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ABSTRACT

Background and objectives Several clinical studies
have focused on assessing the effectiveness of different
radiofrequency ablation (RFA) modalities in pain
management. While a direct head-to-head clinical study
is needed, results from independent studies suggest that
water-cooled RFA (CRFA) may result in longer lasting
pain relief than traditional RFA (TRFA). The primary
purpose of this study was, therefore, to investigate in a
preclinical model, head-to-head differences between the
two RFA technologies.

Methods RFA was performed in a rat sciatic nerve
model (n=66) in two groups: (1) TRFA or (2) CRFA. The
surgeon was not blinded to the treatment; however, all
the physiological endpoints were assessed in a blinded
fashion which include histological, MRI, and nerve
function assessment via electromyography.

Results The energy delivered by the generator for CRFA
was significantly higher compared with TRFA. Histological
staining of nerves harvested immediately following
CRFA exhibited extended length and multiple zones of
thermal damage compared with TRFA-treated nerves.
MRI scans across 4 weeks following treatment showed
edematous/inflammatory zones present for longer times
following CRFA. Finally, there was greater attenuation
and prolonged loss of nerve function measured via
electromyography in the CRFA group.

Conclusions This study shows that CRFA has greater
energy output, as well as more pronounced structural
and functional changes elicited on the peripheral nerves
compared with TRFA. While these preclinical data will
need to be confirmed with a large clinical randomized
controlled trial, we are encouraged by the direction that
they may have set for those trials.

INTRODUCTION

Radiofrequency ablation (RFA) technologies such
as water-cooled RFA (CRFA)!? and traditional RFA
(TRFA) offer precise, opioid-free and long-term
solutions for several chronic pain conditions. RFA
is minimally invasive and works by interrupting
conduction through sensory neurons associated
with chronic pain.”* CRFA and TRFA both use
a continuous high frequency alternating current
to induce ionic heating and resultant coagulative
necrosis of axons in target nerves. This specific
region of coagulative necrosis is also commonly
referred to as a lesion.

The lesion generated from TRFA is ellipsoid in
shape, with the long axis along the active tip of
the probe.”® To maximize lesion effectiveness, the
TRF probe is typically placed parallel to the target
nerve.>? A potential drawback of parallel placement
of the TRF probe tip is that lesioning sometimes
occurs on only one side of the target nerve.”* As
a result, the amount and duration of pain-relief
achieved may be reduced and result in an early
recurrence of pain. Moreover, physicians must
ensure that tissue temperatures surrounding the
TRF probe tip do not exceed 90°C-100°C at which
point tissue dehydration occurs, causing desicca-
tion. This, in turn, limits ionic heating resulting in
unsuccessful ablations®*

CRFA overcomes several of these limitations
associated with TRFA. The active water cooling
of the CRF probe tip prevents it from attaining
excessively high tissue temperatures with associ-
ated tissue desiccation, thereby allowing for the
continuous flow of radiofrequency (RF) energy
(ionic heating) to create larger thermal and spher-
ical lesions.” This effect allows for the probe to be
placed on target tissues independent of orientation
relative to the nerve and provides a larger distal
projection.” There are newer TRF probe designs
that are available that have protruding electrodes
that generate larger lesions than TRF probes,
however, ex vivo studies show that lesion volumes
of these protruding probes are smaller by more than
50% compared with the volumes generated by CRF
probes® and do not allow for angle independence or
provide larger distal projections.

Clinical studies assessing knee pain outcomes
following genicular nerve RFA report pain relief
lasting for 3—-6months for TRFA'’ and 6-12
months or even longer for CRFA."'™" A possible
hypothesis for the clinically observed prolonged
pain relief following CRF ablations''™" is that the
lesions generated by this modality damage sensory
nerves to a greater degree—both structurally and
functionally. However, this hypothesis has not
been tested in vivo or in robust, randomized clin-
ical studies. Furthermore, RF lesions have been
primarily evaluated only for size and volume in
non-vascularized, ex vivo tissue models (such as
the chicken-breast, bovine liver or tissue phan-
toms).” '* 7 A thorough characterization of the
physiological changes in response to either TRFA
or CRFA in a survival animal model is lacking. The

