
60 s, 10 g

	
6.99

	
6.91

	
6.84

	
7.63

	
7.50

	
7.47




	
30 s, 20 g

	
6.34

	
6.16

	
6.09

	
6.76

	
6.63

	
6.55




	
60 s, 20 g

	
8.06

	
7.96

	
7.80

	
8.56

	
8.45

	
8.36




	
MW

(Maximum width, mm)

	
30 s, 10 g

	
8.29

	
8.20

	
8.15

	
9.05

	
8.98

	
8.97




	
60 s, 10 g

	
10.09

	
10.07

	
10.04

	
10.95

	
10.86

	
10.78




	
30 s, 20 g

	
9.31

	
9.27

	
9.22

	
9.99

	
9.94

	
9.92




	
60 s, 20 g

	
11.33

	
11.25

	
11.17

	
12.11

	
12.06

	
12.00




	
DW

(Depth at maximum width, mm)

	
30 s, 10 g

	
2.23

	
2.13

	
2.05

	
2.32

	
2.28

	
2.23




	
60 s, 10 g

	
3.03

	
2.85

	
2.78

	
3.21

	
3.11

	
3.09




	
30 s, 20 g

	
2.72

	
2.57

	
2.54

	
2.74

	
2.69

	
2.63




	
60 s, 20 g

	
3.47

	
3.32

	
3.26

	
3.53

	
3.48

	
3.37




	
Maximum temperature

(°C)

	
30 s, 10 g

	
78.31

	
76.07

	
75.67

	
90.63

	
86.75

	
83.36




	
60 s, 10 g

	
84.72

	
82.47

	
82.11

	
98.35

	
94.18

	
91.06




	
30 s, 20 g

	
82.63

	
79.72

	
76.80

	
91.78

	
88.18

	
84.80




	
60 s, 20 g

	
90.20

	
87.13

	
83.83

	
99.90

	
96.62

	
93.10
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