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Abstract. In this paper, a parametric study has been conducted to evaluate the 

effects of frequency and duration of the short burst pulses during pulsed radiof-

requency ablation (RFA) in treating chronic pain. Affecting the brain and nerv-

ous system, this disease remains one of the major challenges in neuroscience 

and clinical practice. A two-dimensional axisymmetric RFA model has been 

developed in which a single needle radiofrequency electrode has been inserted. 

A finite-element-based coupled thermo-electric analysis has been carried out 

utilizing the simplified Maxwell’s equations and the Pennes bioheat transfer 

equation to compute the electric field and temperature distributions within the 

computational domain. Comparative studies have been carried out between the 

continuous and pulsed RFA to highlight the significance of pulsed RFA in 

chronic pain treatment. The frequencies and durations of short burst RF pulses 

have been varied from 1 Hz to 10 Hz and from 10 ms to 50 ms, respectively. 

Such values are most commonly applied in clinical practices for mitigation of 

chronic pain. By reporting such critical input characteristics as temperature dis-

tributions for different frequencies and durations of the RF pulses, this compu-

tational study aims at providing the first-hand accurate quantitative information 

to the clinicians on possible consequences in those cases where these character-

istics are varied during the pulsed RFA procedure. The results demonstrate that 

the efficacy of pulsed RFA is significantly dependent on the duration and fre-

quency of the RF pulses. 

Keywords: Chronic Pain, Pulsed Radiofrequency Ablation, Brain and Nervous 

System, Finite Element Analysis, Pennes Bioheat Transfer. 

1 Introduction 

Radiofrequency ablation (RFA) of painful nerves has been gaining increasing popu-

larity among pain management therapists for reducing certain kinds of chronic pain, 

which represent complex diseases ultimately involving the brain and nervous system. 

Among them are low back pain, hip pain, knee pain and migraine, to name just a few 

[1-4]. The complexity of linkages that produces pathophysiology in these diseases 

would ideally require multiscale modelling [5]. RFA is a minimally invasive treat-
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ment modality whereby electromagnetic energy in the frequency range of 300-500 

kHz is applied to make discrete therapeutic lesions. The lesion formed interrupts the 

conduction of nociceptive signals and blocks the pain transmission from reaching the 

central nervous system. Apart from RFA, several other non-surgical ablative modali-

ties have been used for the treatment of painful nerves, viz., cryoablation and chemi-

cal neurolysis [6]. However, RFA stands out to be the most effective and widely ap-

plied modality for alleviating chronic pain, as compared to its counterparts. Im-

portantly, RFA is not a curative procedure and does not treat the root cause of pain, 

but it anesthetizes the source of patient’s pain that usually lasts for about 12 months 

[7].  

The RFA system for nerve ablation usually comprises of three main components: 

(a) radiofrequency (RF) generator for generation of high frequency (~500,000 Hz) 

alternating currents, (b) a fully insulated 20-22 gauge electrode needle with 5-10 mm 

exposed tip, and (c) dispersive ground plate having large surface area. During the 

RFA procedure, a high-frequency alternating current is delivered from the generator 

to the RF electrode and flows from the uninsulated electrode tip through the biologi-

cal tissue to the dispersive ground electrode. The interaction of high-frequency alter-

nating current with the biological tissue initiates the rapid oscillations of charged 

molecules (mainly proteins) that generates heat. The rate of this ionic heating will be 

higher around the uninsulated active tip of the electrode, where the current density is 

largest [7-8]. The lethal temperature during the application of RFA for treating target 

nerve in mitigating chronic pain is considered to be at or above 45-50 oC. Moreover, it 

is highly undesirable, if the temperature within the biological tissue goes beyond 100 
oC during the RFA procedure, as it would result in tissue boiling, vaporization and 

charring. Indeed, it is known that the charring results in an abrupt rise in the electrical 

impedance of the tissue surrounding the active tip of the electrode, limiting any fur-

ther conduction of the thermal energy and acting as a barrier, restricting the energy 

deposition and reducing the size of ablation volume [9-10]. 