792 Regional  Pain
Anesthesia - Medicine

Zachariah C, et al. Reg Anesth Pain Med 2020;45:792—798. doi:10.1136/rapm-2020-101361

BM)


http://www.rapm.org
http://rapm.bmj.com/
http://crossmark.crossref.org/dialog/?doi=10.1136/rapm-2020-101361&domain=pdf&date_stamp=2020-09-08

Original research

primary goal of this study, therefore, was to evaluate the imme-
diate and physiological effects of CRFA and TRFA, and to relate
the structural changes following ablation to functional outcomes
in a survival, in vivo model. It was hypothesized that the higher
energy used for CRFA leads to a larger, longer lasting lesion
resulting in the loss of nerve function to a greater magnitude and
prolonged duration in comparison to TRFA.

METHODS

Animals

Male Lewis rats, between the ages of 10-12 weeks, and between
250 and 300g were used in all studies. The animals were kept
on a 12-hour light/dark schedule and had unlimited access to
food and water.

Animals were anesthetized either using 1%-2% isoflurane or a
combination of ketamine (150 mg/kg) and xylazine (9.6 mg/kg).
Buprenorphine was administered once only for postprocedural
pain relief and did not complicate any subsequent analysis. A
2-3 cm skin incision was made on the posterior thigh, adjacent to
the sciatic notch. Using blunt forceps, the sciatic nerve (SN) was
exposed by carefully separating surrounding connective tissue
and hamstring muscles. Following this, either a TRFA cannula
(22-gage, 100mm long, Smm active tip—PMF-22-100-5;
Avanos Medical, Alpharetta, Georgia, USA) or CRFA introducer
(17-gage, 75 mm long, 2mm active tip—CRI-17-75-2; Avanos
Medical) was introduced through the skin just distal to the
exposed nerve, under direct vision. The stylet was then removed
and the respective probe (PMP-22-100-5, TRFA and CRP-17-
75-2, CRFA, Avanos Medical) was positioned directly under the
SN (parallel placement for TRFA and angle independent place-
ment for CRFA). These probe sizes were chosen to replicate
previously published rodent ablation survival studies by Choi et
al'® and to minimize adverse events that might result from use
of larger probes. A bolus of saline was added directly over the
exposed SN to moisten the tissue and improve electrode-nerve
contact. An impedance measurement was then taken from the
generator (PMG-Advanced, Avanos Medical) and if the values

Sciatic Nerve (SN)

RFA probe placed under SN

COHORT 1: CLINICAL RFA SETTINGS for NON-
SURVIVAL STUDIES

Male Lewis Rats (n=22)

Same day (<2h) post RFA for
blinded IHC H&E Analysis

TRF 90s; 80°C CRF150; 60°C
22g, 5mm AT (n=11) 17g, 2mm AT (n=11)

Figure 1

fell within the expected range (150-200()), the RF generator
was initiated in auto-temp mode to start the ablation. Note that
the nerve was not exposed to air at the time of ablation.

The placement of the probe and the distribution of the animals
into the various study groups may be referred to in figure 1. In
the first cohort of animals (n=11 per group), the RF procedure
parameters were set to what is currently used in the clinical
setting. For the TRFA group, the RF current was delivered at a
set temperature of 80°C for 90seconds (s), while the RF current
for the CRFA group was delivered at a set temperature of 60°C
for 150s. The animals in this cohort (total of 22) were eutha-
nized within 2 hours on the same day following the ablation and
nerves harvested for histological assessment in a blinded fashion.

In the second cohort of animals (n=12 per RF group), the
RF current for both groups was delivered at a lower run dura-
tion to allow for their survival over several weeks (12 weeks)
without adverse events (toe chewing, foot swelling and heel
scabs) and to maintain a similar ratio in total energy delivered
as is observed using clinical run parameters for both treatment
groups. The RF current was delivered at 80°C for 50s for the
TRFA group or at 60°C for 80s for the CRFA group. A third
group of animals (n=6) in the second cohort received a tran-
section of the SN wherein the nerve was cut and repaired by
end-to-end anastomosis, securing the repair with fibrin glue as
previously described.” This group served as a positive control.
A surgical sham group (n=6) was also included in the second
cohort wherein the SN was exposed, and the probe was placed,
but these animals did not receive an ablation.

