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Abstract  

Hypertension is a prevalent condition affecting one third of the adult population worldwide. 

Medications alone have failed to control the blood pressure (BP) in a large proportion of the 

hypertensive population. Therefore, renal artery denervation (RAD) was developed for the 

management of resistant hypertension. However, its efficacy was found to be inconsistent in 

clinical trials. Delivery of effective ablation that results in sufficient nerve injury is one 

important criterion for a successful procedure. This thesis focuses on evaluation of various 

commercially available RAD devices and understanding their unique properties and 

limitations. Using an in-house built renal artery phantom model, we demonstrated that single 

electrode Symplicity Flex produced larger lesions, in depth and width compared to multi-

electrode EnligHTN when both systems were used under identical experimental conditions, 

and with optimal vessel wall contact.  Clinically, in a small cohort of patients who underwent 

RAD using either systems, we found no significant difference in office BP reduction between 

the two systems and both groups had a significant reduction in office BP, which persisted up 

to 4 years. When the new generation multi-electrode Symplicity Spyral and multi-electrode 

EnligHTN systems were assessed in the same model, EnligHTN lesions were larger in depth. 

However, lesion depth of the new generation devices was reduced by 30-40% compared to 

older generation devices. In a phantom model of branch renal artery, Symplicity Spyral 

produced lesion that were of similar size and with bigger circumferential coverage compared 

to main vessel phantom model. No overheating at the electrode-tissue interface occurred during 

branch ablation. Overall, this thesis broadens our knowledge in the field of RAD with respect 

to information regarding properties and limitation of different RAD systems and it aids in 

refining the procedure in order to achieve the best clinical outcome.  
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INTRODUCTION 

1.1 Background 

Hypertension is a major health concern globally, which is associated with serious 

cardiovascular and cerebrovascular complications. For decades, pharmacotherapy was the only 

available treatment option for hypertension. However, amongst the hypertensive population, a 

large proportion of patients remain untreated, undertreated or resistant to treatment on 

medication alone [1, 2]. In recent years, management of hypertension using non-

pharmacological therapy including minimally invasive renal artery denervation (RAD) has 

been explored [3]. The rationale for this procedure was supported by a good volume of 

evidence, which demonstrated that renal afferent and efferent sympathetic nerves are crucial 

players in hypertension development [4-14]. In RAD, injury of nerves located around the renal 

artery is achieved through the application of various energy modes, most commonly 

radiofrequency (RF) onto the intimal surface via an intra-arterial catheter-based approach [3]. 

Early clinical trials demonstrated significant blood pressure (BP) reduction after RAD [3, 15]. 

However, the randomised sham-controlled trial, Symplicity HTN-3 showed no difference in 

BP reduction between the RAD and the sham control arms [16]. The negative results of this 

clinical trial highlighted the complexity of RAD and the importance of further research in this 

area. Procedural efficacy, defined by achieving a clinical response is affected by multiple 

factors including patient selection, anatomy of the target (renal nerves), the technique, and 

proceduralist skills. Careful assessment of each of those factors enhances our overall 

understanding and aids in refining the procedure in order to improve the clinical outcome.  
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1.2 Aims of Thesis 

The overall objective of this thesis is to improve our understanding of the differences and 

limitations of various RF systems utilised in RAD by evaluating lesion characteristics and 

thermal properties of each system, and to understand the implications of these findings on RAD 

efficacy through both bench and clinical work. This has been illustrated through four 

manuscripts (chapter 3-6).   

The specific aims of the thesis are: 

1- To construct a gel based phantom model of the renal artery involving thermochromic

liquid crystal (TLC) technology for evaluating various RF devices utilised in RAD.

[Chapter 3]

2- To evaluate and compare the spatiotemporal lesion growth and ablation characteristics

between single electrode Symplicity Flex and multi-electrode EnligHTN RF systems

using the TLC model of the renal artery. [Chapter 3]

3- To assess and compare RF lesion dimensions and thermodynamics of the multi-

electrode Symplicity Spyral versus the new generation multi-electrode EnligHTN

systems using the TLC model. [Chapter 4]

4- To assess short-term and long-term BP response to RAD using two different RF

systems in a cohort of patients with resistant hypertension. [Chapter 5]

5- To evaluate the extent of thermal injury (lesion depth, width and circumferential

coverage) of RF ablation using the multi-electrode Symplicity Spyral system in the

TLC model of a renal artery branch and to determine the electrode-tissue interface

temperature for branch ablation in the TLC model. [Chapter 6]

6- To Compare the extent of thermal injury for main vessel versus branch renal artery RF

ablation in the TLC model using the same RF system. [Chapter 6]
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Chapter 2 

Literature Review 

Al Raisi SI, Pouliopoulos J, Swinnen J, Thiagalingam A, Kovoor A. Renal Artery 

Denervation in Resistant Hypertension: The Good, The Bad and the Future. 

Submitted to Heart, Lung and Circulation. 
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Abstract 

Early studies of renal artery denervation (RAD), Symplicity HTN-1 & 2, demonstrated 

efficacy in treating resistant hypertension patients with significant reduction in office 

blood pressure (BP). This resulted in a growing enthusiasm in the field and a rapid 

evolution of technology with expanding procedural indications. However, the first 

randomised sham-controlled trial, Symplicity HTN-3, failed to demonstrate a 

significant difference in BP reduction between the RAD and the sham-controlled arm, 

which subsequently led to a major reduction in the clinical application of this procedure. 

Additionally, the results generated further interest into understanding the mechanism 

and factors affecting procedural success and identifying the limitations within the field. 

Many lessons were learned from the Symplicity HTN-3 trial, and with recent evidence 

emerging for RAD in hypertension treatment, the field continues to be refined. 

Keywords: Hypertension, renal denervation, blood pressure 
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Introduction 

Hypertension affects one third of the adult population worldwide [1]. It is one of the 

major risk factors for ischaemic heart disease and cerebrovascular disease, both of 

which are main contributors to cardiovascular mortality [2]. It was demonstrated that a 

20 mm Hg rise in systolic blood pressure (SBP) doubles the mortality risk for heart 

disease, stroke or any other vascular disease [3]. In contrast, a 10 mm Hg fall in SBP 

resulted in a reduction in stroke rate by 41% [4]. Of note, only about 50% of patients 

with hypertension have their blood pressure (BP) controlled on medical therapy [5], 

and 20-30% develop resistant hypertension (BP>140/90 despite three antihypertensive 

medications of different class including a diuretic)  [6]. In the last decade, renal artery 

denervation (RAD) became available as a treatment option for refractory hypertension 

[7]. Despite conflicting efficacy results in clinical trials, the rationale for its application 

in hypertension treatment remains valid. Previous studies in different models of 

hypertension provide strong evidence for the implication of renal afferent and efferent 

sympathetic nerves in hypertension pathogenesis [8-19]. Moreover, the effectiveness 

of surgical sympathectomy in reducing BP at the time of limited medical therapy 

supports the use of RAD in hypertension treatment [20-28]. Therefore, recent effort has 

been focused on optimising the procedure by selecting appropriate patients and 

applying new methods and technologies guided by a better understanding of renal nerve 

anatomy. In this review we discuss the anatomy of renal nerves, the implication of renal 

sympathetic nerves in hypertension, the technology applied, and the clinical evidence, 

both old and new, for RAD. 
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Anatomy of renal nerves 

Renal artery denervation is a minimally invasive procedure that specifically targets the 

renal nerves located in the adventitial layer of the renal arteries, which are derived from 

the celiac plexus, the lumbar splanchnic nerves and the superior mesenteric ganglion 

[10]. Postganglionic nerve fibres form a plexus around the renal artery (renal plexus) 

and run parallel to it (Figure 1A & 1B). They enter the kidney with the renal artery, 

renal vein and the ureter, branching in the renal cortex and medulla to supply the 

arterioles, the tubules and the juxtaglomerular apparatus. Due to the proximity of renal 

nerves to the renal artery intima, nerve injury through an endovascular approach via the 

renal artery was theoretically possible.  

 

 

Figure 1. Renal nerve anatomy. Gross anatomy of renal sympathetic nerves demonstrating the 
ganglionic neural structures and the renal plexus; (A) anterior view of a right kidney, (B) 

Posterior view of a right kidney. An illustration showing the distribution of renal nerve fibres 
around the proximal, middle and distal segments of the renal artery (C). RK; right kindy, Ag; 
adrenal gland, Coe; coeliac ganglion, Arg; aorticorenal ganglion, Ig; renal inferior ganglion, 

LC; lumbar chain, SMg; superior mesenteric ganglion, CoT; coeliac trunk, Pg; posterior 
ganglion, SP; thoracic splanchnic nerves. 

 

 

Nonetheless, detailed understanding of the anatomy and distribution of renal nerves 

was limited until recent years. Both animal and human post-mortem studies 

demonstrated that nerve fibres are more abundant in the proximal compared to the distal 

segment of the renal artery. In addition, about 50% of the nerve fibres around the main 
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vessel were located within 2.5 mm from the intima [29, 30]. However, fibres in the 

distal segments were found closer to the intima compared to those in the proximal 

segments, with 79% of fibres that are distal to the bifurcation occurring within 2 mm 

from the lumen (Figure 1C) [30]. These findings were of particular importance as they 

had led to exploration of new procedural methods in order to maximise the clinical 

outcome [31-33]. 

 

The role of renal sympathetic nerves in hypertension  

It has been well established from previous experimental models, that both renal efferent 

sympathetic and afferent nerves contribute to the pathogenesis of human essential 

hypertension [8-10]. Efferent sympathetic nerves exert their effect by increasing renal 

tubular sodium and water reabsorption, activation of the renin-angiotensin system, and 

inducing renal vasoconstriction leading to a reduction in glomerular filtration rate and 

renal blood flow [8]. Augmented renal efferent sympathetic nerve activity in human 

essential hypertension has been demonstrated by higher level of renal norepinephrine 

(NE) spillover (a marker for renal efferent sympathetic nerve activity) in essential 

hypertension patients compared to healthy normotensive subjects [13]. Afferent 

sensory nerves on the other hand activate the central sympathetic system by 

transmitting signals from mechanoreceptors and chemoreceptors in the kidney to BP 

regulatory centres in the hypothalamus, which subsequently stimulates the sympathetic 

outflow to various organs including the heart, the skeletal muscles, the vasculature and 

the kidneys [9]. The contribution of afferent renal nerves to hypertension pathogenesis 

was well evident in animal studies. Bilateral dorsal rhizotomy (T10-L2) in the 5/6 

nephrectomised rats diminished BP elevation [16, 17]. This was associated with a 

reduction in NE turnover rate in areas responsible for sympathetic BP control [16]. 

9
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Furthermore, in the same model, intrarenal infusion of 10% phenol resulted in BP 

elevation and increase in NE secretion from the posterior hypothalamus. Dorsal 

rhizotomy (T12-L2) prevented this response supporting the connection between the 

afferent renal nerves and the brain and the role of afferent nerves in BP regulation in 

this model [18]. Moreover, in one-kidney one-clip hypertensive rats, Katholi 

demonstrated a reduction in peripheral sympathetic nerve activity after renal 

denervation, which wasn’t associated with alteration in renin activity suggesting that 

afferent renal nerves are responsible for the development of hypertension in this model 

[19].  

 

Renal artery denervation procedure 

The procedure was initially indicated for patients with office SBP of ³ 160 mm Hg and 

who are on ³ three antihypertensive medications including a diuretic. Main inclusion 

and exclusion criteria from major clinical trials are summarised in Table 1 [7, 34, 35].  

In general, prior to referral for RAD, patients with resistant hypertension should 

undergo careful evaluation.  True resistance must be confirmed by assessment of office 

and home BP as well as 24-hr ambulatory BP and monitoring of medication adherence. 

A secondary cause of hypertension must also be excluded. After lifestyle modification, 

medication escalation is usually practiced. In particular, the addition of a thiazide 

diuretics and mineralocorticoid reception antagonists should be considered [36]. 
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Table 1.  Summary of inclusion and exclusion criteria from major clinical trials  
 
	

 
Inclusion Criteria 

 
 

• Office SBP of ³160 mmHg, and on ³ 3 antihypertensive medications including a 

diuretic (³ 150 mmHg in patients with type 2 diabetes) 

• 24- hour ambulatory SBP of ³ 135 mmHg * 

• Age between 18 and 85 years 

 
 

Exclusion Criteria 
 

 

• Known secondary cause for hypertension 

• Significant renal failure (eGFR < 45 ml/min/7.3 m2) 

• Hemodynamically significant valvular disease, MI or CVA in the previous six 

months  

• Implanted PPM or ICD 

• Type 1 diabetes 

• Pregnant  

• Renal artery stenosis of > 50%, renal artery aneurysm or previous renal artery 

intervention 

• Multiple or small renal arteries (diameter < 4 mm and length < 20 mm) 

• On clonidine, moxonidine, rilmenidine or warfarin  

• More than one hospitalisation for hypertensive emergency in the previous year 

 
Abbreviations: SBP; systolic blood pressure, eGFR; estimated glomerular filtration rate, 

MI; myocardial infarction, CVA; cerebrovascular accident, PPM; permanent pacemaker, 

ICD; implantable cardioverter- defibrillator. * Symplicity HTN 3 
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The procedure is often performed under conscious intravenous (IV) sedation. Two-

dimensional fluoroscopic x-ray imaging is utilized to guide the ablation catheter into 

the renal artery via femoral arterial access. Each renal artery is selectively engaged 

using a guiding catheter and arteriography is subsequently performed to assess 

anatomical suitability. If suitable, the catheter is advanced into the artery and positioned 

distally to deliver the ablation. Prior to energy delivery, a prophylactic dose of IV 

glyceryl trinitrate is often administered to prevent arterial spasm. A final arteriogram is 

performed after ablation to confirm vessel wall integrity and to exclude severe 

vasospasm. Patients are usually discharged home the following day on their usual 

antihypertensive treatment [7]. 

Assessment of response to renal artery denervation 

Clinical response to RAD is measured by a reduction in either office or 24-hr 

ambulatory BP (≥ 10 mmHg and ≥ 5 mmHg, respectively). Early RAD trials used office 

BP as an efficacy endpoint and showed a significant reduction up to three years [37, 

38]. Nonetheless, using office BP as a primary endpoint can lead to inclusion of patients 

with pseudoresistance. Therefore, the use of 24-hr ambulatory BP at baseline and 

follow up became mandatory in later trials, as it offers more accurate assessments of 

BP and enables the exclusion of those with pseudoresistance. Whilst BP reduction as a 

surrogate endpoint has been shown to correlate with risk of death and cardiovascular 

mortality in antihypertensive medications trials, BP response to RAD is not immediate 

and can take up to 3 to 6 months [7, 34, 39-43]. Therefore, biomarkers that are specific 

for renal nerve activity have been used to measure RAD success. Measurement of Renal 

NE spillover rate, a marker for renal efferent sympathetic nerve activity pre and post 

RAD was used in a proportion of patients in Symplicity HTN1[7]. However, radiotracer 
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technique of measuring NE spillover rate is meticulous and is not widely available in 

clinical practice. Thus, intraprocedural veno-arterial NE gradient has been performed 

as an alternative [44]. Moreover, renin activity has also been used as marker for efferent 

renal sympathetic nerve activity [45]. Other biomarkers that have been used and are 

associated with afferent renal nerve activity include muscle sympathetic nerve activity, 

baroreflex sensitivity, and heart rate variability [46]. More recently, the use of electrical 

renal nerve stimulation (RNS) to guide RAD has been reported. A clinical study by Gal 

et al. demonstrated a significant increase in SBP after RNS, a response that was blunted 

after RAD [47]. This blunting of BP response to RNS was found to correlate with BP 

reduction at three to six months in these patients in a subsequent study [48]. More 

clinical studies are currently underway to evaluate RNS as a method to guide RAD 

(SMART study NCT03288142, and CONFIDENT study NCT02777216).  

Evolution of renal artery denervation technology 

The first system used in RAD was the Symplicity Flex (Medtronic, Minneapolis, MN, 

USA) radiofrequency (RF) system [7]. This system used low power output (8 W) to 

deliver RF ablation into the intraluminal surface of the renal artery via a single electrode 

catheter. Four to six RF ablations of 120 secs were delivered in a spiral pattern into 

each renal artery [7]. The ability to achieve circumferential ablation using this system 

was challenging and required operator experience. Therefore, new devices that used 

multi-electrode catheter design became readily available. The EnligHTN system (St. 

Jude Medical, now Abbott, Chicago, IL, USA) was one of the earliest multi-electrode 

RF system used in RAD [49]. The design required less catheter manipulation to achieve 

circumferential ablation and offered better vessel wall contact compared to Symplicity 

Flex. It used four electrodes mounted on an expandable basket and separated both 
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longitudinally and rotationally to deliver four 90sec ablations sequentially, resulting in 

an overall shorter procedure. The first-generation EnligHTN was later replaced by a 

new generation EnligHTN system that further reduced procedural duration by 

simultaneously delivering RF ablation via all four electrodes for a shorter duration (60 

sec) [50]. Moreover, the maximum electrode-tip temperature was also reduced to 70 ºC 

(from 75 ºC) in order to minimise intimal damage, as microthrombus formation and 

intimal disruption has been reported previously with the first-generation device [51]. 

