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ABSTRACT
Introduction  Preclinical research demonstrated 
water-cooled radiofrequency (CRF) ablations have a 
significant impact on structural and functional changes 
compared to standard radiofrequency (SRF) ablations. 
Clinical procedures utilizing RF to treat chronic pain 
conditions also show sustained functional outcomes. We 
hypothesize that the design of the RF probes plays an 
important role in interventional procedure success, but it 
remains unclear which specific design features.
Methods  RF ablations were performed in male Lewis 
rats (n=51) using multiple-sized probes for CRF (17 Ga/2 
mm and 17Ga/4 mm) and SRF (22Ga/5 mm, 18Ga/10 mm 
and 16Ga/10 mm) to evaluate generator energy output, 
lesion length, axon damage by histology and nerve 
function analysis via electromyography. To exclude probe 
design variables beyond size and remain objective, we 
tested cooled probes with and without water circulation, 
which resulted in the CRF probe performing like an SRF 
probe.
Results  Consistent with our previous findings in smaller 
probes, CRF large probes delivered more energy (p<0.01) 
and generated multiple zones of thermal damage in 
sciatic nerves. When the water-circulating feature was 
turned off, however, energy output (p<0.001) and lesion 
length (p<0.05) was significantly reduced. CRF probes 
with the water circulation also featured significantly 
more axonal disruption, than larger sized SRF probes 
(p<0.0001).
Conclusions  Overall, this data confirms that CRF’s 
water-circulating technology has a greater impact on 
energy deposition, lesion length and axon damage 
compared with SRF ablations. Moreover, results suggest 
that the structural differences between RF modalities 
cannot be solely attributed to probe size, and it may shed 
light on its differences in clinical outcomes.

INTRODUCTION
Radiofrequency ablation (RFA) is an established 
treatment for back pain and peripheral joint pain.1–4 
RFA is a minimally invasive therapy that generates 
thermal damage, known as lesions, to impair pain 
signals in sensory nerves.5 In previous research, 
several probe configurations and generator settings 

were compared with assess RFA lesion shape.6 
Cosman et al observed that standard radiofrequency 
(SRF) probes have a sharp and beveled active tip, 
which creates ellipsoid lesions. In contrast, cooled 
radiofrequency (CRF) probes have a blunted 
active tip and an internal water circulation system 
throughout the probe, which creates spherically 
shaped lesions.

The electrode–tissue interface of probe designs 
can also have varying effects on the formation of 
lesions.7 8 According to Haines et al, extended 
periods of ionic heating at the SRF probe tissue–
interface can lead to tissue charring, which limits 
lesion size by preventing subsequent energy move-
ment beyond desiccated tissue. In contrast, the 
CRF probe’s water circulation system allows lower 
temperatures at the electrode–tissue interface, 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ A head-to-head comparison of two 
radiofrequency ablation (RF) systems indicated 
cooled radiofrequency (CRF) ablations produce 
greater energy output and more significant 
changes to peripheral nerves compared to 
standard radiofrequency (SRF) ablations.

	⇒ However, literature suggests that RF probe 
design modifications can influence lesions and 
previous studies were limited in the use of more 
clinically common probe sizes.

WHAT THIS STUDY ADDS
	⇒ We highlighted the impact of CRF’s water-
circulating probe design, resulting in significant 
changes in lesion characteristics, rather than 
probe size alone.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This study reveals the importance of design 
features beyond probe size for RF-desired tissue 
damage.

	⇒ Therefore, clinicians should consider probe 
design features in addition to probe size when 
selecting the appropriate generator and probe 
configurations for ideal interventional success.
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resulting in larger lesions being formed because energy is deliv-
ered to adjacent tissues without creating desiccation. Literature 
suggests that RF probe design modifications, such as tip gauge, 
length and tissue contact, can heavily influence the size and 
shape of resulting lesions.

Studies in ex vivo and preclinical models have shown that CRF 
probes produce significantly larger lesion volumes compared to 
SRF probes.9 10 While there have not been any large, prospec-
tive, randomized trials comparing the two in clinical practice, 
literature on genicular nerve ablations has confirmed extended 
clinical durability for SRF up to 12 months11–13 and CRF up to 
24 months.14–16 These studies suggest that lesion size and the 
amount of energy delivered to a target nerve may impact clinical 
durability. Therefore, it is important for clinicians to understand 
the factors that influence RFA lesion size and shape, so they can 
select the appropriate generator and probe configurations for 
ideal interventional success and desired tissue damage.