For both cohorts, the subcutaneous surgical site was closed
using buried sutures and skin was closed using staples. Following
this, a small amount of topical analgesic was applied to the
external surgical site.

Power output recording and energy calculations

During the ablation procedure, a laptop connected to the gener-
ator recorded the power output every 0.2 s. Following the proce-
dures, the total energy delivered by the generator was calculated

C COHORT 2: REDUCED RFA SETTINGS for
SURVIVAL STUDIES

GROUP 1: EMG ANALYSIS

Male Lewis Rats (n=36)

I
Baseline, same day post-RFA,
and weekly blinded EMG
analysis for 12 weeks

|
[ I I 1

TRF 50s; 80°'C CRF 80s;60°C Transection

229, 5mm AT (n=12)| |17g, 2mm AT (n=12)| | Sham (=6) ""‘(’,,Z% el

GROUP 2: MRI ANALYSIS

Male Lewis Rats (n=8)

Baseline, same day post-RFA, and
weekly blinded MRI scans for 4 weeks

l—‘—\

TRF 50s; 80°C CRF 80s; 60°C
229, 5mm AT (n=4) 17g, 2mm AT (n=4)

Probe placement and Study Design. (A) The probe tip was placed directly under the sciatic nerve (parallel placement for TRF and

angle independent for CRF) using visual guidance. (B) Cohort 1 included rats that were distributed into two treatment groups for same-day
immunohistochemistry (IHC) analysis, using clinical run parameters (C) Cohort 2 included a group of rats that were survived for 12 weeks for EMG
analysis and another group that was survived for 4 weeks for MRI analysis. CRF, cooled radiofrequency; EMG, electromyography; RFA, radiofrequency

ablation; TRF, traditional radiofrequency.

Zachariah C, et al. Reg Anesth Pain Med 2020;45:792—798. doi:10.1136/rapm-2020-101361 793



Original research

for every TRFA or CRFA run. The total energy (in Joules, ])
delivered by the RF generator was quantified by integrating the
total power delivered across the total run duration, for varying
RF ablation run times typically used in the clinic (>80s).

Histological analyses

For the first cohort of animals, to quantify the initial injury
induced in vivo by both CRF or TRF ablations, SNs were
collected within an hour following ablation. Following eutha-
nasia via intracardiac injection of pentobarbital sodium and
phenytoin sodium solution (2 mEq/kg) with isoflurane plane of
anesthesia, the SNs were carefully extracted and postfixed in
10% formalin, embedded in paraffin and sectioned longitudinally
(along the length of the nerve) into 5 um thick sections. These
were then stained with H&E to assess the degree of thermal
damage to the local and surrounding cell and tissue structures.
An independent histopathologist (Histotox Labs, Boulder, Colo-
rado, USA) then assessed and measured the degree of thermal
damage in all samples. H&E-stained step slides (five levels per
sample) were scanned and lesion measurements were performed
on whole slide images. The total length of the lesioned areas
(lesion extent) captured on each slide was measured (in mm).
The ablation zone was defined as the entire region of coagulated
collagen and/or acute necrosis (including a central cooled zone,
if present); collagen coagulation was characterized by swelling,
altered morphology and increased amphophilia (purple/
blue color instead of pink) of endoneurial, perineurial and/or
epineurial collagen.