Concurrently, Symplicity Flex was replaced with a new generation multi-electrode (x4) 

Symplicity Spyral [52]. Each RF ablation using the Spyral system delivers a maximum 

power of 6.5 W for a duration of 60 secs. In addition, systems that used alternative 

energy modalities were also developed including ultrasound (US) and chemical 

denervation. Both of which enabled deeper ablation while sparing the endothelium [53, 

54]. Ease of use, less operator dependency and shorter procedure duration were 

objectives for the newer generation devices [55]. A list of devices that were tested or 

used in RAD and their technical specifications are summarised in Table 2.  
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Tables 2.  Summary of technologies that have been tested and utilised for renal artery 

denervation 

Technology System/ Catheter Design Evidence available  

 

 

 

 

 

 

 

 

 

RF 

 

 

 

 

 

 

 

 

 

Symplicity Flex 

 

 

EnligHTN 

 

 

Symplicity Spyral 

 

 

 

Iberis 

 

 

One-Shot 

 

 

Vessix V2 

 

 

Single electrode, unipolar, 6fr 

 

 

Multielectrode, basket, 

unipolar, 8fr 

 

Multielectrode, over wire, 

unipolar, 6fr 

 

 

Single electrode, radial or 

ulnar approach, unipolar, 4fr  

 

Balloon based, Irrigated, over 

the wire, unipolar, 6fr 

 

Balloon based, over the wire 

Bipolar, 8fr 

 

Symplicity HTN-1, 2, 3, 

DENERHTN [7, 35, 56, 57]  

 

EnligHTN I, II [49, 50] 

 

 

Spyral feasibility study, 

Spyral HTN-Off MED/On 

MED [52, 58, 59] 

 

Case reports only [60] 

 

 

In-man, RAPID [61] 

 

 

In-man, REDUCE-HTN [62]  

 

 

 

 

 

 

Paradise 

 

 

 

 

Active cooling balloon, 6fr 

 

 

 

 

Porcine model studies  

In-man, REDUCE, 

RADIANCE HTN SOLO 

[53, 63, 64]  
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US 

 

 

 

 

 

Surround Sound 

System 

 

 

 

Non-invasive 

 
 

 

Feasibility study in canine, 

In-man ‘WAVE I-IV’[65-67] 

 

 

 

 

 

Chemical 

 

 

 

 

 

 

Vincristine, 

Modified 

angioplasty 

catheter 

 

Alcohol, 

Peregrine system 

 

Angioplasty balloon catheter 

Over the wire, 8fr 

 

 

 

Three-needle catheter, 7fr 

 

Swine model study, 

In-man single case report 

[68, 69] 

 

 

Proof of concept in swine, 

Randomised comparison 

with RF in swine, 

First-in-man feasibility study 

[54, 70, 71] 

 

Microwave 

 

 

 

In-house build 

catheter 

 

Irrigated catheter, 8.5fr 

 

A proof of concept study in 

sheep [72] 

 

 

 

Energy modalities used in renal artery denervation  

Radiofrequency ablation  

Radiofrequency ablation was the first and most commonly used energy source for 

RAD. The use of RF has been well established and extensively studied in ablation of 
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cardiac arrhythmia. In RF ablation, irreversible tissue damage occurs through thermal 

injury when tissue is heated up to 50°C [73]. In addition to Symplicity and the 

EnligHTN systems other RF systems that were used in RAD include the bipolar Vessix 

V2 system (Boston Scientific, Marlborough, MA, USA), Iberis (Terumo, Tokyo, 

Japan) and OneShot system (Covidien, Dublin, Ireland) [60-62, 74] (Table 2).  

Differences in lesion size between various RF systems was demonstrated using a 

phantom model of the renal artery [75, 76]. Therefore, evaluation of individual systems 

is important in order to guide and inform clinicians regarding those devices.  

 

Ultrasound  

Both intraluminal and extracorporeal high intensity focused US (HIFU) have been 

studied and applied in RAD [53, 63-66]. The intravascular Paradise system (ReCor 

Medical Inc., Palo Alto, CA, USA) delivers high frequency acoustic energy from an 

US transducer centred in the artery using an expandable cooling balloon [53].  In vivo 

studies demonstrated endothelial surface sparing and a circumferential heating pattern 

with injury depth reaching 7 mm [53, 64]. Significant nerve injury and reduction in 

kidney NE level was achieved with at least two energy applications per artery [64]. 

However, cases of collateral injury including focal psoas muscle injury, colonic 

necrosis, and ureteric injury were also observed [53, 64]. Preliminary first-in-man 

REDUCE study demonstrated significant office and home BP reduction at three 

months. Minimal complications were reported including common occurrence of lower 

abdominal and back pain, as well as a single case of guide related renal artery dissection 

requiring stenting [63].   

Non-invasive extracorporeal HIFU also has the advantage of reaching deeper targets 

whilst preserving the vascular endothelium. Moreover, it achieves this independent of 
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vessel dimension or anatomy. However, HIFU requires good quality images to visualise 

the target, which may be difficult in overweight patients. Although initial clinical 

evaluation using HIFU reported effectiveness in office BP reduction, the recently 

published randomised sham-controlled WAVE IV study showed no difference in office 

or 24-hr ambulatory BP reduction between the RAD arm and the sham control arm at 

24 weeks [66, 67].  

 

Chemical denervation  

Chemical denervation uses neurotoxins like vincristine and alcohol, infused into the 

renal perivascular tissue resulting in neurolysis [68, 70]. Vincristine is an anti-

neoplastic agent that produces giant axonal swelling and ultimately leads to peripheral 

nerve demyelination. In a swine model, RAD using vincristine delivered through a 

modified angioplasty catheter significantly decreased the number of renal nerves  [68]. 

In-man experience is limited to a single case report in which the procedure resulted in 

significant office and 24-hr ambulatory BP reduction at four weeks without major 

adverse events [69].   

In alcohol renal denervation, a dedicated 3-needles Peregrine catheter (Peregrine 

System, Ablative Solutions, Inc., Kalamazoo, MI, USA) was used to deliver alcohol 

into the perivascular space [70]. Studies in a swine model demonstrated significant 

reduction in renal NE content (up to 88% using 0.6 ml dose) at three months compared 

to saline control, without associated intimal and vascular wall injury on histology and 

angiography. Furthermore, no nephrotoxic effect was observed after direct injection of 

alcohol (0.6ml) into the artery [70, 77]. When compared to RF ablation in a randomised 

porcine study, alcohol denervation resulted in significantly deeper lesions (6.6 mm for 

0.3 ml, 8.2 mm for 0.6 ml of alcohol versus 3.9 mm for RF) at 90 days [54]. A first-in-
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man study (n=18) assessed the feasibility and safety of alcohol denervation at a dose of 

0.3 ml. A significant change in office BP from baseline (-24/-12 mm Hg) was observed 

at six months with no procedural related adverse events [71].  

Additional technologies that were tested for application in RAD include cryoablation 

with cryocatheter Freezor Xtra (Cryocath: Medtronic Inc., Minneapolis, MN, USA), 

and microwave energy using an in-house built irrigated microwave catheter [72, 78]. 

Although alternative energy modalities may have several benefits over RF including 

the capability of reaching deeper targets, sparing of the vascular endothelium, and the 

ability to negotiate challenging anatomy; comprehensive evaluation of their safety and 

efficacy is warranted prior to wide scale clinical utility. 

The evidence: Before Symplicity HTN-3 

Symplicity HTN-1 was the first non-randomised multi-centre proof of concept trial that 

included 50 patients of whom 45 underwent RAD [7]. Primary endpoints included 

safety and efficacy in lowering office BP. Mean baseline office BP was 177/101 mm 

Hg. The study demonstrated significant change in office BP from baseline and up to 12 

months (-27/-17 mm Hg). Reports from a larger series of patients showed a similar and 

persistent office BP reduction at 24 and 36 months, with clinical response (reduction in 

SBP of ≥10 mm Hg) occurring in 85% at 12 months, 83% at 24 months, and 93% of 

patients at 36 months [7, 37, 79]. Moreover, in a subset of patients (n=10) from 

Symplicity HTN-1, RAD resulted in 47% reduction in NE spillover at six months, with 

corresponding average office BP reduction of 22/12 mm Hg; therefore, suggesting 

interruption of efferent sympathetic nerves [7].  
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Symplicity HTN-2 was a prospective multi-centre unblinded study that randomised 106 

patients to either RAD (n=52) or control arm [34]. Similarly, there was a significant 

reduction in office BP in the RAD arm at six months (-32/-12 mm Hg) with 84% 

responders. In follow-up studies, significant office BP reduction was persistent at one 

(-28/-9.7 mm Hg, n = 49) and three years (-33/-14 mm Hg, n = 40) [38, 56].  

Both Symplicity HTN-1 & 2 used the Symplicity Flex System. Notably, assessment of 

24-hr ambulatory BP was not mandatory in both studies. However, subgroups of

patients in each study underwent assessment of 24-hr ambulatory BP measurements at 

baseline and at 30 days or six months post denervation in Symplicity HTN-1 and 2, 

respectively. Reduction in 24-hr ambulatory BP was significant but less pronounced 

compared to office BP (-11 mm Hg, n = 9 for 24-hr ambulatory SBP and -11/-7 mmHg, 

n = 20 for 24-hr ambulatory BP in Symplicity HTN-1 and 2, respectively) [7, 34]. 

The small number of patients in both studies, and the lack of mandatory assessment of 

24-hr ambulatory BP and sham control were drawbacks from the studies. Therefore,

the Symplicity HTN-3 was designed to confirm the safety and efficacy results of RAD 

in resistant hypertension treatment.  

Symplicity HTN-3 

The Symplicity HTN-3 was a multi-centre single blinded trial that randomised 535 

patients to either a bilateral RAD using Symplicity Flex or sham control arm (2:1 

randomisation) [35]. The primary efficacy endpoint and secondary efficacy endpoint 

were the difference in office and 24-hr ambulatory BP reduction between the two 

groups at six months, respectively. Primary safety endpoint included major adverse 

events or renal artery stenosis >70% at six months identified by angiography. The study 
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showed no difference in office or 24-hr ambulatory BP reduction between the two arms 

(between-group difference in office SBP reduction of 2.39 mm Hg, p= 0.26 and in 24-

hr ambulatory BP reduction of 1.96 mm Hg, p= 0.98) [35]. Despite a well-designed 

trial, it was criticised for its technical execution. Further analysis of the trial 

demonstrated a high failure rate of complete bilateral circumferential ablation (~75%), 

inexperienced operators in RAD, medications variability, and inclusion of patients with 

isolated systolic hypertension (ISH) that were later found to be poor responders [80, 

81]. Therefore, it remains uncertain whether successful denervation was achieved in 

these patients.  

The evidence: After Symplicity HTN-3 

EnligHTN I was the first-in-man single arm, non-randomised multi-centre study 

utilising the multi-electrode EnligHTN system [49]. Mean office BP at baseline 

was176/96 mm Hg (n = 46). The study demonstrated significant reduction in office and 

24-hr ambulatory BP at six months (-26/-10 mm Hg and -10/-6 mm Hg, respectively),

which was persistent in the 12 months follow-up study [49, 82]. Analysis of baseline 

24-hr ambulatory BP identified patients with pseudoresistance (n=5) who had a more

pronounced reduction in their office BP compared to true resistant patients (-36/-13 mm 

Hg versus -25/-10 mm Hg for pseudoresistant and true resistant patients, respectively 

at 12 months). However, they had minimal change to their 24-hr ambulatory BP (-2/-1 

mm Hg versus -7/-5 mm Hg, respectively) [82]. This study highlighted the importance 

of 24-hr ambulatory BP assessment in hypertension studies as the apparent reduction 

in office BP could be attributed to pseudoresistant cases.  
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The DENERHTN study randomised 106 patients with true resistant hypertension 

(office BP ³140/90 mm Hg despite maximum tolerated doses of three antihypertensive 

medications and mean daytime ambulatory BP ³ 135/85 mm Hg) to RAD using 

Symplicity Flex, in addition to standardised stepped-care antihypertensive treatment 

(SSAHT) or SSAHT alone [83]. To reduce bias caused by medication variability, once 

initially stabilised on three antihypertensive medications, additional standardised 

medical therapy was added if home BP was > 135/85 mm Hg during monthly follow-

ups. Between-group difference in daytime ambulatory SBP reduction (primary 

endpoint) was significant in favour of RAD with SSAHT arm (difference of 5.9 mm 

Hg) at six months. However, there were no significant differences in home or office 

SBP reduction between the two groups (difference of 3.6 mm Hg, p=0.30 and 5.6 mm 

Hg, p=0.15 for home and office SBP, respectively). Notably, drug testing at six months 

detected high rate of non-adherence to medications (~50%) in both groups. In the 

subgroup of patients who were completely nonadherent, between-group difference in 

daytime ambulatory SBP reduction was not significant. However, the number of 

patients in this subgroup was small for comparison [57].  

Safety evidence 

Though the clinical efficacy of RAD has been debatable, all studies to date 

demonstrated low complications and adverse events rate. Periprocedural complications 

were primarily related to vascular access injury occurring at a rate of 1-2 %, which 

included femoral haematomas and pseudoaneurysms [7, 34, 35, 37, 38, 49]. 

Additionally, renal artery dissection caused by the guiding catheter occurred in a few 

cases (<1%) [7, 34]. Thus far, no significant renal artery stenosis occurred in any of the 

major trials that included assessment of renal vessels by invasive angiography, 
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magnetic resonance angiography or renal duplex sonography. However, isolated cases 

of significant de novo renal artery stenosis post RAD have been reported [84, 85]. 

Furthermore, no significant impact on renal function was observed [35, 37, 38].   

Renal artery denervation: Post Symplicity HTN-3 era 

The field of RAD after Symplicity HTN-3 has witnessed an improvement in knowledge 

concerning factors that implicate denervation efficacy. Histologically, Sakakura et al. 

(2014) have mapped out the distribution of renal nerves along the renal artery, and their 

findings highlighted the importance of energy application in the distal vessel segment 

[30]. As a result, combined branch and main vessel ablation was evaluated as a new 

technique for RAD. This approach resulted in a greater reduction in kidney NE content, 

and increased axonal injury compared to main vessel ablation alone using the 

Symplicity Spyral in a swine model [31]. In addition, a clinical study demonstrated 

improved BP reduction at three months using the combined method compared to main 

vessel ablation only [33].  

Furthermore, it has been shown that a larger number of ablations correlated with better 

BP reduction [86]. Moreover, patients with ISH were less responsive to RAD compared 

to those with combined systolic and diastolic hypertension, which is likely related to an 

increased arterial stiffness in ISH patients [80, 87, 88]. Therefore, recently designed 

studies involved larger number of ablations, and excluded patients with ISH [58, 59].  

New evidence for renal artery denervation  

SPYRAL HTN-OFF MED and ON MED studies 

In light of the shortcomings of previous RAD trials and concerns regarding its efficacy, 

two randomised, single blinded sham-controlled trials, SPYRAL HTN-OFF MED and 
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SPYRAL HTN-ON MED, were carefully designed as new proof of concept studies [58, 

59]. Both trials assessed BP response to RAD in patients with mild to moderate 

combined (systolic and diastolic) hypertension (SBP between 150-180 mm Hg, 24-hr 

ambulatory SBP between 140-170 mm Hg and DBP ³ 90 mm Hg). To overcome 

medication variability and patients compliance bias, those enrolled in the SPYRAL 

HTN-OFF MED were either medication naïve or had their antihypertensives withheld 

for the trial period. Whilst the SPYRAL HTN-ON MED assessed patients who were on 

one to three antihypertensive medications. Drug testing was performed in both studies 

to confirm either the absence of or adherence to medications. 

The initial three month analysis of the SPYRAL HTN-OFF MED demonstrated a 

significant reduction in both office and 24-hr ambulatory BP from baseline in the 

treatment arm (-10/-5.3 mm Hg and -5.5/-4.8 mm Hg, respectively) with significant 

between-group differences in favour of RAD (difference of 7.7/4.9 mm Hg, and 5.0/4.4 

mm Hg, respectively) [58]. Significant BP reduction in the RAD arm was also reported 

in the recently published SPYRAL HTN-ON MED study at six months (-9.4/-5.2 mm 

Hg and -9.0/-6.0 mm Hg for office and 24-hr ambulatory BP, respectively) [59]. Similar 

to previous reports, the study confirmed high medication non-adherence rate amongst 

patients in hypertension trial (~50%), which could affect the assessment of BP reducing 

effect of RAD. However, there was no difference in medication adherence between the 

two groups [59].  