The power delivery during the RFA application can be done using either continu-

ous or pulsed modes. In the conventional continuous power delivery mode, a high-

frequency alternating current is delivered from the RF generator to the electrode 

placed close to the target nerve to heat the neural tissue (80-90 oC). This causes pro-

tein denaturation and destruction of the axons and stops the transmission of nocicep-

tive signals from the periphery [8]. However, in the pulsed RFA, brief ‘pulses’ of RF 

signals are applied from the RF generator to the neural tissue followed by silent phas-

es that allow time for heat dissemination. Also, the pulsed RFA can produce far 

stronger electrical fields as compared to the continuous RFA. Initially, the pulsed 

RFA was thought to be a completely non-destructive procedure for mitigating chronic 

pain, but recent research in the field suggests that there are both thermal and non-

thermal effects of the pulsed RFA procedure [7]. What currently known is that, during 

the pulsed RFA, clinical effects are not only caused by the high-frequency alternating 

electrical current leading to heat-generated lesion, but also by the intense electric 

fields causing a change in the cellular behavior [11]. Importantly, the pulsed RFA 

procedure is less destructive as compared to the conventional continuous RFA, as 

there have been no reports of neurological side effects [7].  
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Several feasibility studies have been reported utilizing the application of the pulsed 

RFA in treating some of chronic pain conditions [12-18]. Although several available 

clinical studies on pulsed RFA techniques portray their effectiveness, especially 

among patients who suffer from radicular pain and peripheral neuropathies, the exact 

explanation of the mechanisms of action during the pulsed RFA still remains elusive 

[7]. Thus, further research is needed to determine the clinical effectiveness of pulsed 

RFA among different chronic conditions for long term pain relief. In view of the 

above, the present computational study aims to evaluate the efficacy of the pulsed 

RFA, focusing on the key input characteristics such as frequencies and durations of 

the RF pulses. While at the final stage, the efficacy of any therapeutic modality needs 

to be evaluated and justified by clinical studies, the systematic computational analysis 

could play a crucial role by serving as a quick, convenient and inexpensive tool for 

studying the thermo-electric performance of the treatment modality under the influ-

ence of varying input parameters.  

The challenges associated with modelling the heterogeneous surrounding associat-

ed with the target nerve that includes, bones, muscle and other critical structures have 

precluded the development of comprehensive mathematical models in this field, 

where the brain and nervous system becomes an important part for consideration in 

multiscale approaches [5]. Moreover, accurately addressing the significant variations 

among the thermo-electric properties of these tissues in the numerical model of RFA 

could become problematic, especially, if the non-linear variations of these properties 

are to be considered in the coupled analysis. Furthermore, the modelling of the pulsed 

RFA procedure could become even more challenging in those cases where we need to 

capture accurately the impact of small pulses of millisecond durations, rapidly alter-

ing in between lower and maximum applied energy levels, on the temperature distri-

bution during the numerical analysis. In addressing some of the above challenges, we 

have developed a model to analyze the pulsed RFA procedure for treating chronic 

pain within the biological tissues and evaluated the impact of durations and frequen-

cies of RF pulses delivered by the commercially available RF generators on the effi-

cacy of the pulsed RFA procedure. 

2 Materials and Methods 

This section provides details of the computational geometry, mathematical and com-

putational models, along with main materials parameters and thermo-electric charac-

teristics. 

2.1 Description of the Computational Model 

Fig. 1 shows the two-dimensional axisymmetric computational domain considered in 

the present study that comprises of the muscle tissue with a single needle RF elec-

trode. The dimensions of this domain have been chosen consistently with those avail-

able in the literature (e.g., [19]). The pulsed RFA has been performed utilizing a 22-

gauge needle electrode with the active tip length of 10 mm. The considered thermo-
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electric properties in the present study at the frequency range of 500 kHz are given in 

Table 1 [11, 19-20].  

 

Fig. 1. Two-dimensional axisymmetric pulsed RFA model considered in the present study. 

Table 1. Thermo-electric properties of different materials applied in this study [11, 19-20]. 