In a study conducted by Zachariah et al, CRF ablations 
produced greater energy output and more significant changes 
to peripheral nerves compared to SRF ablations.10 However, the 
use of larger SRF probes to achieve equivalent lesion size and 
thermal damage is still under debate. Therefore, to investigate 
the impact of probe size on structural and functional outcomes 
in a rodent sciatic nerve (SN) model, we utilized clinically 
common probe sizes for both RF technologies. We hypothesize 
that CRF’s water-circulating probe feature, not probe size alone, 
is the primary driver of greater energy output, leading to larger 
lesions and more axonal disruption than SRF probe ablations.

METHODS
Animal surgical and radiofrequency procedures
All studies included male Lewis rats between 250 and 300 g. 
Animals were kept on a 12-hour light/dark schedule and fed on an 
ad libitum basis. Animals were subjected to anesthesia to perform 
surgical SN exposure for probe placement and radiofrequency 
ablations or sham operation (control), as previously described.10 
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 for post-procedural pain relief. 
Following sciatic nerve exposure, either an SRF cannula (22Ga, 
100 mm long, 5 mm active tip—PMF-22-100-5) (18Ga, 100 
mm long, 10 mm active tip—PMF-18-100-10) (16-Ga, 100 mm 
long, 10 mm active tip—PMF-16-100-10) or CRF introducer 
(17Ga, 75 mm long, 2 mm active tip—CRI-17-75-2) (17Ga, 75 
mm long, 4 mm active tip—CRI-17-75-2) from Avanos Medical 
(Alpharetta, Georgia) was inserted through the skin, distal to 
the nerve. Following the stylet removal, the respective SRF and 
CRF probes (PMP-22-100-5, PMP-18-100-10, PMP-16-100-10 
SRFA and CRP-17-75-2, CRP-17-75-4 CRFA, Avanos Medical) 
(figure 1A) were positioned directly under the SN for SRF and 
CRF procedures using visual guidance. Probe sizes were chosen 
to include a variety of comparatively similar, commonly used 
and commercially available sizes. The RF generator was set to 
auto-temp mode to start the ablation and began when the imped-
ance values fell within the expected range (150–200 Ω) from the 
generator (PMG-Advanced, Avanos Medical).

The first cohort of animals (n=41) utilized RFA procedure 
parameters commonly used in human clinical settings. For 
SRF groups, the generator temperature was set at 80°C for a 
run duration of 90 s using 22Ga, 5 mm (n=13), 18Ga, 10 mm 
(n=4) and 16Ga, 10 mm (n=6) probe sizes. The CRF groups 
were set at 60°C for 150 s using 17Ga, 2 mm (n=13) and 17Ga, 
4 mm (n=5) probe sizes. To isolate water as a variable in RFA 

energy output, additional animal groups described as ‘Cooled 
probe, No water’ used CRF probes 17Ga/4 mm with the probe 
tip water-circulating feature turned off. Cooled probes without 
water were run at SRF parameters (n=4) and CRF parameters 
(n=6), as discussed, to evaluate the effect of time and tempera-
ture variables when the interaction of fluids during the proce-
dure was eliminated.

From cohort 1, a subset of animals were treated with compa-
rable large probes (SRF 16Ga/10 mm, SRF 18Ga/10 mm or CRF 
17Ga/4 mm) and further evaluated via electromyography (EMG) 
or blinded histological assessment within 6 hours following the 
RF ablations.

Generator power output recording and energy calculations
A laptop computer connected to the RF generator recorded the 
generator power output every 0.2 s. The total energy in joules 
(J) was calculated by integrating the total power delivered across 
the total run duration, for each SRF or CRF run. SRF and CRF 
run durations were based on times typically used in the clinic, as 
described above.