MRI

In a subset of the second cohort of animals, MRI scans were
performed immediately following ablation (<1hour; n=4) and
once weekly for up to 4 weeks (n=4 at 1week, 4 at 2 weeks, 4
at 3 weeks and 4 at 4 weeks) using a Bruker 9.4T scanner and
the Fast Low Angle Shot (FLASH) and Rapid Acquisition with
Relaxation Enhancement (RARE) MRI sequences. T1W images
(FLASH): TR/TE=600/3.2 ms, FA=Avg.=4, matrix=256x256,
FOV=60x60 mm?, slice thickness=1mm, number of slices=30.
T2W images (RARE) TR/TE=4000/40 ms, RARE factor=4,
Avg.=4, matrix=256x256, FOV=60x60 mm? slice thick-
ness=1mm, number of slices=30. The slice locations were
equivalent in TIW and T2W images. The area of hyperintensity
on the MRI scans for all the slices were also quantified using the
Mimics software (Materialize, Leuven, Belgium) and the total
volume calculated for all the ablations.

Electromyography

In the second cohort of animals, fine wire bipolar electromyog-
raphy (EMG) electrodes (California Fine Wire Company, Grover
Beach, California, USA; Stablohm 800 A, material number
cfw-100189) were inserted into the gastrocnemius (GAS) and
tibialis anterior (TA) muscle via 25-gage hypodermic needles.
Electrodes were implanted into the GAS or TA muscle in every
animal to reduce variability while recording data. EMG activity
was recorded from these electrodes in response to stimulation of
the SN in 0.3 ms pulses. Stimulus intensity was adjusted to elicit
maximal M-responses (short latency direct muscle responses)
from electrical stimulation of the SN before and at different
times after ablation (immediately after, and 1, 2, 4, 6, 8, 10 and
12 weeks postablation). The duration, amplitude and latency of
these maximal M-responses were measured from the evoked
responses, as described in our earlier work.?’

3 Traditional RF (TRF) *
@l Cooled RF (CRF) —

10004

. *
—_—
500 I I
0'-DT. Ixll n| |l‘l T
50 80 90 120 150

Run Duration (s)

Energy (J)

Figure 2 Cooled RF ablations use more energy than traditional RF
at >60s run durations. The energy (in joules, J) used to generate a
TRF or CRF ablation was calculated at 50 seconds (s), 80s, 90s, 120s
or 150s. CRF ablation uses more energy at all time points >60s (805,
90s, 1205 or 1505) to generate the thermal lesion at the nerve. Bars
represent mean=SD. *P<0.05 for n=3-13 per group per timepoint. RF,
radiofrequency.

Statistical analysis

All quantitative data are expressed as mean=SD or SE mean
and are noted as such under each figure. Statistical analysis
was performed on GraphPad Prism V.5.0 statistical software
(Graphpad Software, La Jolla, California, USA) using either a
two-tailed Student’s t-test to compare mean values obtained
from two groups, or a one-way or two-way analysis of variance
(ANOVA) to compare the means of multiple treatment groups.
Post hoc tests for multiple comparisons were used where appro-
priate. Statistical significance was set at p<0.035.

RESULTS

More energy is delivered by the RF generator for CRFA
lesions than TRFA lesions

The energy delivered at the time of each ablation performed was
measured from the RF generator. The mean (+SD) energy deliv-
ered at different run durations for CRFA and TRFA is shown in
figure 2. The RF generator delivered significantly more energy
during a CRFA compared with the corresponding TRFA (CRFA
vs TRFA: 943.4£311 ] vs 427.8+49.8 Jat 150s; 667.7x117.3 ]
vs 378.9£94.3 Jat 1205, 485.5+67.6 J vs 257.7%36.2 J at 90s,
and 497.8+183.7 vs 235.1%£54.6 J at 80s). A two-way ANOVA
compared the five groups. If the results of this ANOVA were
positive (p<0.03), paired post hoc tests (Tukey) were performed
to evaluate intragroup or intergroup significance of differences.

