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Abstract
Aims: The Paradise Ultrasound Renal Denervation System is a next-generation catheter-based device which 
was used to investigate whether the target ablation area can be controlled by changing ultrasound energy and 
duration to optimise nerve injury while preventing damage to the arterial wall.

Methods and results: Five ultrasound doses were tested in a thermal gel model. Catheter-based ultrasound 
denervation was performed in 15 swine (29 renal arteries) to evaluate five different doses in vivo, and ani-
mals were euthanised at seven days for histopathologic assessment. In the gel model, the peak temperature 
was highest in the low power-long duration (LP-LD) dose, followed by the mid-low power-mid duration 
(MLP-MD) dose and the mid-high power-short duration (MHP-SD) dose, and lowest in the mid power-short 
duration (MP-SD) dose and the high power-ultra short duration (HP-USD) dose. In the animal study, total 
ablation area was significantly greater in the LP-LD group, followed by the MLP-MD group, and it was least 
in the HP-USD, MP-SD and MHP-SD groups (p=0.02). Maximum distance was significantly greater in the 
LP-LD group, followed by the MLP-MD group, the MHP-SD group, and the HP-USD group, and shortest 
in the MP-SD group (p=0.007). The short spare distance was not different among the five groups (p=0.38). 
Renal artery damage was minimal, while preserving significant nerve damage in all groups.

Conclusions: The Paradise Ultrasound Renal Denervation System is a controllable system where total abla-
tion area and depth of ablation can be optimised by changing ultrasound power and duration while sparing 
renal arterial tissue damage but allowing sufficient peri-arterial nerve damage.
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Introduction
Hypertension is strongly associated with cardiovascular morbid-
ity and with mortality globally1. Despite the availability of multi-
ple classes of antihypertensive medication, hypertension remains 
uncontrolled in a significant number of patients. Resistant hyper-
tension is defined as blood pressure above goal despite the concur-
rent use of three different classes of antihypertensive medication, 
including one diuretic2. Chronic elevation in sympathetic activity 
contributes to the development of chronic hypertension, and poten-
tial end-organ damage3. Sympathetic nervous system overactivity 
has been linked to numerous pathophysiologic conditions affecting 
the renal, cardiovascular, and metabolic systems. Catheter-based 
renal denervation is a novel approach to disrupt renal sympathetic 
nerve activity in order to reduce blood pressure in patients with 
resistant hypertension4 and other conditions related to sympathetic 
overactivity such as heart failure, obstructive sleep apnoea, chronic 
kidney disease, and diabetes5,6.

To date, there are two primary approaches for catheter-based 
delivery of energy for renal denervation: 1) radiofrequency (RF) 
energy delivered to the renal arterial wall transmurally in order 
to ablate sympathetic nerves7, and 2) ultrasound energy delivered 
circumferentially to the adventitia and periadventitia, sparing the 
arterial wall, to ablate the sympathetic nerves8. As compared to RF 
ablation, ultrasound ablation may have distinct advantages for renal 
denervation. First, the extent of thermal damage might be highly 
controllable both in the area and in the distance. Second, the renal 
arterial wall injury might be minimised since direct tissue contact is 
not necessary to deliver energy to the target tissue. The CE-marked 

Paradise® System (ReCor Medical Inc., Palo Alto, CA, USA) is 
a next-generation catheter-based device that has been designed to 
deliver ultrasound energy to perform targeted controlled circum-
ferential denervation of renal sympathetic nerves. The aims of this 
study were: 1) to investigate whether modification of thermal tis-
sue geometry is feasible by changing ultrasound doses (power and 
duration), and 2) to confirm the safety of renal arterial wall damage 
while ensuring ablation of periarterial nerves irrespective of differ-
ent doses.

