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Abstract. The present study aims at evaluating the effects of target nerve loca-
tion from the bone tissue during continuous radiofrequency ablation (RFA) for
chronic pain relief. A generalized three-dimensional heterogeneous computa-
tional model comprising of muscle, bone and target nerve has been considered.
The continuous RFA has been performed through the monopolar needle elec-
trode placed parallel to the target nerve. Finite-element-based coupled thermo-
electric analysis has been conducted to predict the electric field and temperature
distributions as well as the lesion volume attained during continuous RFA ap-
plication. The quasi-static approximation of the Maxwell’s equations has been
used to compute the electric field distribution and the Pennes bioheat equation
has been used to model the heat transfer phenomenon during RFA of the target
nerve. The electrical and thermo-physical properties considered in the present
numerical study have been acquired from the well-characterized values availa-
ble in the literature. The protocol of the RFA procedure has been adopted from
the United States Food and Drug Administration (FDA) approved commercial
devices available in the market and reported in the previous clinical studies.
Temperature-dependent electrical conductivity along with the piecewise model
of blood perfusion have been considered to correlate with the in-vivo scenarios.
The numerical simulation results, presented in this work, reveal a strong de-
pendence of lesion volume on the target nerve location from the considered
bone. It is expected that the findings of this study would assist in providing a
priori critical information to the clinical practitioners for enhancing the success
rate of continuous RFA technique in addressing the chronic pain problems of
bones.
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1 Introduction

Chronic pain is one of the most common problems of advancing age. Although, con-
servative management (physical therapy and analgesics such as nonsteroidal anti-
inflammatory drugs) is effective in chronic pain treatments, it only confers short-term
benefits, as it is expensive, and may have significant adverse effects. The primary
goal of the physicians responsible for the management of chronic pain is to target
long-term solutions rather than short-lived interventions [1]. Nonsurgical minimally
invasive options for treating the chronic pain have also surged during the past decades
that are focused on targeting nerves transmitting pain signals. Importantly, for abla-
tion of nervous system elements during chronic pain management, there are several
main nonsurgical treatment modalities, viz., cryoablation (use of extreme cold), vari-
ous laser therapies, including recent “point-and-shoot” techniques, high temperature
radiofrequency, and chemical neurolysis, such as alcohol or phenol. Among the avail-
able nonsurgical modalities to alleviate chronic pain, radiofrequency ablation (RFA)
offers the advantage of being precise, reproducible, cheap and effective to a great
extent [1].

The application of RFA is well pronounced for treating various tumors in liver,
lung, kidney, bones, prostate, and breast [2]. However, with regard to the chronic pain
management, the first study of RFA application was reported in 1960s [3] and subse-
quently several noticeable studies have been reported for the treatment of chronic low
back pain [4], chronic hip pain [5], chronic knee pain [6], and chronic head ache [7].
Importantly, during RFA, a high frequency alternating current in the frequency range
of 500 kHz is applied in the vicinity of a nerve via an electrode, leading to neu-
rodestructive thermocoagulation, thereby degrading its ability to conduct pain signals.
The lesion produced due to the resistive heating during the RFA procedure may give
pain relief for 12-18 months or longer, with minimal side effects and associated com-
plications [8]. Further, since the largest area of thermal lesion is produced along the
axis of electrode during continuous RFA, the radiofrequency electrode is precisely
placed parallel to the target nerve so as to maximize the damage to the adjacent nerve
fibers. Several patient specific clinical studies of RFA modality in treating chronic
pain of bones have already been performed and reported in the literature, though
questions regarding anatomical targets, selection criteria, and evidence for effective-
ness, are still prevalent [9].

Numerical modeling and simulations provide a powerful tool to predict such im-
portant characteristics as the temperature distribution and lesion volume during RFA.
They give a quick, convenient and inexpensive a priori information during the treat-
ment planning stage of the modality to the medical practitioners. The present study is
one of the initial efforts, focusing on the mathematical modeling of RFA in treating
chronic pain within the bones. The main motivation and important novelty of this
study is to quantify the effect of target nerve distance from the bone on the efficacy of
the continuous RFA procedure.