Compared to previous RAD trials, the magnitude of BP reduction in the SPYRAL HTN 

trials was smaller [7, 34]. It has been suggested that this could be due to a lesser degree 

of sympathetic activity in those with mild to moderate resistant hypertension compared 

to severe resistant hypertension. Of note, rigorous procedural technique was adopted in 

this study, including more extensive ablations using the contemporary method of 
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combined main vessel and branch ablation. The larger number of ablations was not 

associated with an increased rate of major complications or significant adverse events 

in the short-term [58, 59]. 

 

RADIANCE-HTN SOLO 

Another recently published multi-centre, single-blinded, randomised sham-controlled 

trial assessing endovascular US for RAD using the Paradise system is the RADIANCE-

HTN SOLO trial [89]. The study randomised 146 patients with mild to moderate 

combined hypertension (daytime ambulatory BP of ³135/85 mm Hg and <170/105 mm 

Hg), who were off their antihypertensive medications for four weeks prior to enrolment 

to RAD versus sham control arm. The primary endpoint was daytime ambulatory SBP 

reduction at two months in the intention-to-treat population. In the RAD arm, at least 

two US treatments (7 secs each) were delivered in the main renal artery, bilaterally. At 

two months, the intention-to-treat analysis demonstrated a significant BP reduction 

from baseline in the RAD arm (-8.5 mmHg) and significant between-group difference 

in daytime ambulatory SBP in favour of RAD (6.3 mmHg). No major complications 

were reported. However, > 50% of patients in the RAD arm were commenced on 

antihypertensive medication after two months due to uncontrolled hypertension, and of 

those who completed six months follow-up (n = 94), a single patient in the RAD arm 

underwent renal artery stenting due to progression of pre-existing renal artery stenosis 

[89].  

The magnitude of change in 24-hr ambulatory BP in the RADIANCE HTN SOLO was 

similar to that reported in the SPYRAL HTN studies [58, 59]. It may be possible that 

the effect of RAD in these patients is delayed. Furthermore, functional nerve 
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regeneration may also occur; therefore, longer follow up of patients is necessary in 

order to confirm sustained reduction in BP.  

Conclusions 

The available evidence to date suggests that RAD could be effective in carefully 

selected patients with hypertension. Clinically, careful patient assessment is necessary 

in order to exclude secondary causes of hypertension, insure compliance to medication, 

and recognise those who are less likely to respond, including ISH and older patients 

with increased arterial stiffness. With regards to the procedural technique, the delivery 

of a large number of ablations including distal to the bifurcation may be necessary when 

using the currently available RF system. In contrast, ablation proximal to the bifurcation 

alone may be effective in US renal denervation. Nonetheless, regardless of the ablation 

method and modality, RAD has been shown to be safe with a low complication rate. 

Finally, trials designed should include a sham-control arm, in addition to an assessment 

of ambulatory BP, and monitoring of medication adherence as these help in the accurate 

assessment of BP reduction, thereby delineating confounding factors that can affect our 

understanding of RAD efficacy, which has been shown in the most recent trials. 
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2.2 Background to Chapters 3- 6 

During the early phase of RAD, reports on ablation characteristics and lesion size for RAD 

systems were lacking. Despite this, the technology evolved rapidly with numerous devices 

became available within a short period of time. The single electrode Symplicity Flex was the 

most studied system. It was unclear if various systems exhibited a class effect. Therefore, we 

developed a phantom model of the renal artery to enable assessment of various devices under 

controlled experimental settings. In Chapter 3, 4 and 6, we utilised this model to study and 

compare the characterises of old and new generation devices, and to understand the differences 

between main vessel and branch ablation with respect to effect on lesion characteristics and 

thermodynamics. Using this model, we were the first to report on lesion dimension of RF 

ablations using first generation Symplicity and EnligHTN systems. Later, data from animal 

model studies reporting on lesion depth based on tissue injury depth on histology for different 

systems became available [17-20]. However, our phantom model allows assessment of devices 

under controlled experimental settings without confounding variables, and within a short 

period of time.  In addition, it enables temporal assessment of lesion formation and 

visualisation of thermal profile in real-time, which is difficult to achieve in-vivo.  
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2.3 Supplementary methods (Chapter 3-6)   

Thermochromic liquid crystal phantom model (Chapter 3, 4 & 6) 

A previously described myocardial RF ablation model was modified to construct the renal 

artery phantom model [21]. The system comprised of a transparent block of gel that contained 

a temperature sensitive TLC sheet (Hallcrest, LCR, Connah’s Quay, United Kingdom) onto 

which RF ablations were performed, and a large tank where the gel was placed (Figure 2).  

The tank was made of polycarbonate, which is shatter resistant. To simulate blood flow, a 

pump/heater (Thermomix 1441. B. Braun) was used to circulate saline solution in the tank and 

into the lumen of the phantom renal artery from an external bath. Flow into the phantom was 

controlled using a high-volume flowmeter. The fluid temperature was regulated by the heater 

and maintained at 37 ºC. Saline temperature was also controlled and monitored during the 

experiments using a thermometer.  

 

Figure 2. A schematic diagram of the renal artery phantom model setup. 
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The impedance and conductivity of the saline solution was titrated to that of blood at 37 ºC 

(conductivity of 15750 us). Saline conductivity was measured using a conductivity probe 

(COND-BTA, Vernier Instruments) and monitored at a regular interval throughout the 

experiments (every 10 ablations).  

The gel block was made by dissolving 1 gram of agar-based gel (Phytagel; Merck, St. Louis, 

MO, USA) in a mixture of normal saline and distilled water (30 ml and 70 ml, respectively). 

The solution was heated up to 90 ºC. The temperature of the mix was monitored with a 

thermometer as shown in Figure 3A. The mix was allowed to cool at room temperature until it 

reached 70 ºC. It was then poured into a pre-made well that contained a 5 mm or 3 mm 

cylindrical former. A TLC sheet was placed vertically in the former prior to gel pouring (Figure 

3B). Once poured, the gel was left to cool down in room temperature for 30 minutes, after 

which it was placed in ice for 15 minutes to allow further solidification. After gel solidification, 

the former was removed, and the gel block was then placed in the tank where it can adequately 

be visualised by a camera (Canon 5DMKII, Canon Inc, Japan) positioned in front of the tank 

(Figure 3C).  

 

Figure 3. Preparation and set up of the phantom model. Gel heating (a), placement of TLC 
sheet in the well (b). Placement of the well in the tank with the TLC sheet directly facing 

the camera (c).  
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The TLC film was shaped as a disc with 5 mm or 3 mm circular hole in the centre, where 

ablations were delivered. It changed colour in response to temperature change with a resolution 

of 10-20 micron per sample unit, and a thermal accuracy within 0.5 °C (Figure 4 A). We used 

TLC with temperature sensitivity range between 50-78 °C  

(Chapter 3 & 4) or dual range TLC, with temperature sensitivity between 50-77 °C and 80-103 

°C (Chapter 6). The TLC colour gradient starts with red for the lower range and ends with 

black (clearing) at the highest range (Figure 4C).  

 

 

Figure 4. Images of RF colour gradient on the TLC during RF ablation. TLC colour 
gradient at 60sec with RF ablation using Symplicity Spyral (a). Superimposed isotherm 

drawn on the lesion after analysis by software (b). d; lesion depth, w; lesion width 

 

The ablation catheter was advanced through a guiding catheter into the lumen of the phantom 

vessel and held in position using a positioning tool. Placement of electrode against the TLC/ 

gel surface was confirmed by direct visualisation or by zoomed image through the camera 

positioned in front of the tank. At least one electrode had to have adequate contact with the 
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wall of the phantom vessel and placed on plane with the TLC film (Figure 4A & B). The return 

electrode for the circuit was located on the gel well (circuit impedance of 100Ω). 

 

Image acquisition and analysis (Chapter 3,4 & 6) 

 The camera and the macro lens (USM EF 100 mm Canon Inc, Japan) used to acquire the 

images provided image resolution of ~90 pixel/mm, which is higher than the resolution for the 

TLC grain. Images during RF ablations were taken at prespecified intervals, and at the end of 

each RF ablation. Images were then loaded onto an in-house built software (i-Chorme) for 

analysis and assignment of hue to temperature isotherms. A pre-made calibrated hue to 

temperature conversion chart was used in the software for lesion analysis and drawing the 

isotherms. The isotherm of interest is highlighted by the software (Figure 4B).  Lesion depth 

was measured as the length of a line between the electrode/TLC interface and the isotherm of 

interest that is perpendicular to the electrode surface. Lesion depth was measured as the 

maximum length of the isotherm of interest that is perpendicular to the depth line. 

 

Renal artery denervation procedure (Chapter 5) 

Renal artery denervation procedures were performed by an interventional cardiologist and a 

vascular surgeon, under conscious intravenous sedation using midazolam and fentanyl.  Intra-

arterial Heparin was administered in all cases at a dose of 50units/kg. A 6Fr (Symplicity) or 

8Fr (EnligHTN) sheaths were introduced into the right femoral artery for access. Selective right 

and left renal arteriograms using a 6Fr LIMA guiding catheter (Symplicity) or EnligHTN 

guiding catheter (EnligHTN) was done to assess vessel anatomy for denervation suitability. 

Prior to RF application, a 200mcg bolus of glyceryl trinitrate was administered into each renal 

artery to prevent arterial spasm. RF ablations in a spiral fashion were delivered into each renal 
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artery wall starting distally and using the clinically recommended settings for both systems. A 

final angiogram was performed at the end of ablation to exclude complications including severe 

spams, perforation or dissection. The femoral arterial access site was closed with a ProGlide 

closure device if suitable. The following day, patients were reviewed for any adverse events or 

complications and discharged home if well. All patients were advised to continue the same 

antihypertensive medications, unless advised otherwise by their treating cardiologist or 

nephrologist.  

 

Radiofrequency ablation using Symplicity Flex (Chapter 5) 

The Symplicity Flex catheter was positioned distally in the renal artery just proximal to the 

bifurcation. The tip was flexed to establish contact with the vessel wall. The first ablation was 

then delivered for 2 minutes. After delivery of the first ablation, the catheter was pulled 

(0.5mm) more proximally and rotated 45 degrees to deliver the next ablation. This process was 

repeated along the renal artery (maintaining the rotation in single direction) until four to six 

successful ablations were delivered into each renal artery depending on its length.  

 

Radiofrequency ablation using EnligHTN (Chapter 5) 

The EnligHTN catheter was positioned distally in the renal artery just proximal to the 

bifurcation. Once in position, the basket was deployed. Impedance monitoring in the system 

detects appropriate vessel wall contact. Once vessel wall contact was confirmed, ablations were 

commenced. After delivery of the first set of ablations, the basket was collapsed, and the 

catheter was withdrawn 10mm and rotated 45 degrees. and the process was repeated in the new 

44



position. A minimum of 4-8 ablations were performed. In instances where the vessel was long, 

additional ablations were performed. 
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Chapter 3 

Evaluation of First Generation Symplicity and EnligHTN 
Renal Artery Denervation Systems Using A Renal Artery 

Phantom Model 

Al Raisi SI, Pouliopoulos J, Barry MT, Swinnen J, Thiagalingam A, Thomas SP, 

Sivagangabalan G, Chow C, Chong J, Kizana E, Kovoor P. Evaluation of lesion and 

thermodynamic characteristics of Symplicity and EnligHTN renal denervation 

systems in a phantom renal artery model. EuroIntervention. 2014;10:277-84. 

46



277

E X P E R I M E N TA L  R E S E A R C H
EuroIntervention 2

0
1

4
;10

:277-284  
D

O
I: 10.4

2
4

4
/E

IJV10
I2

A
4

6

© Europa Digital & Publishing 2014. All rights reserved.

*Corresponding author: Cardiac Services, PO Box 533, Westmead Hospital, Cnr of Hawkesbury and Darcy Road, Sydney, NSW,
2145, Australia. E-mail: pramesh.kovoor@sydney.edu.au

Evaluation of lesion and thermodynamic characteristics of 
Symplicity and EnligHTN renal denervation systems in 
a phantom renal artery model
Sara I. Al Raisi1,2, MBBS; Jim Pouliopoulos1,3, PhD; Michael T. Barry1,3, BSc; John Swinnen2,3, MBBS, FRACS; 
Aravinda Thiagalingam1,3, MBBS, PhD; Stuart P. Thomas1,3, MBBS, PhD; 
Gopal Sivagangabalan1,3, MBBS, PhD; Clara Chow1,4, MBBS, PhD; James Chong1,3, MBBS, PhD; 
Eddy Kizana1,3, MBBS, PhD; Pramesh Kovoor1,3*, MBBS, PhD

1. Department of Cardiology, Westmead Hospital, Sydney, NSW, Australia; 2. Department of Vascular Surgery, Westmead
Hospital, Sydney, NSW, Australia; 3. University of Sydney, NSW, Australia; 4. The George Institute for International Health,
Sydney, NSW, Australia

Abstract
Aims: Radiofrequency renal artery denervation has been used effectively to treat resistant hypertension. 
However, comparison of lesion and thermodynamic characteristics for different systems has not been previ-
ously described. We aimed to assess spatiotemporal lesion growth and ablation characteristics of Symplicity 
and EnligHTN systems.

Methods and results: A total of 39 ablations were performed in a phantom renal artery model using 
Symplicity (n=17) and EnligHTN (n=22) systems. The phantom model consisted of a hollowed gel block sur-
rounding a thermochromic liquid crystal (TLC) film, exhibiting temperature sensitivity of 50-78°C. Flow was 
simulated using 37°C normal saline with impedance equal to blood. Radiofrequency ablations with each sys-
tem were delivered with direct electrode tip contact to the TLC. Lesion size was interpreted from the TLC as 
the maximum dimensions of the 51°C isotherm. Mean lesion depth was 3.82 mm±0.04 versus 3.44 mm±0.03 
(p<0.001) for Symplicity and EnligHTN, respectively. Mean width was 7.17 mm±0.08 versus 6.23 mm±0.07 
(p<0.001), respectively. With EnligHTN, steady state temperature was achieved 20 sec earlier, and was 15°C 
higher than Symplicity.

Conclusions: In this phantom model, Symplicity formed larger lesions compared to EnligHTN with lower 
catheter-tip temperature. The clinical significance of our findings needs to be explored further.
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Introduction
Refractory hypertension affects about 10-30% of hypertensive 
patients1. Renal artery denervation has resulted in a significant and 
sustained blood pressure reduction in patients with resistant hyper-
tension as demonstrated by clinical trials2,3. The procedure aims to 
interrupt the neurohormonal impulses arising from the kidneys, 
which have been implicated in the pathogenesis of essential hyper-
tension4-7. Nerves responsible for these signals lie within the adven-
titia of the renal artery with about 90% of nerve fibres occurring 
within 2 mm from the intimal surface8. Endovascular denervation 
of the renal arteries has been performed through different energy 
modalities, including radiofrequency, cryoablation, ultrasound, and 
chemical denervation9-13. At present, the two most widely utilised 
systems are the radiofrequency Symplicity™ (Medtronic, 
Minneapolis, MN, USA) and EnligHTN (St. Jude Medical, St. 
Paul, MN, USA) systems. Radiofrequency energy causes tissue 
destruction by means of thermal injury14, when tissue temperature 
is raised above 45-50°C15. Both systems are optimised to operate 
with unique ablation settings summarised in Table 1.

Table 1. Clinical settings for the Symplicity and EnligHTN systems.

System parameters Symplicity EnligHTN

Monitoring Temperature and 
impedance-based algorithm

Temperature-controlled 
algorithm

Number of electrodes 1 4

Maximal power (W) 8 6

Maximal temperature (°C) 70 75

Ablation duration (sec) 120 90

A predetermined algorithm is utilised for each system to ensure 
ablation safety. The goal is to achieve reasonably large lesions 
affecting the target nerves, whilst limiting the injury to the renal 
artery in order to minimise the risk of renal artery stenosis. It is 
therefore important to understand the basic biophysical properties 
for each system in relation to factors that may affect lesion forma-
tion. Assessment of the thermal characteristics of cardiac radiofre-
quency ablation using in vivo and in vitro models has been described 
previously16,17. Previous studies have demonstrated good correla-
tion between radiofrequency ablation lesions performed in myocar-
dium, and a Phytagel™ based myocardial phantom model 
incorporating a TLC film (LCR Hallcrest, Flintshire, UK)17. The 
study demonstrated the ability of TLC to map the dynamics of 
lesion formation, based on the 50°C isotherm, in high spatial and 
temporal resolution. Herein, we provide the first report to evaluate 
ablation characteristics for two renal denervation systems using 
a TLC phantom model of the human renal artery.