Material 

(Tissue/ 

Electrode) 

Electrical  

conductivity 

σ 

(S/m) 

Specific heat  

capacity 

c 

(J/kg/K) 

Thermal  

conductivity 

k 

(W/m/K) 

Density 

 

ρ 

(kg/m3) 

Tissue 0.446 3421 0.49 1090 

Insulation 10-5 1045 0.026 70 

Electrode 7.4×106 480 15 8000 

2.2 Governing Equations 

The pulsed RFA procedure represents a coupled thermo-electric problem whereby 

electromagnetic energy is applied to heat the biological tissue. Importantly, the elec-

tric field distribution within the computational domain has been computed by using 

the simplified version of the Maxwell’s equations, known as quasi-static approxima-

tion. The governing equation for the electrical problem is represented by 

   0,V    (1) 

where σ is the electrical conductivity (S/m) and V is the electric potential (V). The 

volumetric heat generated Qp (W/m3) due to the ionic agitation [10] within the biolog-

ical tissue caused by the high-frequency alternating current during the pulsed RFA 

procedure [11] is evaluated by 
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 Qp = J·E, (2) 

where the electric field intensity E (V/m) and current density J (A/m2) can be derived 

from the following Equations 3 and 4, respectively 

                                                           E ,V                                                           (3) 

 J = σ E. (4) 

Due to the complicity in microscale anatomical structures of biological tissues, a de-

tailed microscopic study of the heat transfer within such tissues is a very challenging 

task. In the context of RFA procedures, it is usually sufficient to have the information 

on the heat transport within biological tissues at a phenomenological scale much larg-

er than the microscale of cells and voids, while, much smaller than the system length 

scale [21]. The present study, also, considers a macroscale approach for modelling the 

heat transfer phenomenon within the biological tissue during the RFA procedures, 

whereby the biological tissue has been considered as a mixture of the two continuum 

deformable media, blood and tissues. We have applied a scaling of the global balance 

equations to derive our equations at the macroscopic scale [21]. Furthermore, the 

temperature distribution during the pulsed RFA procedure has been obtained using the 

Fourier-law-based Pennes bioheat transfer equation  

       .      m pb b b b

T
c k T c T T Q Q

t
  


   


  (5) 

where  (kg/m3) is the density, c (J/kg/K) is the specific heat capacity, k (W/m/K) is 

the thermal conductivity, b is the density of blood (1050 kg/m3), cb is the specific 

heat capacity of blood (3617 J/kg/K), ωb is the blood perfusion rate within the tissue 

(6.35×10-4 s-1), Qp (W/m3) is the ionic heat generated during RFA and is computed 

using Equation 2 above, Qm (W/m3) is the metabolic heat generation that has been 

neglected due to its insignificant contribution during RFA [19], Tb is the blood tem-

perature (37 ᴏC), T is the unknown tissue temperature to be computed from Equation 

5 and t (s) is the duration of the pulsed RFA procedure.  

 The novelty of the present consideration is in the evaluation of the impact of the 

commercially available RF generators pulse durations (10 to 50 ms) and pulse fre-

quencies (1 to 10 Hz) on the efficacy of the pulsed RFA procedure. The present study 

highlights the significance of the pulsing algorithm in comparison to the continuous 

RF power supply. The temperature distribution within the biological tissue along with 

the charring temperatures at the tip of the RF electrode for different cases considered 

in the present study have been reported to provide a critical information about such 

input characteristics to the clinicians during the pulsed RFA procedure. 

2.3 Initial and Boundary Conditions 

The initial temperature in the model has been set to 37 ℃, which resembles the inter-

nal temperature of the human body. The initial voltage, before the onset of the pulsed 
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RFA procedure, has been considered to be zero. A pulsed voltage (with the maximum 

applied voltage of 45 V) has been applied at the active uninsulated portion of the RF 

electrode, while 0 V electric potential has been applied on the outer boundaries of the 

computational domain, simulating the ground pads. Further, electrical and thermal 

continuity boundary conditions have been imposed at each interface of our computa-

tional domain. The ablation volume has been quantified by the isotherm temperature 

of 50 oC (i.e. the volume within the computational domain having temperature ≥ 50 
oC at the end of the pulsed RFA procedure). Fig. 2 represents the schematic of the 

pulse train applied at the active tip of the electrode during the pulsed RFA procedure. 