Methods
DEVICE OVERVIEW
The Paradise® System consists of a single-use 6 Fr ultrasound 
delivery catheter and an automated, portable customised genera-
tor (Figure 1). The Paradise catheter consists of a through-lumen 
shaft with a cylindrical piezoelectric ceramic transducer located 
at the distal end of the catheter. The Paradise catheter has a distal 
balloon which is pressurised by the Paradise System in a range of 
1.5-2.0 atm using sterile circulating water. The ultrasound trans-
ducer is located within the balloon. The transducer converts electri-
cal energy to acoustic energy, which is then delivered radially from 
the balloon into the renal artery. The pressurised balloon centres the 
ultrasound transducer within the artery, and the circulation of fluid 
serves as coolant to protect the endothelial and medial layers of the 
renal arterial wall. Each catheter has an embedded chip which com-
municates directly with the Paradise generator to deliver the spe-
cific power settings to be applied. The Paradise generator contains 
a touch screen which allows the user to operate the Paradise System 

Figure 1. Paradise Renal Denervation System. A) Paradise generator. B) Cylindrical transducer within a cooling balloon. C) Illustration of 
catheter within the artery demonstrating the cooling feature. D) Illustration of catheter within the artery demonstrating circumferential 
heating with concomitant balloon cooling.
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in a stepwise fashion to prepare the balloon for insertion, to inflate 
and/or deflate the balloon and to deliver ultrasound energy.

BENCH THERMAL GEL MODEL
A thermal gel model was utilised to predict the geometry of the tis-
sue thermal lesion created following delivery of ultrasound energy. 
The gel model (HIFU Phantom Gel; Onda Corporation, Sunnyvale, 
CA, USA) is designed to mimic the thermal and acoustic properties 
of soft tissue. At body temperature (37°C) the gel is transparent; 
however, the gel becomes opaque at high temperatures (70°C), pro-
viding visual confirmation of lesion size and shape. A 5, 6, or 7 mm 
core is created in the centre of the gel to mimic an artery lumen. The 
appropriately sized balloon catheter is inserted into the gel ensur-
ing circumferential balloon-gel contact, mimicking balloon-tissue 
contact. Temperature sensors are embedded in the gel at 1 mm and 
5 mm to measure the actual temperature achieved during ultrasound 
sonication. Ultrasound energy was delivered per standard clinical 
use within the circulating cooling balloon. To characterise the con-
trollability of ultrasound delivery, five different doses were tested 
in this model.

IN VIVO STUDY DESIGN
The safety and effectiveness of five selected ultrasound doses, 
based on bench gel data, were evaluated in a normotensive por-
cine model at ISIS Services, LLC (San Carlos, CA, USA). All pro-
cedures were in compliance with the USDA Regulations and the 
Animal Welfare Act (9 CFR Parts 1, 2 and 3), following the Guide 
for the Care and Use of Laboratory Animals9. The protocol for these 
studies was reviewed and approved by the Institutional Animal 
Care and Use Committee (IACUC) of the test facilities, which are 
accredited by the Association for Assessment and Accreditation of 
Laboratory Animal Care (AAALAC).

Fifteen Yorkshire cross swine, of both sexes, ranging from 62.5 
to 83.5 kg were treated with two ultrasound emissions in each renal 
artery, and survived for seven days. Five different doses were used 
for the procedure. Three animals (6 RAs) were assigned to a low 
power and long duration dose, three animals (6 RAs) to a mid-low 
power and mid duration dose, five animals (10 RAs) to a mid power 
and short duration dose, two animals (4 RAs) to a mid-high power 
and short duration dose, and two animals (4 RAs) to a high power 
and an ultra-short duration dose. Each animal received the same test 
dose bilaterally.

RENAL DENERVATION PROCEDURE AND FOLLOW-UP
All animals were treated with aspirin (325 mg PO) and clopidogrel 
(75 mg PO) 24 hours prior to the procedure. Following general 
anaesthesia, a 7 Fr introducer sheath was placed via the femoral 
artery, and intravenous heparin administered to achieve an acti-
vated clotting time (ACT) of ≥300 seconds. Renal artery angiog-
raphy was performed to determine the appropriate catheter size for 
treatment. The Paradise catheter was introduced and advanced via 
fluoroscopic guidance through a 7 Fr guide catheter over a 0.014” 
guidewire. The catheter was advanced to the target distal location. 

Figure 2. Representative image of renal artery angiogram. The 
Paradise System was introduced through the guide catheter and 
positioned in the mid-distal renal artery.