2 Mathematical Modeling of the RFA Procedure

A three-dimensional simplified model comprising of muscle, bone and nerve tissue
has been considered in the present numerical study as depicted in Fig. 1. The RFA
procedures have been performed utilizing a 22-gauge needle monopolar electrode
inserted parallel to the periphery of target nerve. The active tip length of the RF elec-
trode has been considered to be 5 mm [10]. In what follows, the effect of spacing
between the target nerve and the bone tissue on the efficacy of the continuous RFA
will be quantified. Importantly, these studies have been performed for different values
of spacing between the nerve and the bone, viz., 0 mm (no spacing), 3 mm and 5 mm.
The material properties considered in the present study are given in Table 1 [11-13].
The initial voltage and initial temperature of the entire computational domain have
been considered to be 0 V and 37 °C, respectively. A constant voltage source has been
applied at the active tip length of the RF electrode. The dispersive ground electrode
has been modelled by utilizing a zero voltage electric potential on the outer bounda-
ries of the analyzed domain. At each interface of our computational domain, electrical
and thermal continuity boundary conditions have been imposed.
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Fig. 1. (Color online). Three-dimensional heterogeneous computational domain comprising of
muscle, bone, nerve and RF electrode.

Table 1. Electric and thermo-physical properties of different materials applied in this study
(500 kHz) [11-13].

Material Electrical | Specific heat | Thermal Density Blood

(Tissue/ | conductivity capacity | conductivity perfusion
Electrode) o c k p Wh
[S/m] Dikg K| [W/(mK)]| [kg/m?] [s]




Muscle 0.446 3421 0.49 1090 6.35%x10*
Bone 0.0222 1313 0.32 1908 4.67x10*
Nerve 0.111 3613 0.49 1075 3.38x10
Plastic 105 1045 0.026 70 —

Electrode 7.4x108 480 15 8000 —
Blood — 3617 — 1050 —

A simplified version of Maxwell’s equations, known as quasi-static approximation,
has been used to compute the electric field distribution within the computational do-
main. It is given by

V-(o(T)VV)=0, 1)

where o is the temperature-dependent electrical conductivity (S/m) and V is the elec-
tric potential (V), which is related to the electric field “E” (V/m) by the standard po-
tential field relationship:

E=-VV. @)

Further, the current density “J” (A/m?) can be obtained from the electrical conductivi-
ty and field as follows:

J=0cE. 3)
The volumetric heat generation rate Q, (W/m®) due to RFA is evaluated by

Qp=1JE. (4)

The heat transfer phenomenon during RFA of target nerve has been analyzed based
on the application of Pennes bioheat equation

pc%:V-(kVT)—prba)b (T —Tb)+Qm +Q,, (5)

where p is the density (kg/m?®), ¢ is the specific heat (J/(kg'K)), k is the thermal con-
ductivity (W/(m'K)), pp is the density of blood (1050 kg/m?), c, is the specific heat
capacity of blood (3617 J/(kg'K)), wy is the blood perfusion rate (1/s), Q, is the heat
source generated by RF power (W/m?) and is computed by using Equation 4 above,
Qnm is the metabolic heat generation (W/m?®) that has been neglected in present study,
see, e.g., [12] for relevant motivations, Ty, is the blood temperature (37 °C), T is the
tissue temperature computed from Equation 5 and t is the time (s).

We note that the model for the heat transfer used here allows several straightfor-
ward generalizations. Firstly, a fully coupled thermoelastic model, accounting for
possible nonlinear effects, would be a natural way to improve on the present consid-
eration of the Pennes bioheat equation. Such models, along with efficient numerical
procedures for their implementations, were developed before in the context ultrashort-
pulsed lasers (e.g., [13-15]), with an increasing range of medical applications current-
ly in place. A number of them are connected with nanosecond pulsed laser heating



techniques [16], as well as with thermoplasmonics applications in medicine [17],
where the goal is to create highly specific therapies by inactivating dysfunctional
protein molecules (the field known as molecular hyperthermia). Another avenue for
an extension of the current model is to account for the finite speed of heat propagation
through thermal relaxation models (e.g., [18-19]). Such extensions have not been
developed in the context of RFA procedures and they warrant a separate investigation.

In the present computational study, the tissue blood perfusion rate has been mod-
elled using a piecewise model [20], whereby the blood perfusion rate remains at a
constant predefined value below the tissue temperature of 50 °C and beyond that tem-
perature it ceases due to the collapse of microvasculature, and is given by

forT <50°C
0,(T)=1 " T ©
0 forT >50°C

where wp o is the constant blood perfusion rate of the different tissues given in Table 1
and T is the unknown temperature computed from Equation 5.