Importantly, the train of RF burst pulses applied during the pulsed RFA procedure, as 

reported in previous clinician studies, varies from 10 to 20 ms in duration and from 1 

to 10 Hz in repetition frequency [11, 22]. In view of the above, the present numerical 

study evaluates the effects of variation in the duration and frequencies of RF pulses 

during the pulsed RFA procedure. In what follows, we analyze two main situations: 

(a) the different values of the duration of RF pulses are set to 10 ms, 20 ms, 30 ms, 40 

ms and 50 ms, respectively, at the pulse frequency of 2 Hz; (b) the different values of 

the frequency of RF pulses are set to 1 Hz, 2 Hz, 6 Hz and 10 Hz, respectively, with 

the pulse duration of 20 ms. Such a consideration has been motivated by [23].  

2.4 Numerical Setup and Computational Details 

The computational model of the pulsed RFA procedure (shown in Fig. 1) has been 

solved numerically after imposing the necessary initial and boundary conditions men-

tioned earlier. The spatial and temporal temperature distributions during the RFA 

procedures have been obtained by solving the Pennes bioheat transfer equation (Equa-

tion 5). A finite-element method (FEM) based commercial COMSOL Multiphysics 

[24] software has been utilized to solve the coupled thermo-electric problem of the 

pulsed RFA procedure. The computational domain has been discretized using a heter-

ogeneous triangular mesh elements using COMSOL’s built-in mesh generator with a 

finer mesh size at the electrode-tissue interface, where the highest thermal and electri-

cal gradients are expected. A convergence analysis has been carried out in order to 

determine the optimum mesh element size that will lead to mesh-independent solution 

and reduce the computational cost. The electric field of the coupled thermo-electric 

problem has been found by using “multifrontal massively parallel sparse direct solv-

er” (MUMPS) with default pre-ordering algorithm. The iterative conjugate gradient 

method with geometric multi-grid pre-smoothers has been used to determine the tem-

perature field. The relative tolerance has been set to 10-5 and the numerical conver-

gence has been attained below this pre-specified value for all simulations. The implic-

it time-stepping method backward differentiation formulas (BDF) has been used to 

solve the time-dependent problem and care has been taken to store the data at each 

steps by assigning strict steps to the solvers. The convergence of the coupled thermo-

electric FEM problem is further improved by using segregated algorithms that splits 

the solution process into sub-steps. Importantly, the coupling is achieved by iterating 

the entire process after the application of segregated algorithms to resolving physical 

fields in a sequential manner (e.g., thermal and electrical). The great advantage of 

ICCS Camera Ready Version 2019
To cite this paper please use the final published version:

DOI: 10.1007/978-3-030-22747-0_33

https://dx.doi.org/10.1007/978-3-030-22747-0_33


7 

chosen approach is that an optimal iterative solver can be used in each sub-step, thus 

solving a smaller problem in a computationally efficient way. Although this approach 

generally does require more iterations until convergence, each iteration takes signifi-

cantly less time compared to one iteration of the fully coupled approach, thus reduc-

ing the total solution time and memory usage. All simulations have been conducted 

on a Dell T7400 workstation with Quad-core 2.0 GHz Intel® Xeon® processors. The 

mean computation time for each simulation was 3 h.  

 

Fig. 2. Schematic view of the pulse train applied to the the pulsed RFA model in this study.  

3 Results and Discussion 

Our main focus is on the effects of the duration and the frequency of the RF pulses 

and the influence of these effects on the efficacy of the pulsed RFA procedure. As 

mentioned earlier, a parametric study has been conducted with the applied voltage of 

45 V for two different scenarios, (a) with a fixed pulse frequency of 2 Hz and differ-

ent durations, viz., 10 ms, 20 ms, 30 ms, 40 ms and 50 ms, respectively, and (b) with 

a fixed pulse duration of 20 ms and different frequencies, viz., 1 Hz, 2 Hz, 6 Hz and 

10 Hz, respectively. Importantly, the combination of 2 Hz frequency and 20 ms RF 

pulse duration is widely used in clinical practices with the applied voltage of 45 V 

during the pulsed RFA procedure [14, 19]. In what follows, we will explore different 

aspects of altering the critical input parameters, viz., duration and frequency of the RF 

pulses, during the pulsed RFA procedure and compare the results with the standard 

protocol (45 V–20 ms–2 Hz).  