Electromyography
EMG experiments were performed before and immediately 
following the sham or RF procedure. A sham RF procedure 

Figure 1  Cooled RF probes delivered more energy than any size 
standard RF probes at RF clinic parameters. (A) Cooled and standard 
probe sizes (gauge/active tip length). (B) Generator power output data 
were collected from SRF or CRF ablations to calculate energy (in joules, 
J) at 90 s and 150 s, respectively. ‘Cooled probe with no water’ denotes 
a cooled probe delivering RF energy without the water circulation 
through the probe. Bars represent mean±SD for n=4–13 per group per 
treatment. Statistical significance was indicated as *P<0.05, **P<0.01, 
***P<0.001. CRF, cooled radiofrequency; SRF, standard radiofrequency; 
TC, thermacouple.
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was performed in one group and three groups received RF 
ablations of the SN, using either an SRF probe (18Ga/10 mm 
and 16Ga/10 mm) or a CRF probe (CRFA 17Ga-4mm). The 
animals were anesthetized during EMG recordings. For all such 
recordings, before and after the ablation bipolar fine wire EMG 
electrodes (California Fine Wire Company, Grover Beach, Cali-
fornia; Stablohm 800 A, material number cfw-100189) were 
inserted into the gastrocnemius muscle (GAST) via 25Ga hypo-
dermic needle. The position of wire electrodes was in similar 
locations in the muscles during each trial in every animal to 
maintain consistency. EMG activity was amplified (X1000) and 
recorded from these electrodes in response to constant voltage 
electrical stimulation of the SN with 0.3 ms pulses. Compound 
muscle action potentials (short-latency direct muscle responses 
or M-responses) were recorded from the GAST muscles using 
custom Labview software and recorded to disc. During record-
ings, stimulus intensity was increased gradually until an M 
response of maximal amplitude (Mmax) was observed. Stimuli 
were delivered, no more than once every three seconds to reduce 
the possibility of fatigue. The duration, amplitude and latency of 
Mmax were measured from the evoked responses, as previously 
described.17 18

Histological analyses
To study early post-injurious outcomes of thermal lesions 
including any evidence of secondary injury or cellular responses 
induced by SRF and CRF ablations, SNs were collected within 
6 hours following the treatment. These time points were 
acquired from a previously published review by Choi et al,19 
indicating neural regeneration after neural ablation may begin as 
early as 30 min post-injury. Animals were euthanized via intrac-
ardiac injection of pentobarbital sodium and phenytoin sodium 
solution (2 mEq/kg) with an isoflurane plane of anesthesia. SNs 
were then extracted and postfixed in 10% formalin, embedded 
in paraffin and sectioned. One cohort of rat SNs was harvested 
immediately postablation, sectioned longitudinally (along the 
length of the nerve) into 5 µm-thick sections, and lesion measure-
ments were assessed. The total length of the lesioned SN was 
captured on each slide and was measured (in mm). To compare 
the true effect of probe size between technologies, lesion size 
was expressed as a proportion of active tip length. The ablation 
zone was defined as the region of coagulated collagen and/or 
acute necrosis (including a central cooled zone, if present), as 
previously described.10

The second cohort of rat SNs was collected immediately 
after and 6 hours postablation. Following the collection, nerves 
were processed and embedded to create two cross-sections 
(proximal and distal segments). Nerves were embedded such 
that the superficial block contained the central portion of the 
nerve and were sectioned into 4 µm-thick sections to span the 
lesioned area. SN samples were H&E-stained and the degree of 
thermal damage was scored by an independent histopathologist 
(Histotox Labs, Boulder, Colorado). Lesion measurements were 
performed on whole slide images and measured in millimeter 
(mm). To evaluate the extent and severity of each lesion, the 
thermal injury zones were graded as follows and were scored 
0–5, where 0=absent, 1=minimal, 2=mild, 3=moderate, 
4=marked, 5=severe. Axon swelling and axon separation, the 
distance between the boarders of axon sheaths, were measured 
at five random sites within the nerve fascicles and the average 
(mean sum) was calculated.

Immunohistochemistry
For immunohistochemistry (IHC) staining in cross-sectioned rat 
SN, staining was conducted on a Leica Bond RXm platform using 
standard chromogenic methods. Glass slides were evaluated by 
a board-certified veterinary pathologist using light microscopy.

