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Animal model evaluation of a novel renal 
denervation system for future laparoscopic 
treatment of resistant hypertension
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Purpose: Although percutaneous catheter-based ablation of renal sympathetic nerve fibers has been used in the treatment of 
patients with resistant hypertension, a recent phase III study did not confirm its efficacy. In this study, we developed a novel lapa-
roscopic renal denervation system and evaluated its safety and initial feasibility using an animal model.
Materials and Methods: A novel surgical instrument that uses a smart algorithm with temperature-monitoring feedback was 
developed. We used 4 male pigs (6 weeks old, weighing approximately 45 kg each) to evaluate the safety and efficacy of the lapa-
roscopic renal denervation system. We performed immunohistochemical staining analysis after renal denervation using various tip 
temperatures and over various durations through an open approach.
Results: When the temperature of the outer wall of the renal artery was maintained at 90°C for 180 seconds, the artery was 
completely denervated without damaging its inner layer, as evaluated using Masson’s trichrome staining. When the temperature 
ranged from 70°C to 90°C and the duration ranged from 90 to 420 seconds, partial or complete denervation without significant 
vessel injury was confirmed with anti- growth-associated protein 43 and anti-S100 staining.
Conclusions: This animal study confirmed the safety and feasibility of the novel laparoscopic renal denervation system. A safe and 
effective protocol was developed with ablation at a constant tissue temperature of 70°C to 90°C within 180 seconds. However, fur-
ther developments are necessary before its clinical use.
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INTRODUCTION

According to the World Health Organization, 40% of 
the adult population older than 25 years have hypertension, 
which results in 10 million deaths annually [1,2]. A recent 

systematic review and meta-analysis of 24 studies indicated 
that 14% to 16% of hypertensive patients worldwide (ap-
proximately 140 to 160 million people) are resistant to anti-
hypertensive drugs [3].

Renal denervation (RDN) is a novel nonpharmacologic 
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intervention that locks the sympathetic nerves around the 
renal artery via the insertion of an electrode through a per-
cutaneous catheter to reduce blood pressure [4-7]. However, 
SYMPLICITY HTN-3 (a recent large-scale, single-blind, ran-
domized controlled trial) reported that the group treated us-
ing catheter-based ablation did not achieve a significant de-
crease in blood pressure compared with the sham group [8,9]. 
In addition, because the sympathetic nerve fibers around 
the renal artery were distributed far from the arterial wall, 
a catheter-based ablation would not be sufficiently effec-
tive [10]. In our animal model and human tissue studies, we 
found that the sympathetic nerve fibers were located 3 to 5 
mm from the luminal surface and 8 mm from the center of 
the renal artery [11,12]. In addition, according to renal angio-
graphic studies using computed tomography angiography, 
more than 30% of patients had anatomical variants of renal 
arteries, such as an accessory artery and early branching 
arteries [13]. Because the conventional catheter-based abla-
tion is performed only for the main artery [14], complete de-
nervation is not possible if there are many accessory arteries 
and nerve fibers far from the center of the renal artery [12]. 
Therefore, a novel laparoscopic RDN system (360º wrapping 
of the renal artery) that can completely ablate multiple re-
nal arteries with additional surgical denervation for patients 
resistant to hypertension treatment was previously proposed, 
and its feasibility has been confirmed through simulations 
and in vitro experiments [15]. The laparoscopic approach is 
also advantageous because of the easy access to the renal ar-
tery located behind the renal vein and the lack of peritoneal 
violation [16-18]. However, because it is difficult to obtain a 
visual field for the nerves around the artery on the opposite 
side of the camera, which are difficult to remove and may 
result in damage to the artery wall, this procedure requires 
surgical expertise. Thus, our method of wrapping the looped 
electrode outside the artery might decrease arterial wall in-
jury compared with the percutaneous catheter-based method 
or laparoscopic surgical dissection. 