Firstly, a comparison study has been conducted between the continuous RFA and 

pulsed RFA (20 ms–2 Hz) to evaluate the temperature distribution with the applied 

voltage of 45 V. Fig. 3 depicts the temperature distribution as a function of time at the 

tip of the RF electrode within few seconds after the initiation of RFA application for 

these two cases. To our surprise, with the applied voltage of 45 V the charring tem-

perature of 100 oC has been reached at the active tip of the RF electrode within less 

than 1 s during continuous RFA, as shown in Fig. 3(a). The temperature distribution 

within the first 2.5 s of pulsed RFA (45 V–20 ms–2 Hz) procedure has been depicted 

in Fig. 3(b). As evident from Fig. 3(b), the pulsed RFA protocol results in the for-

mation of alternating temperature spikes that are located between the lower and high-

er values pertaining to the duration and frequency of the applied pulse train, restrict-
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ing or delaying the occurrence of charring. As mentioned earlier, the charring is high-

ly undesirable phenomena during the RFA procedure that results in dramatic increase 

of the impedance and prevents the RF power generator from delivering further energy 

within the biological tissue [9, 25-26]. Different strategies are developed and adopted 

in clinical practices to either mitigate or delay the occurrence of charring during the 

RFA procedure by either modifying the RF delivery protocol or the RF electrode [10]. 

However, during the pulsed RFA procedure (45 V–20 ms–2 Hz), some dissipation of 

even such high energy is allowed within the biological tissue without the occurrence 

of charring. This is due to the fact that during the pulsed RFA procedure, periods of 

high-energy deposition (45 V) are rapidly alternating with the periods of low-energy 

deposition (0 V). It allows tissue cooling adjacent to the RF electrode during the peri-

ods of minimal energy deposition and subsequently leads to a greater energy deposi-

tion which, in its turn, results in deeper heat penetration and greater tissue coagula-

tion. The differences between the temperature distributions within the biological tis-

sue obtained after 1 s of continuous and pulsed RFA procedures have been presented 

in Fig. 4. Further, Fig. 5 depicts the propagation of damage volume corresponding to 

the 50 oC isotherm at different time steps using the standard pulsed RFA procedure. 

 
Fig. 3. Temperature distribution monitored at the tip of the RF electrode for: (a) continous RFA 

and (b) pulsed RFA procedures.  

 
Fig. 4. (Color online) Temperature distribution within the biological tissue after 1 s of the RFA 

procedure: (a) for the continous mode and (b) for the pulsed mode.  
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Fig. 5. (Color online). Propagation of damage volume at different time steps during the pulsed 

RFA procedure.  

 

Fig. 6 presents the temperature distribution obtained after 60 s of standard pulsed 

RFA (45 V–20 ms–2 Hz) procedure as a function of distance measured along a line 

perpendicular to the electrode tip. As evident from Fig. 6, the charring has not oc-

curred even after 90 s of pulsed RFA application, even in the case when the voltage of 

45 V has been applied. At the same time, the charring has been noticed within less 

than 1 s of continuous RFA application. Thus, the pulsed RFA protocol results in 

efficient dissipation of the applied RF energy as compared to the continuous RF pro-

tocols, thereby enabling the generation of a large size ablation volume.  

 

 
Fig. 6. (Color online). Temperature distribution as a function of distance monitored along the 

line perpendicular to the tip of the RF electrode during the standard pulsed RFA procedure.  
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The effects of different RF pulse durations (viz., 10 ms, 20 ms, 30 ms, 40 ms and 50 

ms) on the average value of temperature monitored at the active tip of RF electrode as 

a function of time during the pulsed RFA procedure for treating chronic pain has been 

presented in Fig. 7. As evident from Fig. 7, there prevails a significant variation in the 

temperature profile among different cases considered in the present study. The target 

tip temperature increases with increasing the RF pulse duration and vice-versa. 