Editorial, see page 178

Methods
PHANTOM RENAL ARTERY MODEL
A renal artery model was prepared as per Chik17. Briefly, 1 gram 
of gel (Phytagel™; Sigma-Aldrich, St. Louis, MO, USA) was 

dissolved in a mixture of distilled water and normal saline at 
a pre-specified concentration (70% distilled water and 30% normal 
saline). The mix was then brought to a temperature of 90°C, and 
poured into a well once cooled down to 75°C. The gel well was 
immersed in a tank that pumped saline at a constant temperature 
(37°C). Impedance of saline used in the tank was matched to that of 
blood at 37°C. To mimic the renal artery with a comparable diam-
eter and physiological blood flow rate in a human renal artery18, 
specific modifications to the model were applied. In summary, this 
was achieved by pouring the gel around a 5 mm diameter metal rod 
holding a vertical TLC disc (colour bandwidth from 50-78°C) at 
the centre of the gel well. The rod was retrieved after gel cooling 
to form a hollowed tube in the centre of the gel simulating a renal 
artery lumen (Figure 1). The diameter of the phantom renal artery 
was kept constant (5 mm) for all gel blocks used in the experiment. 
A flow meter was used to maintain the rate of saline pumped into 
the phantom renal artery at 500 ml/min.

Figure 1. Schematic diagram of radiofrequency ablation in a renal 
artery phantom model.

RADIOFREQUENCY ABLATION ON TLC
An average of eight radiofrequency ablations per system were 
delivered on each gel block (n=3). A new TLC disc was used per gel 
block to avoid damage to the TLC by repeated heating. The order in 
which each system was tested was altered randomly with every new 
gel. To deliver radiofrequency ablations, the catheter (Symplicity or 
EnligHTN) was advanced through the phantom renal artery and 
positioned in plane with the TLC film. Contact was confirmed by 
direct visualisation, as the gel was transparent. Radiofrequency 
ablation was then applied to the gel using the recommended clinical 
parameters for each system as indicated in Table 1. In the case of 
EnligHTN, the small size basket was used to match the diameter of 
our phantom renal artery.

LESION MEASUREMENTS AND ANALYSIS
Photographs of the TLC colour gradient were taken at baseline and 
at 5 sec intervals during ablation using a digital camera (Canon EOS 
5D Mark II; Canon Inc., Tokyo, Japan) and a light source (Canon 
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Speedlite 580EX; Canon Inc.). In-house software was used to ana-
lyse the pictures and measure lesion dimensions at several ablation 
intervals (initially every 5 sec, then every 10 sec) as described pre-
viously17. Lesion size was defined using the 51°C isotherm. Lesion 
depth was measured from the gel electrode surface to the isotherm 
of interest (51°C). Lesion width was defined as the maximal width 
of the 51°C isotherm parallel to the electrode gel surface (Figure 2).

ELECTRODE SURFACE AREA IN CONTACT WITH GEL
For all ablations a cavity was created in the TLC and the gel to sim-
ulate endothelial tissue depression during electrode tip contact. The 
surface area in contact with the electrode was estimated to be about 
50% of the total ablation electrode surface area for all energy appli-
cations. Measurements of electrode dimensions were carried out 
using a vernier scale (Figure 3).
1. For Symplicity, total electrode surface area was calculated as

follows:
Total surface area (ATS)=Surface area 1 (A1)+Surface area 2 (A2)
Given that r=0.62 mm and h=1.02 mm
A1=4 π r2 / 2=2.42 mm2

A2=2 π r h=3.97 mm2, hence,
ATS=6.39 mm2

Therefore, Symplicity electrode area in contact with gel=3.2 mm2.
2. For EnligHTN, total surface area (ATE)=2Lπ √ 0.5(a2+b2)=3.7 mm2,

where L=0.97 mm, a=0.42, b=0.75 mm
Therefore, EnligHTN electrode area in contact with gel=1.85 mm2.

Figure 3. Schematic diagram of Symplicity and EnligHTN electrode 
tip measurements.

Figure 2. Coronal image of gel with Symplicity (Ai) and EnligHTN (Bi) radiofrequency ablation of TLC film with related isotherm gradient at 
120 sec and 90 sec, respectively, and their magnifications (Aii & Bii). The isotherm of interest (51°C) is highlighted in yellow (Aii & Bii).

Statistical analysis
Based on preliminary data from gel 1 experiments, a total sample 
size of six ablations (three per catheter modality) was required to 
detect a mean difference of 0.66 mm for depth, and 1.54 mm for 
width with a power of 95% between each catheter modality when 
a=0.05 (two-tailed). As sufficient power was achieved to detect dif-
ferences between modalities in the first experiment (gel 1), addi-
tional experimentation using multiple gels was performed to negate 
the effect of variation in the gel substrate, which may occur due to 
external factors (gel heating and solidification time). Mean depth 
and width for each system were determined using an unpaired 
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two-tailed Student’s t-test. Each gel experiment for lesion dimen-
sions (depth and width) was analysed using a two-way ANOVA. 
Pearson’s correlation was used to assess the relationship between 
lesion dimensions (depth and width) with time, and power with 
time. Statistics were performed on GraphPad Prism 6.0 (GraphPad 
Software, San Diego, CA, USA). A linear mixed effects model was 
used to calculate the rate of temperature rise over time for the two 
systems. S-PLUS Version 8 was used to fit linear mixed effects 
models to the catheter temperature. In these models, ablation repeti-
tion and gel were considered as random factorial effects and time as 
a random continuous variable. Catheter type, time (continuous) and 
catheter by time interaction term were considered as fixed effects.

Results
A total of 52 ablations were performed on the phantom renal artery 
model, comprising 26 ablations for each system. A total of eight 
ablations using Symplicity and four ablations using EnligHTN 
were excluded from the analysis due to incorrect plane alignment 
between the catheter tip and TLC plate. Incorrect plane alignment 
refers to a catheter positioned inadequately on the TLC surface, but 
which could still be in contact with the gel. Therefore, the centre of 
the ablation zone (where maximal lesion dimension could be meas-
ured) occurs either behind or in front of the TLC, which will subse-
quently lead to underestimation of lesion dimensions. The exclusion 

Table 2. Parameters for Symplicity and EnligHTN ablations on the 
phantom model.

Ablation characteristics Symplicity EnligHTN p
Number of ablations analysed 17 22 –

Mean maximal electrode 
temperature (°C) 55.11±1.04 68.91±0.94 <0.001

Mean baseline impedance (Ω) 199.9±1.12 216.2±1.28 <0.001

Mean baseline temperature (°C) 37.24±0.14 37.18±0.16 0.80

Mean power (W) 6.23±0.7 5.18±0.5 0.26

Electrode surface area in 
contact (mm2) 3.2 1.85 –

Ablation duration (sec) 120 90 –
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Figure 4. Scatter plots comparing lesion depth (Ai) and width (Aii) for Symplicity and EnligHTN for all three gels combined and each gel 
separately (Bi, Bii). Graph of lesion growth, depth (Ci) and width (Cii), over duration of radiofrequency application with both systems.

rate for the Symplicity catheter was much higher because catheter 
positioning was technically more difficult with the Symplicity cath-
eter compared to EnligHTN. Radiofrequency ablation parameters 
are summarised in Table 2.

LESION DIMENSION
Mean lesion depth was 3.82 mm±0.04 and 3.44 mm±0.03 
(p<0.001) for Symplicity and EnligHTN, respectively. Mean width 
was 7.17 mm±0.08 versus 6.23 mm±0.07 (p<0.001), respectively 
(Figure 4Ai, Figure 4Aii). Variability in lesion characteristics (range 
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of width, and depth in mm) was observed between gels but, despite 
this, statistical significance between ablation systems was achieved 
(Figure 4Bi, Figure 4Bii). This variability could be attributed to 
minor differences in the gel and TLC set-up, as well as electrode-
TLC contact.

When analysed at 90 sec, there was no significant difference in 
lesion depth between the Symplicity and EnligHTN, with mean 
depth of 3.51 mm±0.04 versus 3.44 mm±0.03 (p=0.16). However, 
at 90 sec the difference in lesion width remained significant with 
mean width of 6.76 mm±0.07 versus 6.23 mm±0.07 (p<0.001) for 
Symplicity and EnligHTN, respectively. During Symplicity abla-
tion, lesions continued to grow gradually over time, whereas 
lesion growth appeared to trend towards a plateau with EnligHTN 
at an earlier time point than Symplicity (Figure 4Ci, Figure 4Cii).

ABLATION THERMODYNAMICS
Using EnligHTN, steady state temperature was achieved within 
20-30 sec, while Symplicity took longer (50 sec) (Figure 5A). This
trend was consistent with the power output curve, whereby maxi-
mal power was reached within 10 sec for EnligHTN compared to
a more gradual increase with Symplicity (Figure 5B). This delay in
heating with the Symplicity system may be due to an automated
algorithm used to increase ablation safety. The maximal power out-
put limit for each system was reached with all ablations. Within the
first 20 sec of ablation, the rate of Symplicity electrode temperature 
rise was 0.2°C per sec (SE 0.065) faster than EnligHTN (p<0.0024). 
Additionally, EnligHTN had a higher electrode temperature at
steady state 68°C compared to 55°C for Symplicity, p<0.001.

Discussion
Renal artery denervation is a promising treatment option for 
patients with resistant hypertension. However, a lot of questions 
remain unanswered regarding this treatment approach, as has 
been outlined recently19. One of the unknown factors is the safety 
and efficacy across different ablation systems and energy modali-
ties. The present study is the first to compare ablation character-
istics of two commercially available radiofrequency renal artery 
denervation systems directly using a phantom renal artery model. 
We found that Symplicity created lesions that were significantly 

deeper and wider than EnligHTN when duration of radiofrequency 
energy delivery was 120 sec and 90 sec, respectively, as recom-
mended by the manufacturers. When ablation time was capped at 
90 sec, lesion depths were similar between systems but remained 
significantly wider using Symplicity.

Thermal necrosis of tissue using radiofrequency energy occurs 
as a result of resistive and conductive heating20. During radiofre-
quency ablation resistive heating occurs within 1 mm of the myo-
cardial-electrode interface, whereas deeper tissue heating results 
from slower thermal conduction which occurs in a radial pattern 
away from the resistive zone. Factors that lead to a larger volume 
of resistive heating or higher current density at the electrode tis-
sue interface will similarly increase the temperature radial gra-
dient area and subsequently lesion size20. These include ablation 
power, ablation duration, electrode surface area in contact with 
tissue, and ablation temperature.

In general, power increase leads to a greater current density 
at the electrode tissue interface. Therefore, lesion size is propor-
tional to ablation power. An in vivo closed chest endocardial abla-
tion study by Wittkampf demonstrated an increase in lesion size 
with higher power settings21. Similar results were obtained during 
ex vivo ablations of a bovine left ventricle under superfusate flow 
(1 L/min)22. The amount of power delivered to the target tissue is 
however affected by tissue impedance and power dissipation into 
the blood pool, which varies between different positions within 
one patient and also between different patients. Both Symplicity 
and EnligHTN systems operate at low power settings compared to 
cardiac radiofrequency ablation generators and are regulated by 
a catheter tip-temperature and impedance feedback mechanism. 
In our phantom model, mean power delivered during radiofre-
quency ablation was comparable for both systems. Hence, differ-
ences in lesion dimensions between the two systems cannot be 
explained by differences in power output.

Lesion growth rate for radiofrequency ablation follows 
a monoexponential function with a rapid initial phase occurring 
locally to the area of resistive heating. Thereafter, growth 
reaches a steady state without subsequent increase in lesion 
size21,23. A study that compared cardiac lesion size at two abla-
tion time points (60 and 120 sec), utilising low ablation power 
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EnligHTN.
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ranging from 20-50 W and superfusate flow, showed that larger 
lesions occurred at 120 sec compared to 60 sec22. Based on that 
study, we postulate that the relatively longer ablation time 
applied using Symplicity was a significant factor in the observed 
increase in lesion size compared to EnligHTN. In support of 
this, neither system reached growth steady state, which is prob-
ably due to the high flow rate accounting for dissipation of 
power and reduction in power delivered to the tissue. This sug-
gests that longer duration of ablation could potentially result in 
larger lesion size with both systems.

Lesion size is also affected by electrode tissue interface area. 
Haines described a linear relationship between electrode radius 
and lesion radius under constant electrode tissue interface tem-
perature using a thermodynamic model. His model was validated 
using perfused and superfused canine right ventricular free wall24. 
Larger electrode radius formed bigger lesions when power density 
and tissue interface temperature remained constant. Nevertheless, 
higher overall power was required to maintain a similar power 
density. Additionally, lesion dimensions increase with increasing 
electrode length provided contact is adequate25,26. It has been dem-
onstrated that increases in electrode tissue interface area and area 
exposed to convective cooling by blood are both responsible for 
increase in lesion size with larger electrodes27. Thus, the larger 
Symplicity electrode tissue interface area may have contributed 
to the difference in lesion size between the two catheters. Of note, 
the Symplicity system is based on a temperature and impedance 
algorithm, while the EnligHTN system has a temperature-con-
trolled algorithm. The difference in system operation could also 
influence lesion size.

During temperature-controlled radiofrequency ablation, lesion 
size is directly proportional to electrode tissue interface tempera-
ture20. Temperature monitoring devices (thermocouple or thermis-
tor) embedded within the ablation electrode monitor electrode tip 
temperature during radiofrequency ablation. However, a discrep-
ancy between catheter tip temperature and tissue temperature can 
occur due to various factors including convective cooling by 
blood or irrigation. Whilst EnligHTN ablations reached higher 
electrode tip temperature compared to Symplicity for all abla-
tions, Symplicity lesions were larger. This is probably due to the 
contribution of other factors discussed above affecting lesion size. 
Moreover, temperatures at the TLC electrode interface for all 
ablations were higher than those detectable by the TLC sheet 
(indicated by colour clearing, Figure 2), suggesting that the tem-
perature measured by the electrode tip during renal artery ablation 
was lower than that of the electrode tissue interface. This differ-
ence was probably due to cooling of the electrode tip by high flow 
rate in the renal artery.

Thrombus formation and intimal disruption have been 
reported in a study using optical coherence tomography during 
renal artery denervation, more frequently with EnligHTN28. It is 
unclear if this is due to the higher temperature achieved during 
ablation and more rapid temperature increase with EnligHTN 
observed in our study.

Clinical implications
With numerous emerging technologies and catheter designs for 
renal artery denervation, it is critical to understand the basic bio-
physics of radiofrequency ablation for each device and the affect of 
that design on lesion formation. Moreover, identifying the unique 
characteristics of each renal denervation system is of pivotal impor-
tance in order to optimise ablation safety and efficacy. Each system 
needs to be evaluated further in clinical trials to establish its clinical 
safety and efficacy.

In the present study, adequate contact between the catheter tip 
and the TLC was confirmed by direct visualisation. However, in 
clinical practice this is difficult to establish and maintain, espe-
cially with the single electrode Symplicity catheter. This is impor-
tant, as adequate electrode tissue contact is imperative for lesion 
formation29. In addition, despite the statistical difference in lesion 
size, it is difficult to anticipate the clinical significance of this 
finding.

Study limitations
The phantom renal artery used for our study does not replicate the 
heterogeneity of renal arterial layers, which have unique conduc-
tion properties and are also surrounded by fat. This may conse-
quently affect the distribution of thermal injury. Nonetheless, the 
two systems were compared under an identical controlled environ-
ment with no confounding variables. This model also has the 
advantage of allowing the evaluation of temporal progression of 
lesions, which is difficult to assess in vivo. To allow for the com-
parison between the two systems, the flow rate and the renal artery 
diameter were kept constant; therefore, the effect of alteration in 
flow rate, arterial spasms and vessel wall oedema that can occur 
during the application of radiofrequency energy could not be simu-
lated. In addition, EnligHTN lesions were more consistent in size 
compared to Symplicity lesions, as seen in Figure 4B. This could be 
as a result of variations in the electrode contact area with the gel-
TLC surface, which were carefully placed but were more difficult 
to establish between the Symplicity experiments. Evaluation of col-
lateral damage using the phantom model is not possible; however, 
a preclinical safety trial conducted with the Symplicity system 
reported no collateral damage to kidneys or nearby structures30. 
Finally, the TLC film used in the phantom had a colour change sen-
sitivity range between 50-78°C; therefore, we were unable to detect 
temperatures beyond this range.

Conclusion
Lesion size was larger for the Symplicity renal artery denervation 
system compared to EnligHTN when radiofrequency ablation was 
performed on a phantom renal artery model. The difference in 
lesion size was more pronounced for lesion width, with a smaller 
difference in lesion depth. This was achieved with a gradual 
increase in temperature and lower electrode tip temperature at 
steady state with the Symplicity system. It is likely that the larger 
electrode surface area and longer ablation duration with Symplicity 
could have accounted for the difference in lesion size.
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Impact on daily practice
One important criterion for successful renal artery dener-
vation is the delivery of safe and effective ablation lesions. 
Currently, different systems are being used to deliver 
these ablations in patients with resistant hypertension. 
Understanding the biophysical properties of the systems and 
the differences in lesions formed is essential to improve the 
techniques and clinical outcome. The renal artery phantom 
model described here provided a platform to identify lesion 
properties from two different systems under specific condi-
tions. This model can be applied to available and future renal 
denervation systems, thereby providing a preclinical simula-
tion that would objectively inform the clinical parameters for 
the lesions created. 
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Abstract
Aims: The aim of this study was to evaluate and compare lesion dimensions and thermodynamics of the 
new-generation multi-electrode Symplicity Spyral and the new-generation multi-electrode EnligHTN renal 
artery denervation systems, using a thermochromic liquid crystal phantom model.