CRF ablations produce larger lesions in vivo that persist for
longer than traditional RF lesions

Histological assessment of initial RF injury

SNs were harvested immediately after ablation and prepared
for histological analysis. Representative longitudinal sections of
ablated nerves are shown in figure 3. SNs treated with CRFA
for 150s were observed to have longer lesion lengths (figure 3A,
quantified in figure 3B) compared with those that were ablated
for 90 s with TRFA using an unpaired t-test (figure 3A, quantified
in figure 3B). In 9 of the 11 CRFA treated SN samples (represen-
tative images shown in figure 3A), the ablation zone following
H&E staining showed regions of lesser damage (lighter purple
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+—®3 . Traditional RF 90s (TRF)
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Cooled RF 150s (CRF)
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Total Lesion Length (mm)

Traditional RF 90s

Cooled RF 150s

Figure 3  Longer lesions with three distinct zones of thermal
damage (dark pink or purple zones) which correspond to the predicted
60°C and 80°C thermal profile was observed in CRF treated nerves.
(A) Representative H&E-stained longitudinal, sciatic nerve sections
following TRF treatment (above) and CRF treatment (below) (n=9-11)
#regions corresponding to 80°C thermal damage (purple); ##regions
corresponding to 60°C thermal damage (dark pink). (B) Lesion lengths
for both treatment groups were measured by a histopathologist

who was blinded to the treatment groups. CRF lesion lengths were
significantly longer than TRF treated groups. Bars represent mean+SD;
**p<0.01, n=9 for the CRF group and n=11 for the TRF group. RF,
radiofrequency.

stain) flanked by two regions of more severe damage (purple
stain). On the other hand, there was only a single zone of thermal
damage (purple stain) observed in the TRFA treated SNs (repre-
sentative example shown in figure 3B). The average total length
of the ablation zone was significantly greater in CRF samples
(5.924+1.7 mm) than TRFA treated samples (3.935+1.3 mm).

MR analysis of the RF-induced lesion sites

To assess the structural changes at the lesion zone following
ablations, T2-weighted MRI images of the ablated rats imme-
diately after (<1hour) and weekly (for up to 4 weeks) postab-
lation using a 9.4T Bruker scanner was acquired in the second
cohort of rats. Representative images through the ablation sites
are shown in figure 4A. Distinct inflammatory and edematous
‘lesion zones’ (indicated by yellow arrows in figure 4) were
observed in the tissue areas surrounding the SN ablated by
both treatment groups immediately after ablation. These ‘lesion
zones’ were present in both groups at 1 week following ablation.
At week 2, they are almost imperceptible in the TRFA group but
are still present in the CRFA group. The lesion volumes were
calculated using the Mimics Software tool and the mean volumes
are presented in figure 4B. The volume of the ‘lesion zone’
immediately following the ablation was significantly higher in
the CRFA group (1169+271.9 mm®) compared with the TRFA
group (775.9+240.3 mm’). An unpaired t-test was used to eval-
uate the significance of difference between the two treatments at
each time point.

Electrical conduction in axons in the SN is interrupted for
longer times after CRF ablation than TRF ablation

Evoked electrical activity of the GAS and TA muscles, which are
innervated by the SN, was measured as an indicator of conduc-
tion along motor axons, prior to, immediately after, 1week,
2 weeks and then biweekly for up to 12 weeks postablation.
Mean amplitudes of direct muscle responses (M-responses)
were significantly reduced from baseline in both GAS and TA
in TRFA and CRFA animals, as well as in rats in which the SN
had been cut and repaired, at 1-week postablation (figure 5A,B).
However, as early as 1week following ablation and for the
subsequent 6 weeks, evoked M-response intensity was signifi-
cantly smaller in the CRFA group and the transection and repair
group than in animals exposed to TRFA (figure 5A,B). A similar
effect was found in both the GAS and TA muscles. The degree of
reduction in M-response amplitude found in the CRFA treated
group was comparable to that observed in the transected nerve
injury group at the 1, 2, 4 and 6 weeks time points (figure SA,B).
Nerve conduction recovered eventually for all groups by week
12. A one-way ANOVA compared the three groups. If the results
of this ANOVA were positive (p<0.05), paired post hoc tests
(Tukey) were performed to evaluate significance of differences
between groups.