The balloon was inflated, ensuring full contact with the artery 
wall (Figure 2). The calculated balloon/vessel ratio was 1.04. 
Ultrasound energy was delivered while the cooling fluid circulated 
through the balloon (cooling flow rate was 41 ml/min). Following 
completion of energy delivery, the balloon was deflated and the 
catheter re-positioned proximally for the second energy emission. 
Post procedure all animals were treated with aspirin (81 mg PO) 
and clopidogrel (75 mg PO) daily. At seven days, the animals were 
humanely euthanised. The renal arteries were perfused with lac-
tated Ringer’s solution followed by 10% neutral buffered forma-
lin (NBF). The renal arteries, segment of aorta, and kidneys were 
fixed in 10% NBF and submitted to CVPath Institute, Inc., along 
with portions of psoas muscle, small intestine and ureter when-
ever a gross finding of discolouration and/or areas of necrosis were 
observed, for histologic examination.

STANDARD HISTOPATHOLOGY
Renal arteries with surrounding tissue were cut into six to 11 sec-
tions (at 3-5 mm intervals) along the length of the artery, and 
submitted in separate cassettes for dehydration and paraffin embed-
ding. Sections five microns thick were cut on a rotary microtome 
and stained with haematoxylin and eosin and modified Movat’s 
Pentachrome. The renal artery, vein, arterioles, and renal nerves 
were assessed for injury using a semi-quantitative analysis scale 
of 0-4, wherein 0=none, 1=minimal, 2=mild, 3=moderate, and 
4=marked injury10.

Arterial and venous endothelium damage was circumferentially 
evaluated: 0=no endothelial loss, 1=endothelial loss <25% of vessel 
circumference, 2=endothelial loss 25-50% of vessel circumference, 
3=endothelial loss 51-75% of vessel circumference, 4=endothelial 
loss >75% of vessel circumference10. Medial injury was evaluated 
both by the depth and by the circumference of involvement sepa-
rately: 0=no medial change, grade 1=medial injury involving <25% 
of medial depth/circumference, grade 2=medial injury 25-50% of 
medial depth/circumference, grade 3=medial injury 51-75% of 
medial depth/circumference10, and grade 4=medial injury >75% 
of medial depth/circumference. Nerve damage was given an 
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ordinal grading of 0 to 4: 0=none, 1=minimal, 2=mild, 3=moder-
ate, and 4=severe, based on the histological extent of nerve injury10. 
Maximum nerve damage was recorded in each section.

In addition, to evaluate the extent of tissue damage circumferen-
tially, the following parameters were evaluated: (1) number of quad-
rants with nerve fascicles; (2) number of quadrants with injured 
nerve fascicles (grade 2 or greater); (3) number of quadrants with 
moderately to severely injured nerve fascicles (grade 3 or greater); 
(4) number of quadrants with injured periarterial soft tissue.

MORPHOMETRIC ANALYSIS
Two emission sites (one from proximal and the other from distal) 
were determined in each renal artery. These two emission sites were 
used for the morphometric analysis. In the morphometric analysis, 
the area of the thermal ablation zone, the ablation zone “near field” 
distance (defined as the shortest distance between the arterial lumen 
and the ablation zone) and the ablation zone “far field” distance 
(defined as the longest distance between the arterial lumen and the 
ablation zone) were measured in each section (Figure 3).

STATISTICAL ANALYSIS
Results were expressed as mean±SD. The mean score of two emis-
sion sites per each renal artery was used for analysis. Normality 
of distribution was tested with the Shapiro-Wilk test. Comparisons 
of variables with normal distribution were accomplished by one-
way analysis of variance (one-way ANOVA), whereas comparisons 

of variables with skewed data distribution were performed by the 
Kruskal-Wallis test. A value of p<0.05 was considered statistically 
significant. All analyses were performed with SPSS software ver-
sion 19 (IBM Corp., Armonk, NY, USA), and JMP 5 (SAS Institute, 
Cary, NC, USA).

Results
THERMAL PROFILE IN GEL MODELS
The optical feature of the thermal gel model demonstrated that the 
thermal lesion associated with delivery of ultrasound energy centred 
within a cooling balloon consists of a predictable and reproducible 
geometry characterised by a circumferential uniform toroidal lesion 
with a cooled zone adjacent to the balloon (Figure 4). Embedded 
temperature sensors depict the controllability of the lesion as shown 
in Table 1. Peak temperature at 1 mm was similar among five doses 
(ranging from 66.3°C to 68.7°C), whereas peak temperature at 5 mm 
was different among five doses. Peak temperature at 5 mm was high-
est in the low power-long duration dose (61.1°C), followed by the 
mid-low power-mid duration dose (58.8°C) and mid-high power-
short duration dose (55.0°C), and lowest in the mid power-short dura-
tion dose (52.0°C) and high power-ultra short duration dose (51.8°C).