Methods and results: A previously described renal artery phantom model was used as a platform for 
radiofrequency ablation. A total of 32 radiofrequency ablations were performed using the multi-electrode 
Symplicity Spyral (n=16) and the new-generation EnligHTN systems (n=16). Both systems were used as 
clinically recommended by their respective manufacturer. Lesion borders were defined by the 51°C iso-
therm. Lesion size (depth and width) was measured and compared between the two systems. Mean lesion 
depth was 2.15±0.02 mm for the Symplicity Spyral and 2.32±0.02 mm for the new-generation EnligHTN 
(p-value <0.001). Mean lesion width was 3.64±0.08 mm and 3.59±0.05 mm (p-value=0.61) for the 
Symplicity Spyral and the new-generation EnligHTN, respectively.

Conclusions: The new-generation EnligHTN system produced lesions of greater depth compared to the 
Symplicity Spyral under the same experimental conditions. Lesion width was similar between both sys-
tems. Achieving greater lesion depth by use of the new-generation EnligHTN may result in better efficacy 
of renal artery denervation.
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The current RAD systems

Abbreviations
BP blood pressure
RAD renal artery denervation
RF radiofrequency
TLC thermochromic liquid crystal
SS Symplicity Spyral
NGE new-generation EnligHTN

Introduction
Following the encouraging results of the Symplicity HTN-1 and 
Symplicity HTN-2 trials, which demonstrated significant blood 
pressure (BP) reduction after renal artery denervation (RAD), 
endovascular radiofrequency (RF) ablation of the renal arter-
ies was considered an acceptable treatment for drug refractory 
hypertension1,2. Later, the randomised controlled SYMPLICITY 
HTN-3 trial failed to show a significant difference in BP reduc-
tion between the RAD treatment arm and the sham control arm3. 
Nevertheless, the implication of renal sympathetic nerves in the 
pathogenesis of resistant hypertension has been well described 
and demonstrated in previous animal and human studies4-8. Several 
factors have been proposed that may have limited the denervation 
efficacy in SYMPLICITY HTN-39. A better understanding of the 
basic mechanisms of denervation and factors affecting procedural 
success including patient selection, renal nerve anatomy and the 
biophysics of the various renal denervation systems through fur-
ther preclinical studies is pivotal to achieving the desired results.

Previously, we developed a thermochromic liquid crystal 
(TLC) model and validated it in vivo for cardiac RF ablation10. 
Subsequently, we modified this model for renal denervation. In 
our previous study, we assessed and compared lesion size and 
thermodynamic properties of the single-electrode Symplicity 
(Flex) renal denervation system (Medtronic, Minneapolis, MN, 
USA) versus the first-generation multi-electrode EnligHTN sys-
tem (St. Jude Medical, St. Paul, MN, USA) using the TLC renal 
artery phantom model11. Recently, in the new-generation systems, 
several modifications have been applied to both the EnligHTN and 
Symplicity renal denervation systems in order to overcome some 
of the technical procedural challenges, and to reduce overall pro-
cedural duration, either of which could ultimately impact on abla-
tion efficacy. Therefore, in this study we aimed to evaluate and 

assess the performance of the new-generation Symplicity Spyral 
(SS) and the new-generation EnligHTN (NGE) renal denervation 
systems using the previously described renal artery phantom 
model. Table 1 summarises the differences between the old and 
the new Symplicity and EnligHTN systems.

Methods
Radiofrequency ablations for both the SS and NGE systems were per-
formed in the renal artery phantom model using clinically recommended 
ablation settings (Table 1). Temporal changes in lesion dimensions 
(depth and width) for the two systems were measured and compared.

THERMOCHROMIC LIQUID CRYSTAL PHANTOM RENAL 
ARTERY MODEL
The renal artery phantom model was prepared as previously 
described11. In summary, a mixture of saline and an agar substi-
tute powder (Phytagel™; Sigma-Aldrich [now Merck], St. Louis, 
MO, USA) was heated to 90°C in a preformed cast encompassing 
a 5 mm diameter cylindrical former. Once cooled, the former was 
removed to create a transparent block of gel with a 5 mm diameter 
lumen to simulate the renal artery. A TLC film that has tempera-
ture sensitivity between 50-78°C (Hallcrest LCR, Connah’s Quay, 
United Kingdom) was embedded within the gel prior to solidifi-
cation. The gel block was placed in a tank, which pumped saline 
around the gel and into the phantom renal artery lumen at a rate of 
500 ml/min and a temperature of 37°C.

RADIOFREQUENCY ABLATION
The ablation catheter for the system was introduced into the phan-
tom renal artery under direct visualisation. The Spyral catheter was 
advanced into the phantom lumen over a (0.014-inch) guidewire 
as clinically recommended. Once within the lumen of the phantom 
renal artery, the guidewire was pulled back to allow spiral configu-
ration of the catheter. In the case of the EnligHTN catheter, a small 
diameter basket size (recommended for vessel diameters between 
4 and 6 mm) was used and the catheter was deployed on a sin-
gle instance per gel to limit abrasion of the gel surface. At least 
one electrode was positioned in plane with the TLC sheet. Only the 
electrode in contact with the TLC sheet was activated for each RF 
ablation (one electrode per run). All ablations were performed with 

Table 1. Summary of the technical specifications and a comparison between the new and old Symplicity and EnligHTN renal denervation 
systems.

System
Old systems New systems

Symplicity (Flex) EnligHTN old generation Symplicity (Spyral) EnligHTN new generation

Generator Symplicity G2 1st generation Symplicity G3 2nd generation

Number of electrodes 1 4 4 4

Ablation duration (sec) 120 90 60 60

Maximum power per electrode (W) 8 6 6.5 8

Electrode surface area (mm2)* 6.39 3.7 5.9 3.7

* Measured in-house.

57



1244

EuroIntervention 2
0
17;1

3
:124

2-1247

a flow rate of 500 ml/min through the phantom renal artery, and an 
ablation duration of 60 sec. The gel was allowed to cool down for 
five minutes between RF ablations and the catheter was moved to 
a new position after four runs of ablation.

LESION MEASUREMENTS AND ANALYSIS
A digital camera (Canon EOS 5D Mark II; Canon Inc., Tokyo, 
Japan) with a light source (Canon Speedlite 580EX; Canon) was 
placed in front of the phantom model to capture images at dif-
ferent ablation time points (at baseline, 20 sec, 30 sec, 40 sec, 
50 sec and 60 sec). Heating of the gel at the TLC surface pro-
duced a colour gradient on the TLC sheet (Figure 1A), which was 
utilised to calculate the isotherms following thermochromic cali-
bration using in-house developed software (Figure 1B). The 51°C 
isotherm was used as an arbitrary measure to define lesion bor-
ders, as irreversible neural tissue injury occurs at temperatures 
greater than 45-50°C12,13. Lesion depth (d) was measured as the 
length of a line between the electrode/gel interface and the 51°C 
isotherm perpendicular to the electrode tip. Lesion width (w) was 
defined as the maximum width of the 51°C isotherm perpendicular 
to d (Figure 1B).

STATISTICAL ANALYSIS
Based on previous work in the same phantom model, RF ablation 
in replicates of three per catheter were required to detect a signi-
ficant difference in lesion size, with a power of 95% and α=0.05 
(two-tailed), for each parameter tested11. Mean lesion depth and 
width for each system were compared using an unpaired two-tailed 
Student’s t-test. Data were expressed as mean±standard deviation. 
The relationship between lesion growth (depth and width) and 
time was assessed using Spearman’s correlation. Values of p<0.05 
were considered significant. Data analysis was performed with 
GraphPad Prism software 6.0 (GraphPad Software Inc., La Jolla, 
CA, USA) and SPSS, Version 24 (IBM Corp., Armonk, NY, USA).

Results
A total of 32 RF ablations (16 ablations per system) were per-
formed on the phantom renal artery model. All ablations were car-
ried out under similar phantom conditions whereby parameters, 
including phantom vessel diameter, flow rate and gel temperature, 
were adjusted to within normal physiological ranges of 5 mm, 
500 ml/min and 37°C, respectively. Table 2 summarises the abla-
tion parameters for both systems. 

LESION SIZE AND GROWTH
Thirty-one RF ablation lesions (16 for SS and 15 for NGE) were 
analysed at 60 sec to determine final lesion size. A single data 
point for the NGE group was unavailable due to photographic 
aberration. Immediately prior to termination of RF ablation 
(60 sec), mean lesion depth for SS was 2.15±0.02 mm versus 
2.32±0.02 mm for NGE (p-value <0.001) (Figure 2A). Mean lesion 
width was 3.64±0.08 mm and 3.59±0.04 mm (p-value=0.61) for 
SS and NGE, respectively (Figure 2B).

In addition, temporal analysis of lesion dimensions was per-
formed to demonstrate the thermodynamics of each ablation system 
(Figure 3). A Spearman correlation test demonstrated a strong positive 
correlation between the duration of RF ablation and lesion size (depth 
and width), which was statistically significant for both systems. The 
correlation coefficient (rs) for ablation duration versus lesion depth 
was 0.91 (p<0.001) for SS and 0.86 (p<0.001) for NGE. The corre-
lation coefficient (rs) for ablation duration versus lesion width was 
0.606 (p<0.001) and 0.726 (p<0.001) for SS and NGE, respectively. 

Figure 1. Image taken during radiofrequency ablation on the 
phantom renal artery model at 60 sec using the Symplicity Spyral 
system in this case. A) Colour gradient on the TLC sheet during RF 
ablation. B) Lesion post analysis with superimposed isotherms. 
Yellow line highlights the 51°C isotherm. C) Colour gradient with 
the corresponding temperature in °C. d: lesion depth; w: lesion 
width; TLC: thermochromic liquid crystal

Table 2. Ablation parameters for Symplicity Spyral and new-
generation EnligHTN systems.

System
Symplicity 

Spyral
New-generation 

EnligHTN
p-value

Ablation number 16 16 –

Mean power (V) 6.5±0.00 
(maximum power)

5.3±0.07 
(average power)

–

Mean baseline 
impedance (Ω) 174.3±0.88 199.1±0.88 <0.001

Mean electrode tip 
temperature (°C )

45.56±0.66 
(maximum 

temperature)

52.50±0.98 
(average 

temperature)

–

Ablation duration (sec) 60 60 –
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Figure 2. Scatter plots comparing lesion depth and width for the 
Symplicity Spyral and new-generation EnligHTN sytems at end of 
radiofrequency ablation (60 sec). A) Lesion depth. B) Lesion width. 
NGE: new-generation EnligHTN; SS: Symplicity Spyral
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Graphs of lesion depth and width over time (Figure 3) suggest that 
prolonging the ablation duration could potentially increase lesion 
size, as a plateau phase has not been reached. Nonetheless, analy-
sis of lesion size at different ablation time points demonstrated that 
about 70-80% of lesion growth occurred within the first 20 sec of 
RF delivery with a lesion growth rate of 0.076 mm/sec for depth and 
0.147 mm/sec for width with SS, and 0.094 mm/sec for depth and 
0.124 mm/sec for width with NGE during the initial 20 sec abla-
tion phase. Lesion growth rate slows down thereafter to 0.012 mm/
sec for depth and 0.01 mm/sec for width with SS and 0.009 mm/sec 
for depth and 0.008 mm/sec for width with NGE in the last 20 sec 
of RF ablation. Thus, increasing ablation time beyond 60 sec may 
result in only a small increase in lesion size. Table 3 summarises 
lesion dimensions at 20, 40 and 60 seconds of RF ablation and the 
percentage of lesion growth (depth and width) at each time point.
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Figure 3. Graph demonstrating the relationship between 
radiofrequency ablation duration and lesion growth for the 
Symplicity Spyral and new-generation EnligHTN systems. A) Lesion 
depth versus time. B) Lesion width versus time. NGE: new-
generation EnligHTN; SS: Symplicity Spyral

Table 3. Lesion size and the percentage of growth at 20, 40 and 60 sec during radiofrequency ablation for Symplicity Spyral and 
new-generation EnligHTN.

Ablation 
time (sec)

Depth (mm)
p-value

Width (mm)
p-value

% Depth:width of maximum

SS NGE SS NGE SS NGE

20 1.52±0.03 1.87±0.02 <0.001 2.93±0.07 3.08±0.04 0.10 70.7:80.7 80.6:85.8

40 1.92±0.03 2.14±0.03 <0.001 3.45±0.08 3.44±0.04 0.86 89.3:95.0 92.2:95.8

60 2.15±0.02 2.32±0.02 <0.001 3.63±0.08 3.59±0.05 0.61 100:100 100:100

NGE: new-generation EnligHTN; SS: Symplicity Spyral

Discussion
Using the TLC renal artery phantom model, the NGE renal 
denervation system achieved greater lesion depth compared to the 
multi-electrode SS system. However, there was no difference in 
lesion width between the two systems. RF ablation with both sys-
tems was performed under consistent experimental settings (i.e., 
consistent gel impedance, gel temperature, vessel diameter and flow 
rate) and optimal electrode/gel contact as confirmed by direct visu-
alisation. Our phantom model allows direct comparison due to the 
ability to control variables, which is difficult to achieve clinically.

In our previous study, we compared the lesion dimensions 
and thermal properties of the single-electrode Symplicity Flex 

versus the first-generation multi-electrode EnligHTN renal 
artery denervation system, utilising the same renal artery phan-
tom model11. The present study is the first to compare the new-
generation multi-electrode Spyral system to the new-generation 
EnligHTN system using the TLC/gel phantom model. In RF abla-
tion, only about 1 mm of tissue adjacent to the electrode (area 
of resistive heating) is heated directly. Deeper tissue is heated by 
conduction of thermal energy from the resistive heating zone14.

Therefore, increased heating at the electrode tissue interface leads 
to more heat being conducted through the tissue and subsequently 
larger lesions. This is affected by several factors including ablation 
power, electrode size, electrode area in contact with tissue, contact 
force, convective cooling and ablation duration14,15. Whilst the SS 
electrode surface area is larger compared to the NGE (Table 1), 
lesions produced by the SS were comparatively smaller in depth. It 
has been demonstrated that increased electrode surface area results 
in larger lesions. Nonetheless, electrodes with a larger surface area 
usually require higher power delivery to maintain the same current 
density at the electrode tissue interface16-19. The maximum power 
generated by the SS and NGE is 6.5 W and 8 W, respectively. 
Conversely, a larger electrode area leads to more heat loss in the 
blood pool by convection and, therefore, reduces heating efficiency. 
Power lost in the blood pool is even greater when electrode-tissue 
contact is reduced15. It is possible that the greater contact force pro-
duced by the EnligHTN catheter upon deployment results in more 
optimal and stable gel contact, and therefore deeper lesions. It is 
important to note that for all ablations careful placement of the elec-
trode tip against the TLC/gel surface was consistent and confirmed. 
Haines demonstrated in an in vitro model that greater contact pres-
sure produced deeper lesions as long as electrode-tissue contact was 
maintained and electrode-tissue temperature kept constant by adjust-
ing power. In his study, lesion width showed no significant differ-
ence with increased contact force20. Consistent with this finding, we 
found no difference in width between the two systems. Although 
not directly measured, it is likely to be the design of the EnligHTN 
catheter that has the advantage of producing more consistent contact 
force. This could also explain the lower electrode tip temperature 
achieved by the SS (Table 2).

Of note, when the old-generation systems were used in the same 
model, the lesions produced were deeper (3.8 mm and 3.4 mm for 
Symplicity and EnligHTN, respectively)11. A recent animal study 
also suggested a thermal injury depth of 3.9 mm when the Symplicity 
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Flex was used21. Although the old- and the new-generation systems 
were not directly compared, the conditions of the phantom model 
were consistent between time points, suggesting a difference in per-
formance between the old- and the new-generation systems. In the 
case of the SS, a 50% reduction in ablation duration with lower power 
output compared to the old Symplicity system may have resulted in 
reduced net current density at the electrode-tissue interface despite 
the marginally smaller electrode surface area of this system. In addi-
tion, increased contact force at the tip of the Symplicity Flex catheter 
due to the ability to deflect the tip vector towards the gel interface 
could have produced a degree of contact force that minimised heat 
loss. For the NGE, smaller depth compared to the old EnligHTN 
system is probably partially due to shorter ablation duration.