DISCUSSION

The underlying hypothesis for this study was that the increased
energy delivered during a CRFA creates an enhanced lesion on
the target nerve, resulting in prolonged loss and delayed recovery
of nerve function. The findings of this study are threefold. First,
the energy delivered by the generator to create CRFA is greater
compared with TRF ablations, for all run times exceeding sixty
seconds. Second, using the histological findings presented, we
show extended zones of thermal damage along the nerve in CRF-
treated SNs and corroborate previous ex vivo studies showing
that CRFA generated larger lesions.’ Lastly, we demonstrate that
CRFA effectively blocks nerve function for a longer duration and
to a larger degree, compared with TRFA.

There are no known survival in vivo animal studies that have
assessed the effects of CRFA on peripheral nerves across several
weeks, and there are only a handful that have used the rat
model to explore the effects of pulsed RFA or TRFA on periph-
eral nerves in a survival model.'® ! There are, however, several
studies that have successfully used the rat SN model to explore
peripheral nerve damage, neuropathic pain and nerve repair®’ **
with clinically relevant implications. For these reasons, we chose
the rat SN ablation model. There are several other advantages
the rat SN model offered. The rat SN is comparable in size to
the sensory nerves typically targeted for knee ablations in the
clinic® and this allowed for the use of pain medicine equipment
currently used in the clinic. Additionally, the SN is a mixed nerve
containing both motor and sensory neurons, which enables
quantitative assessment of nerve function by EMG.

The findings of this study have several clinically relevant
implications and provide a possible explanation for the differ-
ences in pain relief observed in patients treated with varied RF
ablation modalities.”" The increased energy seen in CRFA
treated animals suggests that local tissues surrounding the active
tip attain enhanced thermal energy,” which in turn creates a
larger distal projection allowing for angle independence in probe
placement for physicians.** The discovery of multiple zones of
thermal damage within the CRFA lesion are novel and provide
evidence for the first time in vivo of the predicted thermal profile
shown previously only in ex vivo chicken breast models.’ In an
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Figure 4 Distinct lesion zones ('white zones' indicated by yellow arrows in <1-hour panels) detectable for up to 2 weeks postablation in cooled
RF treatment group. (A) Representative images depict axial, T2-weighted MR scans, acquired from a 9.4T Bruker scanner. (n=4-6 per group per time
point) (B) Quantified volumes of signal hyperintensity surrounding the lesion site at various time points using the mimics software (bars represent
mean=SD, n=4-6 per group per time point; *p<0.05). RF, radiofrequency.

overwhelming majority of the CRFA treated nerves, a central (or
‘cooled’) zone of thermal damage corresponding to the tempera-
ture attained by tissues in direct contact with the 60°C probe
tip is found. This ‘cooled’ zone is flanked by two larger zones
of greater (or ‘hotter’) thermal damage, with levels of collagen
coagulation similar to those observed in the 80°C TRFA nerve
ablation zones, indicating that the tissue temperatures here also
attain 80°C. It is important to note that most mammalian tissues
experience irreversible thermal damage at 46°C—49°C.** These
multiple zones of CRFA-induced thermal damage indicate that

GASTROCNEMIUS
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250 *lnsecton .
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extended portions of the targeted nerve are therapeutically
impacted by the CRFA probe. A report by Malik et al claims that
prolonged pain relief following CRFA in patients may also be
attributed to CRFA probes enabling the maintenance of tempera-
tures of larger tissue volume in a narrow-desired range, allowing
for additional neuromodulation of nociceptive pathways.*® This
additional neuromodulatory benefit following CRFA, however,
should be further assessed in the future in similar animal models.