All antibodies were developed in rabbit (Abcam, Waltham, 
Massachusetts). 3% H2O2 was used to block endogenous 
peroxidases and 1% casein was used to block non-specific 
protein binding. For antigen retrieval, slides were incubated with 
proteinase K for 5 min at room temperature neurofilament heavy 
chain (NEFH, axons) (dilution: 1:400), heated in a pH6 Tris-
based buffer for 2 hours at 70°C for myelin basic protein (MBP) 
(dilution: 1:500) and S100α (Schwann cells) (dilution: 1:100), 
heated in a pH9 EDTA-based buffer for 2 hours at 70°C for 
CD11b (inflammatory cells) (dilution: 1:10,000), or heated in 
a pH9 EDTA-based buffer for 25 min at 94°C for Myelin prote-
olipid protein (PLP) (dilution: 1:100), followed by followed 
by a 30 min, ambient temperature antibody incubation. Anti-
body binding was detected using an HRP-conjugated, antirabbit 
secondary polymer, followed by chromogenic visualization with 
diaminobenzidine. A hematoxylin counterstain was used to visu-
alize nuclei.

Findings from the IHC staining in this study were generally 
qualitative due to morphological changes induced by RF abla-
tions. Mean scores were used to evaluate the relative abundance 
of staining in each nerve section. Findings were scored 0–5, 
where 0=none (0%); 1=minimal (1%–10%), 2=mild (11%–
25%), 3=moderate (26%–50%), 4=marked (51%–75%) and 
5=severe (>75%).

Statistical analysis
Statistical analysis was performed using GraphPad Prism V.5.0 
statistical software (Graphpad Software, La Jolla, California) 
using either a one-way or two-way analysis of variance to 
compare the means of multiple treatment groups. All quantita-
tive data are expressed as mean±SD and are noted as such under 
each figure. Post hoc tests for multiple comparisons were used 
where appropriate. Statistical significance was set at p<0.05.

RESULTS
CRF probes delivered more energy than any size SRF probe
The mean energy (mean±SD) delivered by the RF generator 
at the clinical treatment parameters increased as probe size 
increased for CRF (60°C for 150 s) and SRF (80°C for 90 s) 
ablations independently (figure  1B). When comparing the RF 
technologies head-to-head, 17Ga/2 mm and 17Ga/4 mm CRF 
probes delivered significantly more energy than all SRF probe 
sizes, 943.5±86.50 J and 1379±244.4 J, respectively.

To isolate water as a potential driving factor of energy 
delivery, CRF probes were run under both CRF and SRF clin-
ical parameters, but the water circulation function was turned 
off. The energy output was significantly reduced when the water 
circulation was turned off (CRFA 17Ga/4 mm vs CRF no water 
17Ga/4 mm: 1379±244.4 vs 454.1±134.7 J at 80°C for 90 s, 
and vs 308.16±53.46 J at 60°C for 150 s). CRF probes without 
water did not reach the energy output levels of the water-
circulating conditions even with alterations in multiple indepen-
dent variables.

Cooled probes induce significant axonal disruption in SNs
SNs were harvested and processed histologically. In cross-sections, 
SNs were evaluated following CRF and SRF ablations at 6 hours. 
All ablated nerve sections displayed typical thermal damage 
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characteristics, including coagulation of epineurial, perineurial 
and/or endoneurial collagen, acute axonal necrosis and axon 
sheath swelling. However, axon sheath swelling, displayed as an 
enlargement of the axon sheath by white spaces in figure 2A, was 
greater in nerves treated using CRF 17Ga/4 mm probes than in 
sham or SRF probes (18Ga/10 mm and 16Ga/10 mm). The extent 
and severity of the thermal injury characteristics were quantified 
by mean scores. Mean scores (±SD) of axonal separations, the 
distance between the borders of axon sheaths, was greater at 
0-and 6 hours following CRF procedures (figure 2B) vs all SRF 
groups. More notably in figure 2C, mean scores (±SD) of axon 
sheath swelling showed CRF large probes induced significantly 
more swelling in SNs than SRF probes at all time points (CRFA 
17Ga/4 mm vs SRF 18Ga/10 mm: 0.63±0.15 vs 0.20±0.09 and 
vs SRF 16Ga/10 mm 0.25±0.10 at 0 hours) (CRFA 17Ga/4 mm 
vs SRF 18Ga/10 mm: 1.60±0.27 vs 0.53±0.13 and vs SRF 
16Ga/10 mm 0.60±0.13 at 6 hours).