Lesion size is one of several important elements for achieving 
clinical efficacy in RAD.  Deeper lesions may translate into more 
effective denervation, as more nerve bundles could be targeted. 
Clinically, successful denervation is important in order to achieve 
a significant BP reduction after RAD. Evidence from post-mor-
tem and animal studies has demonstrated that about 50% of renal 
nerves proximal to the bifurcation are located at a depth of greater 
than 2.44 mm22,23. Therefore, given the findings of the present 
study, ablation using the new-generation systems may potentially 
result in denervation of <50% of renal nerves at those sites, thus 
limiting the efficacy of the procedure. When assessing nerves at 
different vessel segments, it has been shown that most of the nerve 
bundles are located within the proximal and middle segments of 
the renal arteries. However, they are found at a greater depth in 
the proximal segment compared to the distal segment of the ves-
sel (3.4 mm proximally versus 2.6 mm distally), which renders 
the proximal nerve bundles more difficult to ablate endovascularly 
using the currently available denervation systems22. In distal seg-
ments (before the bifurcation), the 50th percentile of nerves was 
found to be at 1.81 mm from the lumen; 79% of nerves found dis-
tal to the bifurcation are located within 2 mm from the lumen22. 
The limited depth of heating and the current knowledge of renal 
nerve distribution highlight the importance of distal segment abla-
tion. This was demonstrated in a porcine model study by Mahfoud 
et al, where the addition of ablation distal to the bifurcation using 
the SS resulted in more effective denervation as measured by 
a reduction in cortical norepinephrine content and axonal density 
compared to main vessel ablation only24.

While the focus now has been directed towards more distal 
denervation (distal segment and distal to the bifurcation), improving 
ablation systems to reach deeper targets may also be beneficial, if 
this could be attained safely. Initial experimental studies using alter-
native energy modalities, including microwave ablation and chemi-
cal denervation, reported on lesion depth of 5-8 mm21,25. However, 
until additional research is conducted to evaluate the efficacy and 
safety of such modalities further, their use remains experimental.

Study limitations
Ablation conditions on the phantom renal artery model used in 
this study do not represent the complete spectrum of physiological 

conditions and acute response to RF ablation during renal denervation. 
In addition, the design of the current model allows assessment of 
heating pattern on a single plane only. Therefore, we were unable 
to assess heating of all four electrodes simultaneously, which may 
have an effect on heating pattern. However, the ability to control 
different variables and standardise the model allows us to compare 
the two systems under identical settings. Moreover, the effect of 
altering different parameters on lesion size could be assessed using 
this model in future studies. Lastly, we have chosen the 51°C iso-
therm to define lesion dimension. However, if nerve injury occurs at 
temperatures above or below this threshold, the actual depth of ther-
mal injury would be underestimated or overestimated. Nonetheless, 
for the application of RF ablation in neurosurgery it has been gen-
erally accepted that neural tissue destruction occurs at temperature 
≥45-50°C (lethal isotherm) and temperatures between 42-45°C 
showed reversible neural damage13,26.

Conclusions
Increased lesion depth was achieved using the NGE renal 
denervation system compared to the SS system for ablation on 
the TLC phantom model, with no difference in lesion width. 
Whilst the difference in depth is small, it may have an impact on 
denervation efficacy.

Impact on daily practice
The relationship between the renal nerves as a target for radio-
frequency ablation and ablation depth is one of several factors 
affecting denervation success. Information on different devices 
and technologies available with regard to their thermal proper-
ties and biophysics can guide clinicians as well as help us to 
understand the limitations of currently available systems and 
possible areas for improvement.
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Abstract

Objectives: To assess the clinical efficacy of renal artery denervation (RAD) in our center and to

compare the efficacy of two different radiofrequency (RF) systems.

Background: Several systems are available for RF renal denervation. Whether there is a differ-

ence in clinical efficacy among various systems remains unknown.

Methods: Renal artery denervation was performed on 43 patients with resistant hypertension

using either the single electrode Symplicity Flex (n = 20) or the multi-electrode EnligHTN sys-

tem (n = 23). Median post-procedural follow-up was 32.93 months. The primary outcome was

post-procedural change in office blood pressure (BP) within 1 year (short-term follow-up). Sec-

ondary outcomes were change in office BP between 1 and 4 years (long-term follow-up) and

the difference in office BP reduction between the two systems at each follow-up period.

Results: For the total cohort, mean baseline office BP (systolic/diastolic) was 174/94 mmHg. At

follow-up, mean changes in office BP from baseline were −19.70/−11.86 mmHg (P < 0.001) and

−21.90/−13.94 mmHg (P < 0.001) for short-term and long-term follow-up, respectively. The differ-

ences in office BP reduction between Symplicity and EnligHTN groups were 8.96/1.23 mmHg

(P = 0.42 for systolic BP, P = 0.83 for diastolic BP) and 9.56/7.68 mmHg (P = 0.14 for systolic BP,

P = 0.07 for diastolic BP) for short-term and long-term follow-up, respectively.

Conclusions: In our cohort, there was a clinically significant office BP reduction after RAD,

which persisted up to 4 years. No significant difference in office BP reduction between the two

systems was found.

KEYWORDS

catheter ablation, hypertension, renal artery intervention

1 | INTRODUCTION

The initial renal artery denervation (RAD) trials demonstrated signifi-

cant blood pressure (BP) reduction, which persisted up to 3 years.1–3

However, the randomized sham-controlled trial (Symplicity HTN-3)

showed no significant difference in BP reduction between the RAD

and the sham control arm.4 Inexperienced operators in RAD and lack

of bilateral circumferential denervation in most cases were possible

reasons for insufficient denervation in Symplicity HTN-3.5,6 Since its

first clinical application, RAD technology has evolved rapidly in con-

sideration to different ablation modalities and energy delivery

methods.7 Systems that utilize radiofrequency (RF) energy remain the

most commonly used. Positive results were reported using both single

electrode Symplicity Flex (Medtronic, Minneapolis, MN, USA) and
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multi-electrode EnligHTN (Abbott, Chicago, IL, USA) RF systems.3,8–10

Nonetheless, studies on the clinical efficacy of single electrode versus

multi-electrode systems have not been published. We previously com-

pared the single electrode Symplicity Flex versus the multi-electrode

EnligHTN in a gel based phantom renal artery model that allowed the

spatiotemporal assessment of thermodynamics and lesion dimensions

produced by each system.11 In the gel model, Symplicity Flex pro-

duced larger lesions compared to EnligHTN. While the difference in

lesion size was statistically significant, it was unclear if that difference

would be clinically relevant. Moreover, it has been suggested that

functional and anatomical reinnervation after RF renal denervation

can occur and is likely to be complete by 11 months post procedure.12

Therefore, we aimed to assess the efficacy of RAD in reducing office

BP for a cohort of patients with refractory hypertension who under-

went RAD using two RF systems (single electrode Symplicity Flex or

multi-electrode EnligHTN system) within 1 year (short-term follow

up), and to determine if BP reduction is persistent in the longer-term

(between 1 and 4 years; long-term follow up) beyond the suggested

time for reinnervation. We also aimed to compare office BP reduction

between those two systems at each follow-up period.

2 | METHODS

We prospectively collected data for a total of 43 patients in whom

RAD procedure was performed at our center between 2012 and

2015. Symplicity Flex was used in the first 20 consecutive patients,

while EnligHTN was used in the subsequent 23 cases. Human Ethics

Research Committee at Westmead Hospital approved the study and a

written informed consent was obtained from all patients.

2.1 | Study population

Patients were referred for the procedure after an initial assessment by

their treating cardiologist or nephrologist. Referral criteria included

average baseline office systolic blood pressure (SBP) of ≥150 mmHg

while on a minimum of three antihypertensive medications, or those

with office SBP > 140 mmHg and intolerant to antihypertensive med-

ications or had recurrent admissions with malignant hypertension. All

patients reported compliance to their antihypertensive medications.

They all had a CT renal angiogram prior to the procedure for anatomi-

cal assessment of their renal arteries and to exclude adrenal adeno-

mas. Patients were excluded if they had significant bilateral renal

artery stenosis, bilateral renal artery stenting or a small renal artery

diameter (<4 mm) bilaterally. Also, those with a secondary cause of

hypertension were excluded.

Renal artery tortuosity index was calculated for each patient using

the arc: chord ratio method, as described previously.13

2.2 | Renal artery denervation procedure

Renal artery denervation procedures were performed by an interven-

tional cardiologist and a vascular surgeon, under conscious intrave-

nous sedation using midazolam and fentanyl. Intra-arterial Heparin

was administered in all cases at a dose of 50 units/kg. A 6 Fr

(Symplicity) or 8 Fr (EnligHTN) sheaths were introduced into the right

femoral artery for access. Selective right and left renal arteriograms

using a 6 Fr LIMA guiding catheter (Symplicity) or an 8 Fr EnligHTN

guiding catheter (EnligHTN) were performed to assess vessel anatomy

for denervation suitability. Prior to RF application, a 200 mcg bolus of

glyceryl trinitrate was administered into each renal artery to prevent

arterial spasm. Radiofrequency ablations in a spiral fashion were deliv-

ered into each renal artery wall starting distally and using the clinically

recommended settings for both systems (Table 1). A final arteriogram

was performed at the end of ablation to exclude complications includ-

ing severe spams, perforation, or dissection. The femoral arterial

access site was closed with a ProGlide closure device if suitable. The

following day, patients were reviewed for any adverse events or com-

plications and discharged home if well. All patients were advised to

continue the same antihypertensive medications, unless advised oth-

erwise by their treating cardiologist or nephrologist.

2.3 | Follow-up

Data including office BP, antihypertensive medications, and adverse

events including dizziness or postural hypotension, readmission with

malignant hypertension, stroke or transient ischemic attack (TIA), car-

diac events and all-cause mortality were collected through phone

communication with patients or from clinic and medical record review.

Each patient had multiple follow-ups to record BP measurements at

different time-points. Office BP measurements were recorded by the

treating doctors on follow-up. Mean office BP was determined during

the short-term and long-term follow-up periods for each patient.

2.4 | Outcomes

The primary endpoint was overall change in office BP from baseline in

the short-term follow-up. Secondary outcomes included; change in

office BP in the long-term follow-up and the difference in office BP

reduction between the Symplicity and the EnligHTN groups during

the two follow-up periods. Secondary outcomes relating to safety

included periprocedural complications and long-term adverse events

(cardiac events, stroke or TIA, and death from any cause).

2.5 | Statistical analysis

Statistical analyses were performed in SPSS 24 (IBM Corp., Armonk,

NY, USA) and S-PLUS 8.2 (TIBCO software Inc., Palo Alto, CA, USA)

TABLE 1 Summary of the clinical parameters for the Symplicity and

EnligHTN renal denervation systems

System parameters Symplicity EnligHTN

Monitoring Temperature and

impedance based
algorithm

Temperature

controlled
algorithm

Number of electrodes 1 4

Maximal power delivered (W) 8 6

Maximal temperature

at electrode tip (�C)

70 75

Duration of each

ablation (sec)

120 90
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statistical software. Baseline characteristic for the two groups were

compared using independent sample t-tests for continuous variables

and Chi Square tests for categorical variables. Two-tailed tests with a

significance level of 5% were used throughout. Data for baseline char-

acteristics were expressed as the mean � standard deviation.

Linear mixed effect models were used to investigate the changes

in SBP and diastolic blood pressure (DBP) post procedure during

short-term and long-term follow-up periods, and to test for associa-

tion (interaction) between the effect of time (three-level factor, pre-

op baseline, short-term follow-up and long-term follow-up) and sys-

tem (two-level factor). Linear mixed effect models were also used to

test for association between the effect of time and each of the base-

line or procedural covariates including baseline SBP, heart rate, body

mass index (BMI), ablation time, ablation number, and tortuosity index.

Patient identifier was considered as a random effect and the time fac-

tor as both a fixed effect and as a random effect with a general posi-

tive definite covariance structure. The procedural or baseline

covariates and their two-way interactions with the time factor were

considered as fixed effects. Parameter estimates (estimated mean)

and their 95% confidence intervals (95% CI) were used to quantify the

changes observed in both follow-up periods.

3 | RESULTS

3.1 | Study population

The study population baseline characteristics are summarized in

Table 2. A total of 43 patients were followed up for a median of

32.93 months (IQR 29.43–42.87). For the total cohort, mean baseline

office SBP was 174 � 20 mmHg and mean baseline office DBP was

94 � 16 mmHg. There was no significant difference in baseline office

BP between the Symplicity and EnligHTN groups (Table 1). In both

groups, patient enrolment rates were greater for males than females

but not significantly different between groups (P = 0.4). Overall, there

was no significant difference in baseline characteristics including risk

factors between the two groups.

3.2 | Procedural parameters

Based on anatomical variation including vessel length and diameter,

4–12 RF ablations were delivered into each renal artery. Total abla-

tion duration was similar between the two groups despite the lon-

ger duration per ablation with Symplicity system. This was due to

the overall greater number of ablations in the EnligHTN group com-

pared to Symplicity (Table 3). Four patients in total had unilateral

denervation (one from the Symplicity group and three from the

EnligHTN group). Reasons for unilateral denervation included diffi-

cult anatomy with failure to engage the vessel (n = 1), presence of

previous renal artery stent unilaterally (n = 1), and a small renal

artery diameter (≤3.5 mm) on one side (n = 2). Accessory renal

arteries were present in five patients (one from the Symplicity

group and four from the EnligHTN group). No ablation was per-

formed in accessory renal arteries. Table 3 summarizes the proce-

dural parameters for both groups.

3.3 | Antihypertensive medications

The average number of antihypertensive medications for the total cohort

at baseline was 5.33 � 1.90 with no difference between the groups

(Table 1). At follow-up, the average number of antihypertensive medica-

tions was 5.14 � 2.05 (5.56 � 2.31 versus 4.22 � 0.83 for Symplicity

and EnligHTN respectively, P = 0.04) and 4.56 � 1.87 (4.80 � 2.30 ver-

sus 4.33 � 1.37 for Symplicity and EnligHTN, respectively, P = 0.75) for

short-term and long-term follow-up, respectively (Figure 1A).

TABLE 2 Summary of baseline characteristics for both Symplicity and

EnligHTN groups

Baseline
characteristics

Symplicity
(n = 20)

EnligHTN
(n = 23) P-value

Age (years) 63.05 � 9.64 65.17 � 7.99 0.43

Gender-male (%) 13 (65%0.00) 13 (56.52%) 0.57

Baseline SBP (mmHg) 177.08 � 21.15 171.13 � 19.75 0.35

Baseline DBP
(mmHg)

96.70 � 11.92 92.52 � 18.55 0.39

Number of BP

medications
at baseline

5.75 � 2.15 4.96 � 1.59 0.17

• BB 70.00% 60.90%

• CCB 75.00% 69.50%

• ACEi 50.00% 43.50

• ARB 95.00% 73.90%

• Thiazide 40.00% 52.20%

• Loop diuretics 40.00% 13.00%

• Vasodilators 35.00% 26.10%

• Centrally 60.00% 56.50%

• Aldosterone

antagonist

20.00% 17.40.3%

• Alpha blocker 45.00% 52.20%

Hyperlipidemia (%) 8 (40.00%) 11 (47.83%) 0.61

Smoking (%) 5 (25.00%) 5 (21.74%) 0.80

OSA (%) 7 (35.00%) 9 (39.13%) 0.78

IHD (%) 6 (30.00%) 8 (34.78%) 0.74

Stroke or TIA (%) 4 (20.00%) 5 (21.74%) 0.89

BMI (kg/m2) 34.15 � 8.64 32.65 � 7.37 0.54

eGFR

(ml/min/1.73 m2)

68.60 � 19.47 73.27 � 19.47 0.44

Abbreviations: ACEi, ACE inhibitor; ARB, angiotensin receptor blocker; BB,

beta blocker; BMI, body mass index; BP, blood pressure; CCB, calcium
channel blocker; DBP, diastolic blood pressure; eGFR, estimated glomeru-

lar filtration rate; IHD, ischemic heart disease; OSA, obstructive sleep

apnea; SBP, systolic blood pressure; TIA, transient ischemic attack.

TABLE 3 Summary of procedural parameters for Symplicity and

EnligHTN groups

Procedural
parameters Symplicity (n = 20) EnligHTN (n = 23) p-value

Total ablation

time (min)

23.90 � 5.09 21.67 � 6.90 0.23

Number of ablations

per patient

11.95 � 2.54 19.00 � 7.06 <0.001

Accessory renal

artery (%)

1 (5%) 4 (17%) 0.21

Unilateral

denervation (%)

1 (5%) 3 (13%) 0.37

Tortuosity index 0.30 � 0.07 0.30 � 0.09 0.91
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In total, 33 patients (76.7%) had changes to their antihypertensive

medications by their final follow-up. Half of the patients (53.6%) had a

total decrease in medications number or dose, with or without class

change, five patients (11.6%) had an increase in the number of antihyper-

tensive medications, and five patients (11.6%) had a class change only.

3.4 | Outcomes

3.4.1 | Overall blood pressure reduction from baseline

For the entire study population, there was a significant reduction in both

systolic and diastolic office BP within all follow-up periods (Figure 1B,C).