In this study, we used an animal model to examine the 
denervation efficacy, safety, and protocol of the novel lapa-
roscopic RDN system in terms of denervation and injury of 
the renal arteries and adjacent tissues, to contribute to the 
development of innovative treatments for patients with re-
sistant hypertension.

MATERIALS AND METHODS

1. Study design
This study was approved by the appropriate Institutional 

Animal Care and Use Committees of Seoul National Uni-

versity Hospital (approval number: 17-0202-S1A0(3)). A proto-
type of the novel laparoscopic RDN system was used for the 
renal arteries of 4 pig models to confirm the initial clinical 
feasibility in terms of safety and denervation efficacy. The 
pig is a common animal used for surgical kidney models 
because of the similarities in the size and location of the 
kidneys between pigs and humans [19,20]. During this first 
animal experiment, we selected at least 8 tests for 4 pigs (bi-
lateral tests in each pig) using a 2-plus-2 step-up design after 
obtaining approval from the Institutional Animal Care and 
Use Committees. After finishing the experiment with 2 pigs, 
we selected the protocol to be tested with the other 2 pigs.

2. Novel surgical instrumentation
Fig. 1 shows a schematic illustration of  the proposed 

laparoscopic RDN surgical instrument. The proposed instru-
ment needs to envelop the outer wall of the renal artery for 
complete denervation and to focus heat energy on the outer 
wall to minimize arterial damage. To satisfy these require-
ments, our group chose bipolar instruments that consisted 
of parallel-tip electrodes and a round plate, as demonstrated 
by simulations in a previous study [15]. This method was 
designed to deliver radiofrequency (RF) energy to renal 
nerves through parallel-tip electrodes (length, 55 mm; width, 
1 mm; depth, 0.05 mm; separated by 2 mm). The current loop 
was generated between the parallel-tip electrodes, and the 
density associated with the increased tissue temperature 
was more concentrated in the outer wall of the renal arter-
ies than in the inner wall. The tip on the round plate was 
wrapped 360º around the renal artery. This prototype tip has 
elastic properties that allow maintaining its round shape 
after it is slightly unrolled. The operators slightly unrolled 
the surgical tip to wrap the renal artery and then unrolled 
the tip again to remove it after the ablation was completed. 
To use this tool as a bipolar electrosurgical device, the paral-
lel tip electrodes were not placed in contact with the round 
plate; however, the tip was in direct contact with the tissue 
to create a current loop. All sides of the plate were coated 
with polyamide. The plate and electrodes are composed of 
stainless steel. Finally, a fiber-optic temperature probe was 
placed between the parallel electrodes. This prototype was 
made for the current experiment. The final version of this 
laparoscopic device will have more sophisticated functional-
ities (such as loop control for opening and closing).

3. Experimental setup
Fig. 2 shows the experimental laparoscopic RDN system. 

The RDN surgical instrument delivers electrical energy 
when an electrical signal is generated by a function genera-
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tor and is amplified through an RF amplifier. This instru-
ment measures incident power, load impedance, and the tem-
perature of the tip. A directional coupler and power sensors 
are placed between the RF amplifier and the instrument to 
measure the incident power. A network analyzer measures 
impedance between parallel electrodes. To measure the in-
crease in temperature of the tissue touching the electrode 
tip during RF injection, a fiber-optic temperature probe is 
used because it has electromagnetic interference and high-
voltage immunity.

The system was operated in the temperature-control 
mode, which kept the arterial wall at a constant tempera-
ture via feedback control. Temperature monitoring is es-
sential for obtaining feedback data and controlling the 
delivered electrical energy. The recorded temperature, as an 

input value of the feedback algorithm, affects the duration 
of RF switching, which modulates the amount of incident 
electrical energy. In this study, we used Labview (National 
Instruments, Cos Cob, CT, USA) to control the RF devices 
and monitoring devices.