It is noteworthy to mention that, the lethal temperature range during RFA of nerve
ablation is considered to be at or above 45-50 °C [10]. Henceforth, in the present nu-
merical study, the ablation volume () has been quantified by the isotherm of 50 °C
(i.e. the volume within the computational domain having temperature > 50 °C for the
post-RFA procedure). It is given by [21]

V =[f[,dV (mm®) (where Q>50°C). Q)

A finite element method based on the COMSOL Multiphysics 5.2 software [22] has
been used to solve the coupled thermo-electric problem of the nerve ablation for treat-
ing chronic pain of bones. The computational domain has been discretized using a
heterogeneous tetrahedral mesh elements using COMSOL’s built-in mesh generator.
A further refinement closer to the active tip of the electrode has been applied so as to
accurately capture the electrical and thermal gradients. A convergence analysis has
been carried out with the mesh refinement study. The final mesh comprises of 174486
elements and 476384 degrees of freedom. Further, the tissue thermal conductivity (k)
has been modeled as constant [12], while the tissue electrical conductivity has been
modeled by a linearly increasing (+2% per °C) function of temperature [2]. The cou-
pled thermo-electric problem has been solved using the “multifrontal massively paral-
lel sparse direct solver” (MUMPS) for estimating the electric field and the iterative
conjugate gradient method for solving the temperature field. The maximum absolute
tolerance has been set to be 10 for the time-dependent solver and the method used
was based on the backward differentiation formula (BDF).



3 Results and Discussion

During the RFA procedure, ionic agitation is induced as the high-frequency alternate
current interacts with the biological tissue, which is transformed into heat and propa-
gate into the more peripheral areas by virtue of thermal conduction. The generated
ionic (frictional) heating within the biological tissue leads to thermal coagulation
within a few seconds above the temperature of 50 °C. Moreover, the temperatures
beyond 100 °C during the RFA procedure would result in tissue boiling, vaporization
and charring that usually leads to a drastic decline in electrical and thermal conductiv-
ities of the biological tissues [23-24]. The charring phenomenon results in the abrupt
rise in the electrical impedance of the tissue, thereby limiting any further conduction
of the thermal energy to more peripheral areas from the RF electrode [2]. Thus, the
charred tissue around the RF electrode acts as a barrier that limits the energy deposi-
tion and reduces the lesion size generated during the RFA procedure. To address this
charring problem of RFA, in our computational study we carry out a sensitivity analy-
sis to estimate the applied voltage at the active length of the RF electrode. The goal of
this sensitivity analysis has been to find an appropriate value of the applied voltage
whereby the maximum temperature does not exceeds 100 °C (i.e. leading to charring),
at least till the first 50 seconds of the RFA procedure. The applied voltage values
during the sensitivity study have been varied from 10 to 25 V, that basically lies with-
in the limit of United States Food and Drug Administration (FDA) approved commer-
cial RFA devices available in the market and reported in the previous clinical studies
[25]. The time at which charring temperatures occurred has been found to be 50 s, 10
s and 4 s for the applied voltages of 15 V, 20 V and 25 V, respectively. Further, for
the applied voltage of 10 V, although no charring has taken place till the 3 min dura-
tion of RFA, the maximum temperature for this voltage was limited to only 72.67 °C.
Based on the conducted sensitivity study, applied voltage of 15 V has been found to
be the most appropriate level of applied energy for the computational study that can
restrict the occurrence of charring at least close to the first minute of the RFA proce-
dure.

As mentioned earlier, one of our main motivations for the present numerical study
is to evaluate the effect of target nerve location from the considered bone on the effi-
cacy of the RFA procedure. Primarily, three locations have been selected, viz., (a) no
gap between the target nerve and the bone (0 mm gap), (b) 3 mm distance between the
target nerve and the bone, and (c) 5 mm distance between the target nerve and the
bone. The choice of selection of such distances between the target nerve and the bone
during the RFA application for chronic pain relief has been motivated by [26]. Fig. 2
depicts the variation of the temperature at the tip of RF electrode with ablation time
for the three cases mentioned above. As evident from Fig. 2, the temperature profile is
on the lower side when there is no gap between the nerve and the bone. For the cases
based on 3 mm and 5 mm distances between the target nerve and the bone, the time at
which charring occurred has been found to be 35 s and 31 s, respectively, as com-
pared to the 50 s for the case of 0 mm gap.

Further, the propagation of the damage to the target nerve (corresponding to the
isotherm of 50 °C) with treatment time has been presented in Fig. 3. As follows from



the analysis of this figure, the ablation volume after 30 s of the RFA procedure is on a
lower side for the case having no gap between the target nerve and the bone. This can
be attributed to the fact that the bones have lower thermal and electrical conductivities
as compared to those of nerve and muscle (see Table 1). The lower electrical and
thermal conductivities of the bones in the heterogeneous computational model do not
allow an efficient conduction of the heat on one side of the electrode. This would
results in either, more requirements on the input energy with the same treatment time
or in an increase in the treatment time with the same input energy, for attaining an
identical volume of nerve ablation. Thus, the distance between the bone and the target
nerves significantly effects the efficacy of the RFA procedure during nerve ablation,
by either resulting in the increment of the treatment time or requirements of more
energy input.
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Fig. 2. (Color Online). Temperature distribution as a function of time monitored at the tip of the
RF electrode for three different cases, viz., 0 mm, 3 mm and 5 mm distance between the target
nerve and the bone.
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Fig. 3. (Color online). Variation of nerve damage as a function of treatment time for different
cases considered in the present study.