IN VIVO STUDY
All fifteen animals survived the expected in-life phase of the study. 
One renal artery in the mid power and short duration group was 
excluded from histological analysis, since two emission sites could 

Figure 3. Representative images of ablation area mapping. A) Representative histologic section of emission site. The ablation area is 
delineated by a green line. The red arrow represents maximum long distance, whereas the yellow arrow represents corresponding short 
distance. B) Diagram of area mapping and distance measurement. LN: lymph node ; V: vein.
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not be identified due to a short renal artery. A total of 29 RAs were 
used for analysis. The mean lengths of the renal artery from ostium 
to bifurcation in the low power-long duration group, mid-low 
power-mid duration group, mid power-short duration group, mid-
high power-short duration group, and high power-ultra short dura-
tion group were 3.3±0.7 cm, 3.2±0.9 cm, 3.6±0.9 cm, 3.7±0.5 cm, 
and 3.4±1.1 cm, respectively (p=0.84). There was no balloon-
related dissection observed in any of the arteries.

TOTAL ABLATION AREA AND DISTANCE
Table 2 shows the total ablation area, and the maximum and minimum 
distance among the five groups. The total ablation area was signifi-
cantly greater in the low power-long duration group (172±70 mm2), 
followed by the mid power-mid duration group (133±31 mm2), and 
it was least in the mid power-short duration group (87±54 mm2), 
the mid-high power-short duration group (87±11 mm2), and the 
high power-ultra short duration group (85±32 mm2) (p=0.02). The 
maximum distance was significantly longer in the low power-long 
duration group (11.9±2.9 mm), followed by the mid-low power-mid 
duration group (10.0±1.5 mm), the mid-high power-short duration 

group (10.2±2.3 mm), and the high power-ultra short duration group 
(10.1±1.3 mm), and it was shortest in the mid power-short dura-
tion group (7.4±2.0 mm) (p=0.007). On the other hand, minimum 
distance was not different among the five groups, ranging from 
1.0±0.5 mm to 1.4±0.2 mm (p=0.38).

RENAL ARTERY, PERIARTERIAL SOFT TISSUE, AND NERVE 
INJURY
Table 3 shows renal artery, vein, arterioles, and soft tissue injury 
among the five groups. Endothelial loss was not observed in any group. 
Medial injury was minimal (score <1) both in depth and circumfer-
ence, and was not different among the five groups (p=0.13). The num-
ber of injured tissue quadrants was similar among the five groups 
(p=0.79): all groups showed ≥3 quadrants of injured tissue, which sup-
ports circumferential energy emission. Other parameters including 
vein injury and arterioles injury were not different among the groups.

Table 4 shows nerve damage among the five groups. Nerve damage 
was similar among the five groups (p=0.73), and all groups showed 
marked (score 4) nerve damage. Injured nerve quadrant (score ≥2) 
per nerve quadrant, which reflects circumferential nerve damage, 

Figure 4. Thermal gel model. The heating pattern generated by ultrasound energy delivered from the Paradise catheter is illustrated. The heat 
lesion is circumferential, uniform, and toroidal in shape, with a preserved cooled region adjacent to the balloon.

Table 1. Near (1 mm) and far (5 mm) sensor temperature among 5 different doses.

Low power-long 
duration

Mid-low power-mid 
duration

Mid power-short 
duration

Mid-high power-
short duration

High power-ultra 
short duration

Peak temperature at 1 mm 66.9 68.7 67.0 67.2 66.3

Peak temperature at 5 mm 61.1 58.8 52.0 55.0 51.8

Table 2. Total ablation area, maximum and minimum ablation distance among 5 different doses.

Low power-long 
duration (n=6)

Mid-low 
power-mid 

duration (n=6)

Mid power-short 
duration (n=9)

Mid-high 
power-short 

duration (n=4)

High power-ultra 
short duration 

(n=4)
p-value

Total ablation area (mm2) 172±70 133±31 87±54 87±11 85±32 0.02

Maximum distance (mm) 11.9±2.9 10.0±1.5 7.4±2.0 10.2±2.3 10.1±1.3 0.007

Minimum distance (mm) 1.2±0.3 1.4±0.2 1.2±0.4 1.0±0.7 1.1±0.4 0.50

p-value was calculated from one-way ANOVA test.
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was not different among the five groups (p=0.10). Also, moderately 
to severely injured nerve quadrant (score ≥3) per nerve quadrant was 
not different among the five groups. Representative images of the 
emission site among the five groups are shown in Figure 5.