4. Experiment using an animal model
Fig. 3 shows the animal model used for the evaluation of 

the novel surgical instrument for laparoscopic RDN. A total 
of 4 male pigs weighing approximately 45 kg were fasted for 
12 hours on the day before surgery. Before surgery, 0.06 mL/
kg Tardomyocel Comp. III (an antibiotic, Bayer Korea) was 
intramuscularly injected. Intubation was performed under 
isoflurane general anesthesia. In this study, we performed 
open surgery by creating a mid-line incision; however, the 
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Fig. 1. (A) Schematic of the proposed laparoscopy-based renal denervation (RDN) surgical approach and (B) concept design of the surgical instrument for 
laparoscopy-based RDN. A, curling tip of RDN device.

Fig. 2. Real-time energy delivery-controlling generator (A) using a smart algorithm with temperature-monitoring feedback (B). RF, radiofrequency; Amp, 
amplifier.
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novel laparoscopic RDN system is applicable to both open 
and laparoscopic surgery. Table 1 shows the results of the 
denervation protocol using the novel laparoscopic RDN sys-
tem. After performing the first 2 tests involving animals 1 
and 2, the experimental protocols for animals 3 and 4 were 
established. The first test was performed with 2 animals and 
involved a tissue temperature of 70ºC to 90ºC and an abla-
tion duration of 90 to 240 seconds in the temperature-control 
mode. Because the first animal test showed only partial 
denervation in multiple settings, the second animal test was 
performed using an optimized electrode temperature of 90ºC 
to enhance the efficacy. Thereafter, tissues were harvested 
and fixed in 4% formalin for 24 to 48 hours. The tissues 
were embedded in paraffin and cut in the sagittal plane to a 
thickness of 4 µm to create the slide. The overall histology of 
the denervated tissue was identified using hematoxylin and 
eosin (H&E) staining, and vascular damage including that 
of the intimal layer was assessed using Masson’s trichrome 

Table 1. Denervation protocol for animal experiments using the novel laparoscopy-based renal denervation system and summary of denervation 
results

Pig Laterality
Length 
(mm)

Diameter 
(mm)

Location of the renal 
artery for denervation 

(distal or proximal 
segment)

Temperature 
(°C)

Duration 
time (s)

Summary of 
denervation 

results

Remarkable findings 
from the denervated 

sample

Final report of 
denervation

1 Left 22 6 Proximal 80 120 Partial Contact problem between 
tissues and electrodes

Unsuccessful

Distal 80 90 Partial Contact problem between 
tissues and electrodes

1 Right 22 6 Proximal 80 240 Complete All structures of nerves 
with connective tissue  
removed clearly

Successful

2 Left 30 6 Proximal 90 120 Partial Lack of energy  
transmission

Unsuccessful

Distal 90 90 Partial Contact problem between 
tissues and electrodes

2 Right 20 7 Proximal 70 120 Partial Contact problem between 
tissues and electrodes

Unsuccessful

Distal 70 90 Partial Lack of energy  
transmission

3 Right 20 5 Proximal 90 420 Complete Successful
Distal 90 420 Complete

4 Left 20 6 Proximal 90 300 Partial Lack of energy  
transmission

Successful

Distal 90 300 Complete All structures of nerves 
with connective tissue 
removed clearly

4 Right 20 5 Proximal 90 180 Complete All structures of nerves 
with connective tissue 
removed clearly

Successful

Distal 90 180 Complete All structures of nerves 
with connective tissue 
removed clearly

Fig. 3. Animal experiment using the novel surgical instrument for lap-
aroscopy-based renal denervation (RDN). a:The electrode is wrapped 
360° around the artery. b:Temperature wire electrode. c:Surgical instru-
ment for laparoscopy-based RDN.

a

b
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(MT) staining. Immunohistochemical staining with each 
antibody against tyrosine hydroxylase (TH) (mouse mono-
clonal anti-TH; Accurate Chemical, Westbury, NY, USA), 
choline acetyltransferase (goat anti-choline acetyltransferase 
polyclonal antibody; Chemicon, Billerica, MA, USA), growth-
associated protein 43 (mouse anti-GAP43 monoclonal anti-
body; Chemicon), and anti-S100 antibody (Boster Biological 
Technology, Pleasanton, CA, USA) was performed to assess 
necrosis, denaturation, and denervation of the nerve and 
artery [10,21]. Complete denervation was defined as the ab-
sence of any remaining nerve fibers in the stained slide, and 
partial denervation was defined as the presence of 1 or more 
non-ablated nerve fibers. The denervation was defined as 
successful when laparoscopic RDN was completed in either 
the proximal or distal segment of the artery and all nerve 
activity was blocked.