Mean change in office BP from baseline was −19.70/−11.86 mmHg

(95% CI (SBP/DBP): [−30.08, −9.34]/[−17.14, −6.58], P < 0.001 for SBP

and DBP) and −21.90/−13.94 mmHg (95% CI: [−28.38, −15.43]/

[−17.14, −6.58], P < 0.001 for SBP and DBP) for short-term and long-

term follow-up, respectively.

No association between the change in office SBP and baseline or

procedural characteristics including heart rate, BMI, ablation duration,

ablation number, and tortuosity index was found (P = 0.33, 0.06, 0.17,

0.68, and 0.24 for association with each covariate, respectively). The

only significant association was seen between baseline office SBP and

the change in office SBP at 1 year (P < 0.001).

FIGURE 1 Number of antihypertensive medications per system at baseline and at each follow-up period (A). scatter plot of office BP at baseline

and both follow-up time points for the total cohort of patients, (B) SBP and (C) DBP. Change in BP from baseline for Symplicity and EnligHTN

groups at each follow-up time point, (D) SBP, (E) DBP
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3.4.2 | Blood pressure reduction per system

There was no significant difference in post-procedural BP change

between Symplicity and EnligHTN groups during any follow-up period

(difference of −8.96/−1.23 mmHg, 95% CI (SBP/DBP): [−30.86,

12.93]/[−12.61,10.16], P = 0.42 for SBP, P = 0.83 for DBP, and

−9.56/−7.68 mmHg, 95% CI: [−22.39, 3.27]/[−15.89,0.52], P = 0.14

for SBP, P = 0.07 for DBP), for short-term and long-term follow-up,

respectively (Figure 1D,E).

However, both systems were effective in reducing office BP. For

Symplicity group, mean change in office BP was −24.48/−13.5 mmHg

(95% CI: [−38.24, −10.71]/[−20.29, −6.63], P < 0.001 for SBP and

DBP) and −26.90/−17.92 mmHg (95% CI: [−36.14, −17.66]/[−23.85,

−11.98], P < 0.001 for SBP and DBP) for short-term and long-term

follow-up, respectively. With respect to the EnligHTN group, mean

change in office SBP was not statistically significant during the short-

term follow-up (−15.51 mmHg, 95% CI: [−32.53, 1.50], P = 0.07).

However, the change in office SBP became significant at the long-

term follow-up (−17.34 mmHg, 95% CI: [−26.23, −8.45], P < 0.001).

Mean change in office DBP was −12.23 mmHg (95% CI: [−15.90,

−4.56], P < 0.001) and −10.23 mmHg (95% CI: [−21.34, −3.12],

P = 0.01) for short-term and long-term follow-up, respectively.

3.4.3 | Safety outcomes

All RAD procedures were performed safely with no major procedural

complications. Minor complications included femoral hematoma man-

aged conservatively in three patients (7%) and transient contrast

nephropathy in a single patient who had mild renal impairment at

baseline. Eight patients reported symptoms of postural hypotension

on follow-up, and four patients had readmissions with hypertensive

episodes. There was one case of recurrent stroke at 9 months and

45 months. Three patients had hospital admission for myocardial

infarction and there were two mortalities of unknown cause. Table 4

summarizes procedural complications and adverse events for both

groups.

4 | DISCUSSION

In this study, RAD resulted in a significant BP reduction within the first

year, which persisted up to 4 years post procedure in our total cohort

of patients who underwent the procedure using two different RF sys-

tems. When assessing each treatment group independently, mean

reduction in office SBP from baseline was significant at all follow-up

periods for the Symplicity group. While mean reduction in office SBP

for the EnligHTN group did not achieve significance within the short-

term follow-up. A delayed effect on SBP occurred over the long-term

follow-up. This could be due to increased lesion depth achieved with

Symplicity Flex (3.8 mm) compared to EnligHTN (3.4 mm) as demon-

strated in our previous work using the phantom model, given that both

systems were tested under identical conditions including vessel diame-

ter, flow rate and with optimal electrode contact.11 Nonetheless, there

was no significant difference in office systolic or diastolic BP reduction

between the Symplicity and the EnligHTN group at any follow-up

period. The lack of significant between-group differences in BP reduc-

tion may suggest a class effect of various RAD devices, whereby ade-

quate injury to efferent and afferent nerve fibers was attained by both

systems. Alternatively, it could be explained by the small number of

patients in this study. Therefore, a larger study may be required in

order to detect significant differences between the two systems.

Notably, the reduction in BP was not associated with an increase

in the number of antihypertensive medications (Figure 1A). In fact,

half of the total cohort had a reduction to the number or the dose of

their antihypertensive medications. Thus, the BP reduction is unlikely

to be related to medications.

The Symplicity HTN-3 trial also used Symplicity Flex;4 however,

inadequate operator training and lack of experience in performing

RAD had resulted in a high failure rate for achieving bilateral circum-

ferential ablation (74% of cases).6 Therefore, it is likely that denerva-

tion in these cases was unsuccessful. While the Symplicity Flex may

deliver greater heat energy penetration, catheter manipulation to

achieve adequate contact and a circumferential ablation pattern is

technically challenging, and thus requires rigorous training and greater

operator experience compared to multi-electrode based systems. The

primary proceduralist in our study had extensive experience in RF

ablation and catheter manipulation.

Furthermore, it is still unclear what extent of denervation is

required to result in a desired clinical response. In a subset of patients

(n = 10) who underwent assessment of noradrenaline spillover

(marker for efferent sympathetic nerve activity) in the Symplicity

HTN-1 trial, there was a 47% reduction in noradrenaline spillover at

15–30 days post RAD, confirming the mechanistic effect of ablation

on suppression of sympathetic activity. Mean reduction in office BP at

6 months in this subgroup was 22/12 mmHg,1 suggesting that abla-

tion to achieve a target noradrenaline spillover of about 50% could be

TABLE 4 Summary of periprocedural complications and adverse events for each group

Complications and adverse events Symplicity EnligHTN Total p-value

Femoral hematoma 1 (5%) 2 (8.70%) 3 (7%) 0.64

Contrast nephropathy 0 1 (4.35) 1 (2.33) 0.35

Length of stay (days) 1.05 � 0.22 1.74 � 1.68 1.40 � 1.26 0.08

Postural hypotension 3 (15%) 5 (21.74%) 8 (18.60%) 0.57

Readmission with hypertension 2 (10%) 2 (8.70%) 4 (9.30%) 0.88

Cardiac events 3 (15%) 0 3 (7%) 0.05

Stroke or TIA 1 (5%) 0 1 (2.33%) 0.28

Mortality 0 2 (8.70%) 2 (4.65%) 0.17

Abbreviation: TIA, transient ischemic attack.
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an adequate endpoint of long-term functional denervation. A post-

mortem study demonstrated that for nerve fibers found within 10 mm

depth from the renal artery intima, between 50% and 75% of fibers

occurred at a depth between 2.44 and 4.28 mm in the main vessel.14

Therefore, both systems could cause injury to >50% but ≤75% of

nerves providing that ablation is performed optimally by ensuring con-

sistent electrode contact and energy delivery in a circumferential pat-

tern along the artery wall.

The newer multi-electrode Symplicity Spyral is likely to offer a

greater ablation consistency. However, it was found to have less heat-

ing depth than Symplicity Flex.15,16 Therefore, injury to 50% of nerve

fibers may not be achievable when ablation is performed in the main

vessel using Symplicity Spyral. Hence, RF ablation distal to the bifur-

cation in addition to the main vessel is now recommended when utiliz-

ing Symplicity Spyral, as nerve fibers are located closer to the intima

in the branches compared to the main vessel.14,16

Patient selection is another important factor that influences the

clinical efficacy of RAD. In our study, the only factor that was associ-

ated with BP response within 1 year was office SBP at baseline.

Nonetheless, it has become evident that patients with combined sys-

tolic and diastolic hypertension (SBP > 140 mmHg and DBP > 90

mmHg) respond better to RAD compared to those with isolated sys-

tolic hypertension (ISH).17,18 This is likely owing to the coexistence of

arterial stiffness in patients with ISH. Increased arterial stiffness as

measured by invasive pulse wave velocity was found to be a negative

predictor of denervation response.19 Nonetheless, when stratifying

patients with ISH according to their pulse wave velocity tertiles, those

in the low tertile were found to have significant BP reduction after

RAD, which was comparable to those with combined systolic and dia-

stolic hypertension.20 Therefore, arterial stiffness is likely to play a sig-

nificant role in confounding the outcomes of RAD in this subgroup of

patients, because the mechanism of hypertension may be complicated

by the influence of structurally mediated vascular dysfunction, rather

than, or in combination with vascular dysfunction mediated by sympa-

thetic overstimulation. Therefore, not all those with ISH should be

excluded from RAD.

Finally, as reported in major clinical trials our study illustrates that

RAD remains a safe procedure with low periprocedural complication

rates.

5 | LIMITATION

There are several limitations to our study. First, this was a non-

randomized comparison of a small patient cohort from a single center

without a sham control arm. However, the two groups were matched

in all baseline characteristics. In addition, the sham effect was absent

in recently published sham-controlled trials including the SPYRAL

HTN and RADIANCE-HTN SOLO.21–23 Second, no assessment of

ambulatory BP at baseline and at follow-ups was carried out, which

could lead to inclusion of patients with pseudoresistance and white-

coat syndrome. Furthermore, all Symplicity procedures were per-

formed first, followed by EnligHTN procedures consecutively. This

could lead to bias, favoring the EnligHTN system, as the proceduralist

was more experienced by that stage. Nonetheless, the primary

operator is an experienced interventionalist and electrophysiologist

who is very familiar with RF ablation.

Moreover, longer follow-up period was available for Symplicity

patients compared to EnligHTN. However, no difference in BP reduc-

tion was found between the two systems even when analysis was lim-

ited to 1 year. Finally, medication reduction during the study period

could potentially mask treatment effect. Therefore, it is difficult to

demonstrate superiority of one system over the other; however, this

study demonstrates non-inferiority.

6 | CONCLUSION

Although the two RAD systems did not differ significantly, they have

shown an overall reduction in office BP between selected timelines

compared to baseline measurements. Our study further supports

the role of RAD in treating appropriate patients with resistant

hypertension.
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Abstract  

Background: Lately, combined main vessel and branch ablation has been 

recommended during radiofrequency (RF) renal artery denervation. Utilising a 

validated renal artery phantom model, we aimed (1) to determine thermal injury extent 

(lesion depth, width and circumferential coverage) and electrode-tissue interface 

temperature for branch renal artery ablation, and (2) to compare the extent of thermal 

injury for branch versus main vessel ablation using the same RF System. 

Methods: We employed a gel based renal artery phantom model simulating variable 

vessel diameter and flow, which incorporated a temperature sensitive thermochromic-

liquid-crystal (TLC) film for assessing RF ablation thermodynamics. Ablations in a 

branch renal artery model (n= 32) were performed using Symplicity Spyral. Lesion 

dimensions defined by the 51°C isotherm, circumferential injury coverage, and 

electrode-tissue interface temperature were measured for all ablations at 60 secs.  

Results: Lesion dimensions were 2.13±0.13 mm and 4.13±0.18 mm for depth and 

width, respectively, involving 23% of the vessel circumference. Maximum electrode-

tissue interface temperature was 68.31±2.29°C. No significant difference in lesion 

depth between branch and main vessel ablations was found (D= 0.02 mm, p= 0.60). 

However, lesions were wider in the branch (D= 0.49 mm, p< 0.001) with a larger 

circumferential coverage compared to main vessel (arc angle of 82.02±3.27° versus 

54.90±4.36°, respectively).  

Conclusions: In the phantom model, branch ablations were of similar depth but had 

larger width and circumferential coverage compared to main vessel ablations. 

Concerning safety, no overheating at the electrode-tissue interface was observed. 

 

Keywords: Hypertension, renal denervation, radiofrequency ablation 
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Introduction 

 Traditionally, the delivery of radiofrequency (RF) ablation during renal artery 

denervation (RAD) had been limited to the main vessel only (between the ostium and 

the bifurcation) with no involvement of the branches  [1-3]. This conventional method 

has been proven to be safe in all major clinical trials; however, the efficacy was found 

to be inconsistent [1-3]. Therefore, exploration of new procedural methods and 

techniques became essential in order to improve clinical outcomes. Moreover, a single 

method may not be suitable across all technologies and designs for RAD devices. As a 

result, recent work had demonstrated that RF ablation in renal artery branches and 

perhaps the accessory arteries combined with main vessel ablation could be more 

efficacious than ablation in the main vessel only [4, 5]. Biochemically, combined main 

vessel and branch ablation resulted in a greater reduction in norepinephrine 

concentration in the kidney compared to main vessel ablation alone in an animal model 

[4, 6]. In addition, ablation in the branches only resulted in a larger reduction in kidney 

norepinephrine concentration compared to main vessel ablation (83% versus 71%, 

respectively). This was accompanied with a reduction in cortical axonal density of 77% 

and 64%, respectively [4]. Clinically, better blood pressure response three months post 

RAD was observed with the combined method using the multi-electrode Symplicity 

Spyral System (Medtronic, Minneapolis, MN, USA) [5]. This approach has been 

supported by the finding of closer proximity of nerve fibres to the renal artery intima 

in distal segments and beyond the bifurcation compared to proximal segments [7]. 

Whilst early studies in this contemporary method are promising, it’s important to 

recognise that physiological differences between the main vessel and the branches may 

impact RF lesion formation as well as raise some safety concerns.   
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We previously explored the biophysical properties of RF ablation using different RAD  

systems in a gel based phantom model of the main renal artery, involving 

thermochromic-liquid-crystal (TLC) based thermography [8, 9]. In this study, we aimed 

to evaluate the thermal properties of RF ablation using the Symplicity Spyral system in 

a phantom model of a renal artery branch and determine the extent of thermal injury 

produced, defined by lesion depth, lesion width and circumferential coverage. We also 

aimed to assess the maximum temperature at the electrode-tissue interface (modelled 

based on the electrode-TLC interface) for branch ablations. In addition, we compared 

lesion dimensions and the circumferential coverage of ablations in the branch to 

ablations performed previously in a main vessel model.  

 

Material and Methods 

Multi-electrode Symplicity Spyral RAD system was used to perform RF ablations on a 

gel based model of a renal artery branch (vessel diameter of 3 mm and flow rate of 100 

ml/min).  Details of the gel formulation and description of the experimental apparatus 

has been previously described [8, 10]. Clinically recommended ablation parameters 

were used (maximum power of 6.5 W and ablation duration of 60 secs). Lesion 

dimensions (depth and width) were measured for all RF ablations at 20 secs, 30 secs, 

40 secs, 50 secs and at 60 secs, to assess the temporal lesion growth and to determine 

the size of complete lesions. The dimensions obtained were then used to calculate the 

circumferential coverage (arc angle) for a single RF ablation lesion. Additionally, 

maximum TLC temperature at the end of RF ablations were measured. Lesion 

dimensions and the circumferential coverage for branch ablations were compared with 

RF ablations previously performed in a main vessel phantom model (5 mm vessel 

diameter, flow rate of 500 ml/min, n= 16) using Symplicity Spyral.  
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Angiographic analysis of renal artery branches 

To determine the arterial branch diameter required for the phantom model, a total of 

ten selective renal arteriograms from a cohort of patients who underwent RAD in our 

centre were analysed. Diameter of the main vessel, first order and second order 

branches were measured (Figure 1). The guiding catheter was used to calibrate the 

measured distances. Vessel diameters were 6.1±0.6 mm, 4.4±0.5 mm and 2.8±0.3 mm 

for main vessel (site A), first order (site B) and second order branches (site C), 

respectively. Therefore, all gel models of the renal artery branch anatomy were formed 

with a 3 mm vessel dimeter (minimum diameter required for Symplicity Spyral 

system).  

 

 

Figure 1. An arteriogram of a left renal artery demonstrating branching pattern. (A) Main 
vessel, (B) first order branch, (C) second order branch. 

 

Thermochromic liquid crystal phantom model of the renal artery branch   

A previously described renal artery phantom model [8] was modified to simulate the 

biophysical characteristics of renal artery branch. Briefly, a mixture of saline and agar 

substitute gel (Phytagel; Merck, St. Louis, MO, USA) was placed in a cast that 

contained a 3 mm cylindrical former, which was removed after gel solidification 
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creating phantom vessel lumen. Prior to pouring the gel, a TLC film (LCR Hallcrest 

LLC, Glenview, IL, USA) was centred in the cast, held vertically by the former. The 

TLC film has dual temperature sensitivity range (between 50-77°C and 80-103°C); 

thus, it changed colour accordingly during RF application creating a colour gradient 

(Figure 2). The gel was placed in a tank that constantly pumps normal saline around it 

and into the vessel lumen. We estimated the flow rate in the branch at 100 ml/min 

assuming main vessel flow rate of 500 ml/min, as human renal arteries often bifurcate 

into two divisions, which give rise to five segmental branches [11]. The tank 

temperature was regulated at physiological body temperature (37°C). 