Overall retroperitoneal organ damage, consisting of focal psoas 
muscle necrosis, small bowel transmural necrosis and injury to the ure-
ter, was observed (Online Table 1), mostly in the low power-long dura-
tion, and mid-low power-mid duration groups, and the least injury was 
observed in the mid power-short duration group which coincides with 
the shortest ablation distance of perirenal soft tissue damage.

Discussion
This study aimed to assess the ability to modify the ablation geometry 
by changing ultrasound energy and duration while maintaining the 
safety of the arterial wall and the efficacy of nerve injury. Five ultra-
sound doses were evaluated in a thermal gel model and in an in vivo 
porcine model. The data demonstrated that the total ablation area as 
well as the maximum ablation distance from the arterial lumen can be 
controlled by varying the ultrasound dose (power and duration). The 
total ablation area and maximum distance were greatest in the low 
power-long duration group and least in the mid power-short duration 
group, which coincides with the results of the peak temperature at 
5 mm in the gel model. The data further demonstrated that the mini-
mum distance from the arterial lumen was similarly controlled, as the 
distance was not different among the five groups evaluated in either 
the thermal gel model or the in vivo porcine model. These results 

suggest that the mid power-short duration group showed the safest 
profile without sacrificing efficacy, because the maximum ablation 
distance (7.4±2.0 mm) in this group may be enough for human renal 
nerve ablation, at which the 90th percentile of all nerve distance was 
6.39 mm11. The renal arterial wall exhibited minimal damage in all 
groups. There was no evidence of endothelial cell loss, and minimal 
to no medial damage. The minimal medial damage that was observed 
is not physiologically relevant. Marked circumferential grade 4 nerve 
damage was observed in all groups. The results of injured nerve 
quadrant per nerve quadrant were consistent with circumferential 
nerve damage. Furthermore, the mean number of injured tissue quad-
rants was ≥3 in all groups, which also suggests circumferential abla-
tion geometry.

To date, there are few reports in the literature regarding cathe-
ter-based ultrasound renal denervation in preclinical models except 
reports of meeting abstracts. Koruth et al presented an abstract of 
catheter-based ultrasound renal denervation in adult swine12. They 
reported on acute (<30 hours) histopathologic changes induced 
by catheter-based ultrasound ablation, and observed that 86% of 
all nerves showed mild to complete nerve injury while inducing 
minimal arterial injury12. Recently, Wang et al reported their find-
ings following renal denervation by extracorporeal high-intensity 
focused ultrasound in a canine model13. Although they reported the 
histology of nerve damage including vacuolisation, the detail of the 
ablation geometry (depth or circumference) was not described13. 
As compared to ultrasound denervation, RF energy-induced 

Table 3. Renal artery, vein, arterioles, and soft tissue injury among 5 different doses.

Low power-
long duration 

(n=6)

Mid-low 
power-mid 

duration (n=6)

Mid power-
short duration 

(n=9)

Mid-high 
power-short 

duration (n=4)

High power-
ultra short 

duration (n=4)
p-value

Renal 
artery

Endothelium loss (score 0-4) 0±0 0±0 0±0 0±0 0±0 –

Medial injury depth (score 0-4) 0±0 0±0 0.3±0.5 0.8±1.0 0.3±0.3 0.13

Medial injury circumference (score 0-4) 0±0 0±0 0.2±0.3 0.5±0.7 0.3±0.3 0.13

Vein Endothelium loss (0-4) 0±0 0.3±0.3 0.1±0.3 0±0 0±0 0.09

Medial injury depth (score 0-4) 0±0 1.9±1.7 0.7±1.0 1.5±1.9 1.0±2.0 0.18

Medial injury circumference (score 0-4) 0±0 0.6±0.5 0.3±0.4 0.4±0.5 0.3±0.5 0.20

Arterioles injury (score 0-4) 3.8±0.4 4.0±0 3.9±0.3 4.0±0 4.0±0 0.72

Number of injured tissue quadrants (0-4 quadrant) 3.2±0.8 3.4±0.4 3.2±0.7 3.1±0.9 3.0±0.4 0.79

p-value was calculated from Kruskal-Wallis test.