RESULTS

Supplementary Fig. 1 shows the impedance and tempera-
ture profiles of the electrode and the histologic results of 
denervation for 3 minutes at a temperature at 90ºC. During 
ablation, the temperatures of the tissues touching the elec-
trode (approximately 90ºC) and surrounding blood vessels 
(approximately 37ºC) remained relatively constant, except 
that the tissue temperature suddenly decreased after ap-
proximately 100 seconds (Supplementary Fig. 1A). The tem-
perature profile also increased to 90ºC within 10 seconds and 
remained relatively constant for 3 minutes thereafter. H&E 
staining confirmed the overall structure of the completely 
denervated renal artery (Supplementary Fig. 1C), and im-
munohistochemical staining with anti-TH antibody showed 
complete denervation of sympathetic nerve fibers outside 
the renal artery (Supplementary Fig. 1D–F). In addition, MT 
staining revealed no damage to the inner layers of the renal 
artery (Supplementary Fig. 1G). The clear removal of the en-
tire nerve and connective tissue structures was remarkable. 

Supplementary Fig. 2 shows the ablation of the renal 
artery performed for 7 minutes while maintaining the tem-
perature of the electrode at 90ºC, with as much fat tissue as 
possible remaining in the distal portion of the right renal 
artery. During ablation, the temperature of the electrode 
(approximately 90ºC) and surrounding blood vessels (ap-
proximately 32ºC) remained relatively constant (Supplemen-
tary Fig. 2A). The RF profile also increased to 90ºC within 
10 seconds and remained relatively constant for 7 minutes 
thereafter. Supplementary Fig. 2B–D shows the longitudi-
nal section of the renal artery with H&E staining (Supple-
mentary Fig. 2B), TH staining (Supplementary Fig. 2C), and 

immunohistochemical staining with anti-GAP43 antibody 
(Supplementary Fig. 2D). Some sympathetic nerve bundles 
inside the fat tissue remained without denervation or par-
tial denervation, thus showing focal loss of immunopositiv-
ity for neurofilament protein (red arrows) [22]. Supplemen-
tary Fig. 2E shows tissues that were immunohistochemically 
stained with anti-S100 antibody. Some sympathetic nerves 
inside the fat tissue area that was not in contact with the 
electrode were partially denervated, indicating destruction of 
the Schwann cells of the nerves (red arrows) [10]. However, 
some completely ablated areas blocked the electrical conduc-
tion in the longitudinal section, which indicated a successful 
denervation. 

Supplementary Fig. 3 shows the results of the denerva-
tion at 80ºC for 90 seconds (Supplementary Fig. 3A, B) and 
at 90ºC for 90 seconds (Supplementary Fig. 3C, D), followed 
by immunohistochemical staining with anti-S100 antibody. 
Some sympathetic nerves in the remaining fat tissue around 
the renal artery were not denervated or were partially 
denervated, and showed focal loss of immunopositivity for 
neurofilament protein and destruction of the Schwann cells 
of the nerves (red arrows) [10].

Table 1 summarizes the denervation results. An electrode 
temperature higher than 90ºC and a denervation duration 
longer than 180 seconds resulted in more denervation. There 
were no vital sign changes, adverse events, or gross injury to 
the surrounding tissues during the procedures.

DISCUSSION

This is the first study to investigate the safety and fea-
sibility of complete RDN through animal experiments using 
a novel laparoscopic RDN system. A minimally invasive 
laparoscopic RDN system that wraps 360º around the renal 
artery and that could be applied to the retroperitoneal lapa-
roscopic approach, allowing easy access to the renal hilum 
without intraperitoneal puncture or bowel injury. Its ap-
plicability has been demonstrated using simulations and in 
vitro studies in animal models [15]. 