In longitudinal sections with CRF probe, 17Ga/4 mm, SNs 
were stained with H&E and three zones of lesions were observed 
(figure 3: bottom panel). These zones were represented as mild 
cell damage (pink zone), sandwiched between severe cellular 
damage (purple zones). In contrast, in nerves ablated using 
large SRF probes (18Ga/10 mm and 16Ga/10 mm), only one 
elongated region of severe thermal damage, depicted as a dark 
purple zone, was observed (figure  3). The average lesion size 
expressed as a proportion of exposed tip length was significantly 
smaller with SRF probes compared with CRF probes (CRF 
17Ga/4 mm 2.110±0.34 mm vs SRF 18Ga/10 mm 0.68±0.264; 
vs SRF16Ga/10 mm 1.001±0.07) (figure 4).

To examine the true effect of probe size, we turned off the 
water-circulating feature during the CRF procedure. CRF lesions 
with no water displayed a loss in CRF’s three zones, mirroring 
the single-zoned SRF lesions. Additionally, CRF lesion length 
was significantly reduced (CRF 17Ga/4 mm 2.110±0.34 mm vs 
CRF 17Ga/4 mm (no water) 1.135±0.6263).

SRFA and CRFA produced analogous lesion 
microenvironments
The activated immune response (6 hours) following thermal abla-
tions with large RF probes (SRF 18Ga/10 mm, SRF 16Ga/10 mm 
and CRF 17Ga/4 mm) was assessed via IHC staining. Findings 
from the IHC staining in this study were qualitative changes, 
described and scored as absent, minimal, mild, moderate, 
marked or severe (online supplemental figure 1). Notably, immu-
nolabeling exhibited expected patterns consistent with thermal 
lesions following RF procedures with standard and cooled tech-
nologies at 0 and 6 hours.

As expected for thermal lesions, SRF-ablated zones exhibited 
moderate staining of MBP with mild myelin PLP immunola-
beling indicative of myelin sheath swelling. Staining of myelin 
markers in CRF ablation samples closely resembled the SRF 
samples; however, the cooled regions and sections without 
lesions captured a lower intensity of myelin sheath staining.

NEFH, an axon marker, exhibited strong intensities and 
uniform labeling in the non-ablated sections of nerves for both 
RF technologies. In ablated samples, NEFH immunolabeling 
was absent due to areas of swollen, fragmented and distorted 
axons with irregular borders. A slight difference in staining was 
observed between ablated and cooled areas of CRF samples; 
cooled areas exhibited increased NEFH staining in this myelin 
sheath area, as described above.

Figure 2  Cooled probes feature significantly more axonal disruption 
than standard large probes. (A) Representative cross-sectional images 
from rat sciatic nerves treated with thermal ablation arranged from 
least damage (sham, control) to greatest cellular damage including 
axonal/axon sheath swelling (CRF 17Ga/4mm) depicted in images 
as clear spaces (‘clear spaces’ indicated by black arrows). Both SRF 
18Ga/10mm or SRF 16Ga/10mm treatment showed only some axon 
swelling. Bars: 200–300μm (B) CRF treatments induced significantly 
more axon sheath swelling than SRF treated groups at 0- and 6-hour 
time points. (C) Axon separation is greater in CRF treatments than SRF 
treatments at 0- and 6-hour time points. Histopathology and mean 
scores were measured by a histopathologist who was blinded to the 
treatment groups. Bars represent mean±SD for n=3-6 per group per 
treatment; Blue bars for cooled RF groups and green for standard RF 
groups. Statistical significance was indicated as *P<0.05, **P<0.01, 
****P<0.0001 for n=3–4 per group per treatment. CRF, cooled 
radiofrequency; RF, radiofrequency; SRF, standard radiofrequency.
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S100a staining is typically observed in Schwann cell immune 
activation20 in the cytoplasm surrounding myelin sheaths and 
scattered along the axonal profiles throughout the fascicle. In 
non-ablated areas, S100a intensity was minimal, while increased 
intensity and Schwann cell hypertrophy were observed in 
ablated regions in CRF and SRF samples. Similarly, S100a-
immunolabeling and NEFH were less intense in the cooled areas 
than ablation zones in CRF samples.