Table 4. Nerve damage among 5 different doses.

Low power-
long duration 

(n=6)

Mid-low 
power-mid 

duration (n=6)

Mid power-
short duration 

(n=9)

Mid-high power-
short duration 

(n=4)

High power-ultra 
short duration 

(n=4)
p-value

Nerve injury (score 0-4) 3.9±0.2 3.8±0.4 3.7±0.5 3.9±0.3 4.0±0 0.73

Injured nerve quadrant (score ≥2) 
per nerve quadrant 0.7±0.1 0.9±0.1 0.8±0.2 0.8±0.1 0.9±0.2 0.10

Injured nerve quadrant (score ≥3) 
per nerve quadrant 0.6±0.1 0.8±0.3 0.7±0.3 0.7±0.2 0.8±0.2 0.23

p-value was calculated from Kruskal-Wallis test.
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Figure 5. Representative histologic images of emission site among 5 different dose groups. Panel A. Low power-long duration. A-1: low 
magnification images of renal artery and surrounding tissue (Movat stain). A-2: high magnification image of arterial media (blue boxed area in 
A-1). Arterial media is intact (Movat stain). A-3 and A-4: high magnification image of injured nerve fascicle (red boxed area in A-1). Moderate 
(Grade 3) nerve injury is observed (A-3: Movat stain, A-4: H&E stain). Panel B. Mid-low power-mid duration. B-1: low magnification images 
of renal artery and surrounding tissue (Movat stain). V: vein; LN: lymph node. B-2: high magnification image of arterial media (blue boxed 
area in B-1). Arterial media is intact (Movat stain). B-3 and B-4: high magnification image of injured nerve fascicle (red boxed area in B-1). 
Severe (Grade 4) nerve injury is observed (B-3: Movat stain, B-4: H&E stain). Panel C. Mid power-short duration. C-1: low magnification 
images of renal artery and surrounding tissue (Movat stain). V: vein. C-2: high magnification image of arterial media (blue boxed area in C-1). 
Arterial media is intact (Movat stain). C-3 and C-4: high magnification image of injured nerve fascicle (red boxed area in C-1). Severe (Grade 
4) nerve injury is observed (C-3: Movat stain, C-4: H&E stain). Panel D. Mid-high power-short duration. D-1: low magnification images of 
renal artery and surrounding tissue (Movat stain). D-2: high magnification image of arterial media (blue boxed area in D-1). Arterial media is 
intact (Movat stain). D-3 and D-4: high magnification image of injured nerve fascicle (red boxed area in D-1). Severe (Grade 4) nerve injury is 
observed (D-3: Movat stain, D-4: H&E stain). Panel E. High power-ultra short duration. E-1: low magnification images of renal artery and 
surrounding tissue (Movat stain). LN: lymph node. E-2: high magnification image of arterial media (blue boxed area in E-1). Arterial media is 
intact (Movat stain). E-3 and E-4: high magnification image of injured nerve fascicle (red boxed area in E-1). Severe (Grade 4) nerve injury is 
observed (E-3: Movat stain, E-4: H&E stain).
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preclinical studies of renal denervation have been reported in two 
separate studies by Rippy et al and Steigerwald et al14,15. However, 
information regarding RF ablation geometry was not reported 
except for mentioning the presence of nerve damage observed at 
three different time points (six months by Rippy et al, and 45 min 
and 10 days by Steigerwald et al) by these two investigators.

In catheter-based renal sympathetic denervation, it is of utmost 
importance to control the ablation geometry in order to maintain the 
efficacy and safety. Ideally, the maximum ablation distance should be 
long enough to affect most of the perirenal nerves11 but should not be 
too deep as to cause excessive deep ablation that could jeopardise peri-
arterial organs. The present study demonstrated that the target abla-
tion area and maximum depth can be controlled with the ultrasound 
Paradise System, while the cooling balloon feature consistently spares 
the first mm of tissue (arterial wall) from injury. Although retroperi-
toneal organ damage such as focal psoas muscle and small intestine 
necrosis were observed in the current study, the distance from renal 
artery to those organs is anatomically different in pigs as compared to 
in man. The distance from the renal artery to psoas muscle is greater in 
man than in swine (unpublished CT data: ReCor Medical). Therefore, 
direct translation of our results to humans is probably not applicable.