The larger lesion volume observed immediately following
CRFA could be correlated with the slower resolution of the
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Figure 5 Recovery of electromyographic (EMG) activity following TRF ablation, CRF ablation or transection of the sciatic nerve. (A) Average
gastrocnemius muscle EMG activity for 10—12 rats (per group per timepoint) during a 12-week period after ablation of the sciatic nerve using TRF
(dark gray line), CRF (black line), or transection (light gray line). EMG activity is significantly reduced from pretreatment baseline (dotted line) at
1-week post-treatment in all groups. However, the CRF ablation group has significantly lower EMG activity compared with the TRF group, for up to
6 weeks postablation. Each point represents the mean+SEM, *p<0.05. (B) Average tibialis anterior (TA) muscle EMG activity for 10-12 rats (per
group per timepoint) during a 12-week period after ablation of the sciatic nerve using TRF (dark gray line), CRF (black line) or transection (light gray
line). EMG activity is significantly reduced from pretreatment baseline (dotted line) at 1-week post-treatment in all groups, however, even in the TA
the CRF ablation group has significantly lower EMG activity compared with the TRF group for up to 6 weeks postablation. Each point represents the

mean=SEM, *p<0.05. RF, radiofrequency; SEM, SE of mean.
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inflammatory response, which could explain the slower attenua-
tion of the MRI signal at week four following ablation. This also
provides possible structural evidence for the observation of the
longer duration of reduced nerve function in the CRFA group.

The EMG data demonstrate that as early as 1 week following
treatment, SNs treated with TRFA had a larger M-response
compared with CRFA or the active control (transection) group.
This is potentially indicative of a fundamental difference
between the two technologies. One hypothesis is that the larger
M-response following TRFA may be due to a smaller proportion
of motor neurons being impacted/attenuated as compared with
CRFA treatment (or transection). This needs to be confirmed
using techniques, such as retrograde fluorescence imaging,
which would allow for both the qualitative and quantitative
assessment of the motor and sensory neurons at different time
points following treatment.

Additionally, it is also possible that these two RFA technolo-
gies differentially impact structures involved in nerve function
(or pain perception) that extend beyond the nerve itself—such as
the dorsal root ganglion (DRG). Some preliminary studies done
by our group assessing differences in arrays of genes involved in
inflammation and neuropathic pain signaling discovered differ-
ential expression profiles at the DRG following TRFA or CRFA.
However, both these hypotheses need to be tested by well-
powered studies in the future to further assess the fundamental
differences between both these RFA modalities.

There are several limitations and assumptions made in this
study. One particular challenge in creating a preclinical model
to study clinical devices is to try and represent every clinical
use case. A shortcoming of the current study is the use of only
one probe size for both CRFA and TRFA, when it is known that
multiple larger probe sizes for each technology may be used in
the clinic. To address this issue, data from a preliminary study in
the current manuscript (see online supplementary figure 6) are
included in which we begin using multiple probe sizes for CRFA
and TRFA. We found that even with the use of larger gage TRF
probes, CRFA still delivers greater energy (up to 1.8 times more
comparing the two largest probes and 3.7 times more energy
comparing the smallest probes). Future studies, however, should
continue to consider clinical use case in model design. Another
limitation was the choice of M-responses measured from the
muscle bundles innervated by the SN as an endpoint. The
assumption made here was that motor axon restoration parallels
sensory axon conduction and repair. EMG was selected because
it was readily quantifiable and served as an excellent surrogate
for sensory nerve function. Future studies should further explore
sensory nerve function directly and better investigate as many
aspects of the varied, complex processes involved in pain percep-
tion. These range from using a pain model, to measuring direct
sensory nerve function (via paw withdrawal threshold assess-
ment using the von Frey method, sensory nerve action poten-
tial, nociceptive flexion response), peripheral nerve repair and
regeneration (via retrograde fluorescence imaging or transgenic
rodent models), and peripheral and central sensitization changes
in response to the varied RF treatment modalities.

The observation of prolonged pain relief following CRFA
in patients led us to design an in vivo study that would better
highlight physiological outcome differences between the two
thermal RFA treatment modalities, and to move beyond typical
ex-vivo lesion volume analyses. The rat SN ablation model was
successfully developed in this study and showed reduction in
nerve function post-CRFA across several weeks. The results
described above provide evidence for the first time in vivo that
CRFA results from the delivery of increased energy by the RF

generator which drives extended lesion zones on the target
nerve. Collectively, these results provide a first glimpse at the
differences in physiologic endpoints, beyond the lesion size that
exist between the two thermal RF treatment modalities and the
potential impact these may have on clinical outcomes.
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