CD11b-immunolabeled inflammatory cells were absent in 
non-ablated nerve sections. In ablated samples, very rare infiltra-
tion of individualized CD11b-labeled cells were present within 
the nerve fascicle. There was not a substantial difference in the 
inflammatory response observed among SRF or CRF ablations 
at the 6-hour time point, although soft tissue inflammatory cells 
were identified in many samples.

SRF and CRF large probes induced immediate reduction in 
nerve function
EMG activity (M responses) was evoked by SN stimulation 
before and immediately following the sham or RF proce-
dure with SRF and CRF probes (SRF 18Ga/10 mm, SRF 
16Ga/10 mm and CRF 17Ga/4 mm). For all rats in this study, 
the amplitudes of evoked M responses were expressed as a 
ratio of pre-ablation to post-ablation activity. Figure 5 shows 
a significant reduction in recorded M-responses (mean differ-
ence) with SRF probes 18Ga/10 mm (−1.9), 16Ga/10 mm 
(−2.4) and CRF probe 17Ga/4 mm (−3.2). A similar degree of 
reduction in nerve function were found between the treatment 
groups.

Figure 3  Sciatic nerve lesions created with RF water-circulating probes resulted in three distinct lesion zones, which mimics the predicted thermal 
profile. Representative H&E-stained longitudinal, sciatic nerve sections following RF ablation with SRF probes (18Ga/10mm and 16Ga/10mm) and 
CRF probes (17Ga/4mm) with and without internal water circulation (n=3-4). # regions correspond to 80°C thermal damage (purple); ## regions 
correspond to 60°C thermal damage (dark pink). CRF, cooled radiofrequency; RF, radiofrequency; SRF, standard radiofrequency.

Figure 4  Water-circulating feature effects lesion length following RF 
ablations with different probe sizes. Lesion lengths for all treatment 
groups were measured by a histopathologist who was blinded to the 
treatment groups. Data was depicted as a proportion, lesion length 
(mm) divided by active tip length (mm). CRF lesion lengths relative to 
probe size were significantly longer than non-water circulating groups; 
SRF probes (18Ga/10mm and 16Ga/10mm) and CRF 17Ga/4mm without 
water feature (n=3-5). ‘CRF 17Ga/4mm (no water)’ denotes a cooled 
probe delivering RF energy without the water circulation through 
the probe. Points represent mean±SD. Statistical significance was 
indicated as *P<0.05, **P<0.01, ***P<0.001 for n=3–5 per group per 
treatment. CRF, cooled radiofrequency; RF, radiofrequency; SRF, standard 
radiofrequency.
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DISCUSSION
Our study aimed to address the importance of probe design features 
for RF-desired tissue damage. We examined a wider range of 
commercially available probe sizes to compare structural and func-
tional outcomes of SRF and CRF technologies. Previous investiga-
tions demonstrated that CRF delivers more energy to target tissues, 
resulting in longer nerve blockades and larger lesion zones than 
SRF.10 Building on the literature findings, we found that CRF’s 
water-circulating feature is a primary driver of energy delivery and 
structural outcomes, more than probe size.

This study suggests that there are some key factors to consider 
when using different RF technologies. Specifically, the CRF’s system 
water-circulating feature can result in greater thermal energy delivery 
than SRF, despite larger probe sizes. Our results demonstrated that 
RF energy output increased as the exposed tip length and gauge of 
probes increased for both technologies. In a head-to-head assessment, 
we discovered that CRF probes delivered more energy compared 
with the SRF probes, despite smaller exposed tip length and width. 
Our findings also indicate that energy deposition for cooled probes 
is primarily influenced by the internally cooled, water-circulating 
fluid. This finding was supported when the water-circulation feature 
was turned off during the CRF procedure, which led to a significant 
reduction in energy output.

As per Sunderland’s classification, third-degree peripheral nerve 
injury occurs as a result of neural ablations that disrupt the myelin, 
axon and endoneurium, while leaving the fascicular arrangement, 
perineurium and epineurium intact.19 21 22 In our current study using 
different RF probe sizes, we observed multiple ablation zones with 
CRF and only one continuous ablation zone in SRF-treated SNs. 
The three distinct ablation zones found in CRF ablated nerves corre-
spond to the predicted thermal profiles observed in ex vivo9 and in 
vivo10 models and should be considered a hallmark feature for all 
CRF probe sizes.