Circumferential nerve ablation has the advantage of achieving 
adequate transection of the nerves; however, the primary risk of cir-
cumferential denervation is extensive arterial damage. The Paradise 
System maintains a cooled surface circumferentially to prevent arte-
rial damage. The Paradise System delivered energy radially resulting 
in Grade 2 nerve injury to 70-90% of the nerves, and Grade 3 injury to 
60-80% of the nerves. Nonetheless, it was not possible to ablate 100% 
of the nerves circumferentially due to the presence of areas of heat 
sink such as the lymph nodes and renal vein which, to some extent, 
are random, and the location of heat sink is not constant (Figure 3).

Ultrasound ablation offers certain advantages over RF ablation for 
renal denervation due to the manner by which energy is generated and 
delivered to the tissue. The ability to induce thermal damage without 
the energy source needing to make direct contact with the arterial wall 
is one of the main distinctions between ultrasound and RF devices. 
RF devices require impedance measurements to ensure proper con-
tact with tissue, a step that is unnecessary when ultrasound is used. 
Since direct tissue contact is necessary to ablate tissue with RF elec-
trodes, the tissue receiving the highest influx of energy is immediately 
adjacent to the electrode. In contrast, ultrasound devices do not require 
direct tissue contact, and balloon cooling of the arterial wall can be 
implemented while maintaining stabilisation and position of the device 
within the artery. Balloon cooling allows for the maintenance of physi-
ologic temperatures in the tissue in immediate contact with the balloon. 
Another important distinction is that RF relies on thermal conduction 
alone to denervate nerves residing away from the arterial wall.

Although both the Paradise System and the RF denervation system 
have been used in many different patient populations, all have shown 
the safety of these devices in clinical trials. However, effectiveness has 
been questioned lately (SYMPLICITY HTN-316). Greater understand-
ing of each device in preclinical studies is needed and their effective-
ness will have to be proven in future randomised trials. At least in the 

current study we have shown that ultrasound energy delivered via 
the Paradise System in the porcine model can result in sparing of the 
renal artery while inducing greater perirenal tissue and nerve damage. 
However, no head-to-head comparison to RF ablation was performed.

Study limitations
While clear morphological nerve damage was observed in all groups, 
functional nerve damage, such as immunohistochemistry, was not 
evaluated, and norepinephrine levels in the kidney were not measured 
in this study. We showed maximum distance as well as correspond-
ing shortest distance; however, these results may be affected by tissue 
shrinkage due to histological processing and therefore the measure-
ment may not exactly correspond to the in vivo situation17. Also, since 
some histologic sections did not have uninvolved edge, the maximum 
depth may have been underestimated. Furthermore, clinical implica-
tions of preclinical findings are always uncertain due to differences 
in anatomy and the use of non-diseased models. However, there are 
no reliable immediate biomarkers to assess the success or failure of 
in-human renal sympathetic denervation. Preclinical histopathologic 
studies are the only means of determining the extent of nerve dam-
age, which is as yet impossible in the clinical setting. In addition, the 
failure to reach efficacy endpoint in the SYMPLICITY HTN-3 trial 
underscores the importance of preclinical work in this field16.

Conclusions
The Paradise® Ultrasound Renal Denervation System can modify 
total ablation area and depth by changing ultrasound power and 
duration while maintaining renal arterial safety and sufficient peri-
arterial nerve damage.

Impact on daily practice
In catheter-based renal sympathetic denervation, it is of the 
utmost importance to control the ablation geometry in order to 
maintain the efficacy and safety. Ideally, the maximum ablation 
distance should be long enough to affect most of the perirenal 
nerves but should not be too deep as to cause excessive deep 
ablation that could jeopardise periarterial organs. The present 
preclinical study demonstrated that the target ablation area and 
maximum depth can be controlled with the ultrasound Paradise 
System. Although clinical implications of preclinical findings are 
always uncertain due to differences in anatomy and the use of 
non-diseased models, preclinical histopathologic studies are the 
only means of determining the extent of nerve damage, which is 
impossible in the clinical setting.
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