Furthermore, the increase in RF pulse duration beyond 20 ms makes it more 

susceptive to the occurence of charring within the biological tissue. Fig. 8 presents the 

temperature distribution obtained after 60 s of the pulsed RFA procedure, along the 

line perpendicular to the tip of the RF electrode for fixed pulse frequency of 2 Hz, but 

different values of the pulse durations, viz., 10 ms, 20 ms, 30 ms, 40 ms and 50 ms, 

respectively. It can be seen from Fig. 8 that up to 20 ms durations of RF pulses no 

charring has occured after 60 s of the pulsed RFA procedure. Fig. 9 depicts the 

temperature distribution after 60 s of the pulsed RFA procedure with different 

durations of the RF pulses considered in this study. As evident from Fig. 9, a small 

region of tissue has been charred with the RF pulse duration of 30 ms, and the 

charring region significantly increases for the duration of 40 ms and 50 ms, 

respectively. 

 
Fig. 7. (Color online). Average value of temperature profile as a function of time monitored at 

the active tip of the RF electrode for pulse frequency of 2 Hz and different values of pulse 

durations considered in the present study.  
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Fig. 8. (Color online). Temperature distribution as a function of distance monitored along the 

line perpendicular to the tip of the RF electrode for different values of RF pulse durations. 

 
Fig. 9. (Color online). Temperature distribution obtained after 60 s of pulsed RFA application 

for different values of RF pulse durations conisdered in the present study. 

 

Fig. 10 presents the effects of different RF pulse frequencies (viz., 1 Hz, 2 Hz, 6 Hz 

and 10 Hz) with a fixed pulse duration of 20 ms on the average value of temperature 

monitored at the active tip of RF electrode as a function of time. It can be seen from 

Fig. 10 that significant variations prevail in the temperature profile among different 

cases considered in this study. Particularly, the average value of target tip temperature 
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reaches the charring temperature within less than 5 s for the RF pulse frequencies of 6 

Hz and 10 Hz, respectively. These results demonstrate the importance of variations in 

the RF pulses, their durations and frequencies, on the temperature distribution 

obtained at active tip of the electrode and within the biological tissue. Indeed, such 

variations can lead to significant quantitative and qualitative changes in the scenarios 

of the attainment of charring within the biological tissue. Thus, a priori reasonable 

choice of these parameters need to be made during the treatment planning stage of the 

theraputic procedure, so as to minimise the risk and perform safe and reliable 

procedure. The reported results would provide the clinicians with deeper insight in the 

selection of pulses durations and frequencies during the pulsed RFA procedures for 

chronic pain relief. Importantly, the synergy between the durations and frequencies 

RF pulses would result in greater absorption of the RF energy and thereby increasing 

the ablation volume during the pulsed RFA procedure for treating chronic pain. 

 
Fig. 10. (Color online). Average value of temperature profile as a function of time monitored at 

the active tip of the RF electrode for pulse duration of 20 ms and different values of pulse 

frequencies considered in the present study.  

The next step in this study would be to consider a fully heterogeneous surrounding, 

including the target nerve and the bone, in the three-dimensional model along with the 

temperature-dependent thermo-electric properties and the temperature-controlled 

algorithms. We also plan to include the actual models of nerve damage (i.e. mitigation 

of pain signals). This would enhance the capability of our model even further, since 

the current model uses a simplified approach of defining the lesion/ablation zone with 

temperature isotherms during the modelling of the pulsed RFA procedure for treating 

chronic pain. While our current results provide the critical information on the varia-

tion of RF pulses, their durations and frequencies, the development of the model men-

tioned above will likely provide even better correlation with the clinical scenarios. 
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4 Conclusion 

In this work, a comparative computational study has been conducted to evaluate the 

temperature distribution between the continuous and pulsed RFA procedures. The 

effect of durations and frequencies of short burst RF pulses on the efficacy of the 

pulsed RFA procedure for mitigating chronic pain has been systematically evaluated. 

Major challenges in developing comprehensive multiscale mathematical models in 

this field have been highlighted. The reported results revealed that the pulsed RFA 

could result in greater dissipation of the RF energy as compared to the continuous 

RFA. This likely occurs due to certain delay in the manifestation of charring owing to 

the alternating cooling cycles of the RF pulses. Further, it has been found that the 

increase in both duration and frequency of the RF pulses during pulsed RFA proce-

dures could result in an increase of temperature distribution within the biological 

tissue and vice-versa. However, the consideration of optimized combination of dura-

tion and frequency of RF pulses would considerably reduce the chances of charring 

and/or would lead to a better RF energy distribution within the tissue along with gen-

eration of a large ablation volume during such procedures.  
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