Moreover, the water-circulating feature of CRF probes altered 
biophysical characteristics of the lesion. When the water feature was 
turned off, the multiple ablation zones disappeared, and we observed 
one continuous lesion comparable to nerves after SRF treatment. 
Additionally, CRF’s lesion length was two times the size of the active 
tip length but was significantly reduced without water circulation. 
These findings provide valuable insights into RF because larger 
lesions improve the odds of successful nerve targeting and increase 
the chances of interventional success following RF procedures.23

Neural ablation methods like RFA have proven to be an effec-
tive method for pain relief. However, if nerve functional recovery 
is poor, the innate-immune response is typically inefficient in its 

response to the injury.24 MRI observed the presence of lesions for up 
to 1-week post-SRF and 2 weeks post-CRF ablations in vivo,10 but to 
our knowledge, this is the first study to analyse the lesion microenvi-
ronment of SNs post-ablation for both RF technologies. In this study, 
we assessed immune cells and the structural integrity of the lesion 
microenvironment for SRF and CRF lesions within 6 hours post-
ablation. Although differences in cellular events were not observed, 
we cannot rule out what others might find using other methods. 
Highlighting the impact of nerve repair on nerve functional recovery 
with respect to cellular response, timing and magnitude may lead to 
future investigations to clarify clinical durability differences between 
RF technologies.

Functional data showed similar reductions in nerve conduction 
after using RF large probes (SRF 16Ga/10 mm; CRF 17Ga/4 mm). 
In our previous study with smaller probes, we illustrated that SRF 
(22Ga/5 mm) had a larger M-response than CRFA (17Ga/2 mm) in 
as early as 1 week.10 In subsequent pilot studies, our group uncovered 
limited nerve recovery in rat SN models when assessing long-term 
functional outcomes (~12 weeks) with large probes. We hypoth-
esized that the large RF probes delivered an excessive amount of 
energy for the size of the rodent’s nerve and the surrounding tissue 
to withstand. Therefore, our lab suggests using larger animal models, 
more akin to humans, to assess long-term, large probe functional 
outcomes. Our future goal is to develop a large animal model with 
complex disease processes such as osteoarthritis to target sensory 
nerve function directly with large RF probes and investigate biolog-
ical factors that influence functional outcomes.

The results of this study may not extend to all types of nerves. A 
limitation of the study included our assumption that mixed or motor 
nerve repair is comparable to sensory nerve restoration. The SN 
model, a mixed nerve, is an established model for peripheral nerve 
injury,18 25 26 and comparable in size to the sensory nerves typically 
targeted for knee ablations.27 However, similar studies of RF abla-
tion in other types of nerves used in clinical practice would be laud-
able for further translation of these results and should be the object 
of future investigations.

Altogether, we compared multiple sized, commercially available 
CRF and SRF probes head-to-head. We highlighted the impact of 
water circulation in probe design and its effect on lesion characteris-
tics. The water circulation system allows CRF to lower temperatures 
at the electrode–tissue interface to deliver significantly more energy 
in tissue than SRF, without creating desiccation. As a result, CRF 
water-circulating technology drives distal lesion lengths and greater 
axonal damage than SRF. Our results provide novel evidence that 
the water-circulating feature of CRF probes is a primary influence in 

Figure 5  Amplitudes of post-procedure M-responses were significantly depressed following both SRF and CRF large probe ablations. Average 
gastrocnemius muscle electromyographic (EMG) amplitude was recorded for different size SRF and CRF probes prior to and immediately after 
ablation of the sciatic nerve. Each point represents the mean±SD. # Mean difference of post-procedure and pre-procedure EMG recordings. 
Statistical significance was indicated as ***P<0.001 for n=4 per group per treatment. CRF, cooled radiofrequency; RF, radiofrequency; SRF, standard 
radiofrequency.
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lesion characteristic differences between RF technologies and cannot 
be surpassed by an increase in probe size alone. This data may shed 
light on CRF’s sustained clinical benefits of pain relief and function 
in patients.
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