Compared with the incomplete denervation of conven-
tional catheter-based ablation, our proposed system that en-
velops the renal artery 360º could completely ablate not only 
the sympathetic nerves near the arterial wall but also the 
distant nerves [22]. The results of denervation in the tem-
perature-control mode at 90ºC for 420 seconds showed that 
the sympathetic nerve fibers surrounding the renal arteries 
were completely denervated, as evaluated using HE staining 
and immunohistochemical staining with anti-TH antibody. 
In addition, complete denervation without arterial damage 
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was possible at an electrode temperature of 90ºC for a dura-
tion of more than 420 seconds, except in some samples. How-
ever, it was uncertain whether the clear removal of connec-
tive tissues around the arteries was due to the denervation 
effect or the removal of tissues during dissection. Therefore, 
the temperature-control mode may be suitable for ablating 
nerve bundles on the arterial surface.

In Supplementary Fig. 1A, load impedance includes not 
only the impedance of the tissue but also the resistance be-
tween the parallel electrodes of the surgical instrument. The 
contact status between tissues and surgical instruments is 
shown. The increase in load impedance indicated that the 
surgical instrument was not fully in contact with the tissue, 
and the decrease in load impedance indicated that the sur-
gical instrument and tissues were connected and in a state 
that allows the full application of RF energy. Supplementa-
ry Fig. 2A shows that the temperature of the electrodes sud-
denly decreased after approximately 100 seconds and that 
the load impedance increased. This was an intraoperative 
problem involving poor contact between the electrodes of the 
instrument and the tissue. Because the general method of 
electrosurgery involves lowering the impedance, we slightly 
reduced the normal saline volume and maintained the elec-
trode temperature at 90ºC. 

After treatment, it was found that the nerves surround-
ing the connective tissues beyond the electrode width of 5 
mm were not properly ablated. This damage to the tissues, 
which occurred only within the width of the electrodes, was 
advantageous because only the target point was ablated and 
other tissues were not damaged. The arteries containing 
many connective tissues in this animal experiment were not 
uniform circles.

This study has several limitations. First, this study 
showed the possibilities of laparoscopic RDN and found that 
the temperature-control mode could minimize arterial dam-
age. However, there was no definite correlation between 
operative temperature, duration, applied energy, nerve abla-
tion, and arterial wall injury. Second, in this study, we first 
histologically assessed whether the sympathetic nerves sur-
rounding the renal artery were safely denervated without 
arterial injury by our novel RDN system. Thereafter, we 
established an optimal energy transmission protocol. In the 
future, we plan to develop a real-world miniaturized laparo-
scopic instrument and perform a preclinical study to iden-
tify changes in blood pressure, which is the final biological 
alteration, in an acute hypertensive animal and survival 
model.

Because our novel denervation system was developed for 
a laparoscopic approach, it may be difficult to perform com-

plete denervation as easily as with an open approach. How-
ever, we aimed to develop a system that is not affected by 
the learning curve of the operators and that is safe and easy 
to use, with equally effective results, for both specialists and 
novices. The surgical denervation and laparoscopic dener-
vation equipment and systems described in this study can 
overcome the limitations of the conventional catheter-based 
RDN and result in more complete and safer denervation.

CONCLUSIONS

The safety and efficacy of the novel laparoscopic RDN 
system with electrodes that wrap 360º around the renal ar-
teries in an animal model require verification. Determining 
the appropriate temperature and duration in the tempera-
ture-control mode can allow denervation of the renal sympa-
thetic nerve fibers that are distributed in a nearly complete 
circle, without damaging the surrounding tissues or arteries. 
In the future, it will be necessary to develop a device with a 
shape and size suitable for actual surgery and to add a func-
tion that allows the operator to tighten or adjust the loop 
size of the electrode.
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