Figure 4 presents the temperature distribution at a point that lies within the centre of
the nerve and along a perpendicular direction from the tip of the RF electrode. As
evident from Fig. 4, the time required for attaining the lethal temperature of 50 °C at
the centre of the target nerve during the RFA procedure varies significantly. The time
required for attaining the lethal temperature at the centre of nerve slightly decreases as
the distance between the target nerve and the bone increases during the RFA proce-
dure.
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Fig. 4. (Color online). Temperature distribution as a function of time monitored at the centre of
nerve along perpendicular axis from the tip of the RF electrode for different cases considered in
the present study.

Figure 5 shows the variation of temperature along a line drawn perpendicular to the
electrode axis from the tip of the RF electrode after 30 s of the RFA procedure. It can
be seen from Fig. 5 that there prevails an asymmetry in the temperature profile from
the electrode axis on the nerve side. Further, the asymmetric variation is more pro-
nounced for the cases where the nerve is positioned closer to the bone tissues. This
asymmetric nature could be partly attributed to the lower electrical and thermal con-
ductivities of the bone surrounding the nerve tissue and partly due to the higher blood
perfusion rate of the nerve in comparison to the muscle tissue, as seen from the analy-
sis of Table 1. The consequence of this heterogeneous variation in the electrical and
thermo-physical properties of considered tissues is that the ionic (frictional) heat gen-
erated during RFA would be easily propagated to the muscle side as compared to the
nerve side. Thus, one of the severe drawbacks of such a technique could be excessive
damage to the muscle tissue or some critical structures surrounding this area. This
justifies an increasing demand in patient-specific modelling and simulations for per-
forming safe and reliable RFA of the target nerve by optimising the thermal dosage. It
is expected that future studies will be addressing this issue by developing more realis-
tic patient-specific models in collaboration with hospitals and clinicians.
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Fig. 5. (Color online). Temperature distribution obtained after 30 s of the RFA procedure as a
function of distance from the RF electrode axis (measured perpendicular to electrode tip).

Finally, we note that Fig. 6 represents the propagation of the lesion volume attained
with different time steps during the RFA procedure for the case having no gap be-
tween the target nerve and the bone. Again, the asymmetric variation can be clearly
seen from the analysis of this figure, which is more pronounced for lower time steps
and diminishes with the passage of time. One of the limitations of the present compu-
tational study is the lack of experimental validation of the proposed model. However,
to the best of authors’ knowledge, no experimental data is available in the literature
for addressing this issue, specifically while considering heterogeneous surroundings.
Although several experimental studies previously reported in the literature are perti-
nent to the present study, they have been performed utilizing only homogeneous agar-
based phantom [12], eggwhite phantom [27], and ex-vivo liver [10].
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Fig. 6. (Color online). Propagation of the lesion volume (corresponding to the 50 °C isotherm)
obtained for different time steps during the RFA procedure.

4 Conclusion

In this work, a numerical study has been carried out to evaluate appropriate values of
the applied voltage suitable for performing the continuous RFA of the target nerve
mitigating the occurrence of charring, an undesirable phenomenon, observed at tem-
peratures greater than 100 °C. Further, the effect of the distance between the target
nerve and the analyzed bone has been evaluated in the context of the efficacy of the
continuous RFA. Based on the results obtained from this study, it has been found that
there prevails a strong dependence of the distance between the target nerve and the
bone on the outcomes of the RFA. The nerve ablation volume decreases for the target
nerve located closer to the bone and vice versa. It is expected that the results present-
ed in this study would assist the researchers to better recognize the variation in the
outcomes of RFA associated with the target nerve location. Subsequently, as our
study demonstrates, it is critical to focus on evaluating the effect of heterogeneous
surrounding in the analysis of nerve ablation for treating chronic pains, rather than
focusing only on oversimplified studies based on the homogeneous surrounding as-
sumption. We also expect that future studies in this field will increasingly connect to
patient-specific data, assisting the clinicians in better optimizing the thermal dosages
for enabling safe and reliable RFA applications in pain mitigation.
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