 

 

Figure 2. Colour gradient on TLC during application of RF energy (at 60secs) with 
superimposed temperature isotherms. The isotherm of interest (51°C) highlighted in yellow. 

The isotherm at the electrode-TLC interface corresponds to 70°C. 

 

Radiofrequency ablation in the phantom model 

The Symplicity Spyral catheter was introduced into the vessel lumen over a 0.014” 

guide wire under direct visualisation. The wire was then retracted to allow spiral 

configuration of the catheter. For all ablations, a single electrode was positioned in 

contact and on plane with the TLC film. Adequate electrode-TLC contact was visually 
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confirmed. Radiofrequency ablation was then commenced and continued for a duration 

of 60 secs. In case of a generator error, the catheter was repositioned to optimise contact 

with gel/TLC surface. Photographs of the TLC film were acquired (at baseline and 

every 10 secs during ablation) using a digital camera (Canon EOS 5D Mark II; Canon 

Inc., Tokyo Japan) and a flash light (Canon Speedlite 580EX; Canon) placed in front 

of the model.  

 

Analysis of radiofrequency ablation lesions 

Photographs of colour gradient produced on the TLC film during RF application were 

analysed using an in-house built software (i-Chrome Pro 1.5.19, Westmead Hospital, 

Australia). The software enabled the identification of a predetermined temperature 

isotherm for each lesion and automatically highlighted the preconfigured isotherm of 

interest (Figure 2). We used the 51°C isotherm to outline lesion margins as neural 

thermal injury occurs at temperature > 45-50°C [12, 13]. Lesion depth was defined as 

the length of a perpendicular line from the electrode tip to the maximum depth of the 

51°C isotherm and the width was defined as the maximum width of the 51°C isotherm 

borders that is perpendicular to the depth line.  

The circumferential coverage of RF thermal injury per energy application was 

calculated as follows (Figure 3): 

𝐴𝑟𝑐	𝑎𝑛𝑔𝑙𝑒	𝑓𝑜𝑟	𝑒𝑎𝑐ℎ	𝑅𝐹	𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = 2 × Θ,where 

Θ = 𝑡𝑎𝑛;< =
>
?×@

ABC
D, 

w= mean lesion width, r=mean vessel radius and l= mean depth at maximum lesion 

width. 

The circumferential coverage of each RF lesion (%) = EFAG	FHICJ
KLM

N × 100 
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Figure 3. Illustration of circumferential coverage of thermal injury for branch and main vessel 
ablation. wb; lesion maximum width for branch, wm; lesion maximum width for main vessel, 

rb; branch radius, rm; main vessel radius, lb; depth where maximum width occurred for branch, 
lm; depth where maximum width occurred for main vessel, qb; branch arc angle, qm; main 

vessel arc angle. 
 

 

Additionally, the temperature of the isotherm at the electrode-TLC interface was 

determined for all RF lesions at 60 secs using i-Chrome software (Figure 2).   

 

Statistical analysis 

GraphPad Prism (GraphPad Software, Inc., La Jolla, CA, United States) statistical 

analysis software was used to analyse the data. When similar model was used 

previously, six ablations in total (three in each group) was required to observe a 

significant difference in lesion depth and width between two groups with a power of 

95% and a level of significance (a) of 0.05 [8]. An independent sample student t-test 

was used to compare mean lesion depth, lesion width, maximum electrode- TLC 

interface temperature and circumferential lesion coverage of RF lesions between branch 

versus main vessel RF lesions. Data was expressed as mean±standard deviation 

(mean±SD).  

 

B 
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Results 

A total of 32 RF ablations were performed on four blocks of gel, to avoid gel damage 

caused by overheating. A summary of RF ablation parameters is included in Table 1.  

 

Table 1. Radiofrequency ablation parameters for branch and main vessel ablations 

 

 

Lesion analysis for branch ablation 

In the branch, mean lesion dimensions were 2.13±0.13 mm and 4.13±0.18 mm for depth 

and width, respectively, at 60 secs. At the depth where maximum lesion width occurred 

(Figure 3), lesion circumferential coverage (arc angle) per ablation was 82.02±3.27°. 

The maximum temperature at the electrode-TLC interface at 60 secs was > 10°C higher 

than the maximum electrode tip temperature recorder by the generator (68.31±2.29°C 

 

Group 

 

Baseline 

impedance 

(W) 

 

Impedance 

drop 

(%) 

 

Maximum 

power 

(W) 

 

Electrode tip 

Temperature 

(°C) 

 

branch (n= 32) 

 

219.89±0.53 

 

2.66±0.75 

 

6.5 

 

55.01±2.73 

 

Main vessel (n= 16) 

 

174.25±3.53 

 

2.38±0.72 

 

6.5 

 

45.56±2.63 

 

p-value 

 

<0.001 

 

0.23 

 

- 

 

<0.001 
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versus 55.01±2.73°C for electrode-TLC interface and electrode tip temperature, 

respectively).   

 

Comparison of branch versus main vessel ablation  

There was no significant difference in lesion depth between ablations performed in the 

branch phantom model and those performed in the main vessel phantom model (mean 

difference of 0.02 mm, p= 0.60). However, lesion width was larger for branch ablation 

compared to main vessel (mean difference of 0.49 mm, p< 0.001), as shown in Figure 

4A and 4B.  

 

 

 

 

Figure 4. Scatter plot of lesion depth (A) and width (B) for branch and main vessel ablations. 
Lesion depth growth rate for branch and main vessel ablation (C), lesion width growth rate 

for branch and main vessel (D).  
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Lesion growth rate was the fastest in the first 20 secs of RF application for both branch 

and main vessel ablation. Thereafter, the growth rate significantly decreased until it 

reached a steady state at about 40-50 secs (Figure 4C and 4D). For a single RF 

application, the circumferential coverage of thermal injury based on the 51°C isotherm 

was larger for branch compared to main vessel ablation (arc angle of 82.02±3.27° 

versus 54.90±4.36°, respectively) covering 23% versus 15% of the arterial wall 

circumference (p< 0.001).  
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Discussion  

In the present study, RF ablation performed in a TLC model of renal artery branch 

produced lesions of similar depth to ablation preformed in a TLC model of the main 

vessel using the same RF system. However, in the branch, lesions were larger in width 

compared to main vessel lesions. No overheating of the electrode-tissue interface 

occurred in branch ablation (max temperature of 68°C). Furthermore, a larger 

circumferential coverage of injury was achieved with RF ablation in the main vessel. 

Amongst various factors, lesion size is a key determinant of procedural success in renal 

artery denervation. In the main vessel, the depth of thermal injury for different RF 

systems was reported to be between 3-6 mm in animal studies [14-16]. Variations in 

device choice and timing of histological assessment between the studies could account 

for this variability. Nonetheless, most of these devices are currently unavailable. We 

previously assessed RF ablation lesion size in a TLC phantom model of the main vessel 

using the Symplicity Spyral system, and found lesion depth to be 2.15 mm. Given the 

anatomical distribution of renal nerves, injury of this depth may be insufficient for 

effective denervation if ablations are confined to the main vessel [7, 9]. In the branch, 

lower blood flow rate is likely to reduce convective heat loss into the blood pool, 

increase power density at the electrode-tissue interface, and subsequently increase 

tissue heating and lesion size [17]. However, in the phantom model, we found no 

difference in lesion depth between ablations produced in the branch versus the main 

vessel. Of note, a study in a swine model reported comparable lesion depth (2 mm) for 

ablations performed in renal artery branches using Symplicity Spyral [14]. In contrast 

to the main vessel, this depth of thermal injury in the branches would result in more 

nerves being destroyed as distal to the bifurcation, 79% of nerve fibres were found to 

be located within 2 mm from the intima [7].  
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Regarding safety, a reduction in convective cooling in the branch, could lead to 

excessive heating at the electrode-tissue interface [17, 18]. Generator feedback 

mechanism would result in decreased power output if high electrode tip temperature is 

detected, thus preventing extreme heating. However, maximum electrode tip 

temperature does not reflect the true maximum tissue temperature. The discrepancy 

between the electrode tip and tissue temperature had been described in previous studies 

on RF myocardial ablation [19]. The TLC phantom model used in our study has the 

advantage of enabling rapid assessment of maximum temperature at the electrode-TLC 

interface as well as deeper within the lesion. In our study, we found a difference of 

13°C between maximum electrode tip temperature and maximum TLC temperature. 

Nonetheless, maximum TLC temperature did not reach the threshold for dense 

microbubble, pop and coagulum formation (90-100°C) [17, 20]. Safety assessment 

during a study of combined main vessel and branch ablation in a swine model found no 

vessel wall injury or thrombosis with complete re-endothelialisation occurring at 28 

days in the treated vessels [4]. Moreover, in a clinical study, evaluation with MR 

angiography and renal artery duplex sonography at three months showed no procedural 

related renal artery stenosis. In addition, no effect on kidney function test was observed 

[5]. 

Whilst lesion depth was similar in branch and main vessel ablation, RF ablation in the 

branch would result in a greater circumferential coverage of thermal injury due to a 

larger lesion width and a smaller vessel diameter (Figure 3). One set of ablations (four 

electrodes) using the Symplicity Spyral catheter would cover 91% of the arterial wall 

circumference of the branch versus 61% of the main vessel, assuming energy is 

delivered to four different vessel wall quadrants. Thus, a reduced number of ablations 

would be required in the branch to result in a complete circumferential denervation 
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compared to the main vessel. Nonetheless, energy application should ideally involve 

all branches to achieve complete denervation. Though, it is unknown if extensive 

ablation and larger circumferential injury would result in long-term complications. 

 

Study limitation 

Our study has several limitations. Firstly, the homogenous nature of the TLC phantom 

model does not account for the various components of the perinephric tissue. Therefore, 

the pattern of heat distribution may be more irregular than what is produced in the 

phantom model. In addition, the effect of acute physiological response to catheter 

manipulation and vessel wall injury can’t be assessed in the phantom model (i.e. vessel 

spasms, change in flow, etc.). Nonetheless, the effect of different factors on ablation 

thermodynamics and lesion formation could be assessed under controlled conditions. 

Furthermore, the TLC enables more accurate assessment of temperature at the 

electrode-tissue interface and deeper within the lesion compared to electrode tip 

temperature. In addition, main vessel ablations data was historic. However, the 

experimental setup of the model is designed to enable precise control of parameters 

including gel composition, gel and saline conductivity, laminar flow rate and catheter 

positioning to ensure repeatability of results.  

 

Conclusions  

Despite similar lesion depth, increased lesion width with larger circumferential 

coverage in addition to the closer anatomical relationship to renal nerves could account 

for the better denervation efficacy observed using the contemporary approach of 

combined main vessel and branch denervation compared to main vessel ablation only. 
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Although no overheating occurred at the electrode-TLC interface, the long-term safety 

of this method is yet to be confirmed clinically. 
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DISCUSSION 

 

7.1 Summary  

Hypertension has a significant long-term clinical burden on our society. Various medical 

options are available to treat high BP, yet of those who are aware of their hypertension, only half 

of them have their BP controlled [1]. Interruption of renal sympathetic nerves, which are 

thought to play a critical role in the mechanism of hypertension through minimally invasive 

RAD has been considered for the management of resistant hypertension [3]. Nonetheless, 

inconsistent clinical trial results raised uncertainties regarding the efficacy of this procedure 

[3, 15, 16]. Thus, further research in the basic mechanisms of RAD was warranted. Amongst 

various factors, Ablation lesion size is an important determinant for effective denervation. 

Larger lesions are likely to result in more significant nerve injury. Several RF devices were 

developed for RAD [22]; however, information regarding their thermal properties and lesion 

characteristics were limited in the literature. The TLC renal artery phantom model allowed 

spatiotemporal assessment of RF ablation lesions produced by different RF devices used for 

RAD. The ability to control variables, and to visualise thermal profiles in real-time in the 

phantom model enabled comparison between devices under identical experimental settings, 

which may otherwise not be achievable to such an extent in vivo. We first assessed the 

thermodynamics and lesion dimensions of single electrode Symplicity Flex and multi-electrode 

EnligHTN systems in the phantom model. The results demonstrated that RF ablation using 

single electrode Symplicity Flex produced significantly larger lesions in both depth and width 

compared to multi-electrode EnligHTN, which was likely due to longer ablation duration and 

larger electrode surface area in contact with the phantom vessel wall (3.8 mm versus 3.4 mm, 
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and 7.2 mm versus 6.2 mm, p-value <0.001, for depth and width, respectively). This work 

provided the first report of a direct comparison between two commercially available RAD 

devices and their thermal injury depth. A porcine model study later reported similar lesion 

depth for Symplicity Flex [17]. The significance of the findings from the phantom model were 

further explored in a clinical study that assessed office BP change after RAD using either 

systems. Whilst no significant difference in office BP reduction between the two systems was 

found, the total cohort showed a significant office BP reduction from baseline, which persisted 

up to 4 years, consistent with results of previous RAD studies (Symplicity HTN-1 & 2). Our 

study suggested that both systems are as effective in causing sufficient nerve injury to result in 

a clinical response, and the overall findings support the role of RAD in hypertension 

management. New generation multi-electrode Symplicity Spyral and EnligHTN systems were 

later developed to simplify the procedure and make it less operator dependant. Assessment of 

the new devices in the phantom model demonstrated that the new generation EnligHTN 

produced larger lesions in depth compared to Symplicity Spyral (2.32 mm versus 2.15 mm, p-

value <0.001, respectively). Moreover, lesion depth for the new generation devices were 

reduced by 30-40% compared to data we previously reported for the previous generation 

systems, when performed under similar experimental conditions, suggesting that the new 

devices may be less effective clinically. According to findings from a post-mortem study by 

Sakakura, lesion depth between 2.32 - 2.15 mm could potentially miss about 50% of nerve 

fibres around the main renal artery (proximal to bifurcation) [23]. Consequently, to overcome 

the limited heating depth of the new generation devices, RF ablation in renal artery branches 

where nerve fibres are found closer to the intima in addition to the main vessel was investigated 

as a new method for RAD [23-25]. This method resulted in a better reduction in kidney 

norepinephrine concentration in a porcine model, and a significant change in BP clinically 

compared to the conventional method [24, 25]. Initial randomised sham-controlled trials 
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demonstrated safety and efficacy up to 6 months [26, 27]. Nonetheless, concerns were raised 

regarding the safety of RF ablation in the branches. Smaller vessel diameter and lower flow 

rate in the branch could impact lesion size or cause excessive tissue heating resulting in vessel 

wall injury. Thus, we further developed the phantom model to incorporate renal artery branch 

anatomy and associated physiological parameters to assess ablation lesion characteristics and 

to understand the extent of thermal injury during renal branch ablation. In the phantom model, 

lesions produced in the branch were of similar depth, but had larger circumferential coverage 

compared to the main vessel. The similarity in lesion depth between the main vessel and the 

branch together with increased circumferential lesion coverage, and the shallower occurrence 

of nerve fibres in the branch explain the better efficacy observed with combined branch and 

main vessel ablation in clinical studies [25]. Additionally, the RF generator temperature-loop 

feedback mechanism prevented over heating of the electrode-TLC interface, as the maximum 

temperature observed did not exceed 68 °C. In regards to this, a recent porcine model study 

assessed the safety of branch ablation using the IberisBloom system (Terumo Corporation, 

Tokyo, Japan) incorporating a helical catheter design similar to Symplicity Spyral, and 

demonstrated no significant luminal narrowing based on angiographic assessment or medial 

damage on histology at up to 90 days post ablation [28].  

 

7.2 Conclusion  

The field of RAD continues to evolve. Refining the procedural technique and optimising 

devices is one aspect of improving the outcome. My work contributes to the field of RAD by 

helping to identify the limitations and to better understand the capabilities of devices used in 

managing resistant hypertension, by taking a bench-to-bedside-to-bench approach in studying 

the various systems and feeding into the knowledge cycle required to progress the field. My 
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work adds to the constant refinement needed and illustrates the complexity faced by RAD as a 

tool in combating this chronic disease. 

 

7.3 Future directions  

It has become evident from the work performed in this thesis and other available data regarding 

injury depth of RF devices used in RAD, and localisation of renal sympathetic nerves that the 

current devices have limited thermal injury depth. This resulted in a shift from main vessel 

ablation as a mothed for RAD to branch ablation in addition to the main vessel [26]. 

Nonetheless, the reported magnitude of BP drop with this technique was much lower compared 

to previously reported and it requires extensive ablation within the smaller diameter branches, 

the long-term safety of which is had not yet been confirmed [26]. It is possible that this could 

lead to higher complications rate related to catheter manipulation in smaller vessels. Therefore, 

future work can aim to improve the thermal injury profile for RF devices while maintaining 

safety. The renal artery phantom model described can be utilised to assess RF ablation, perhaps 

using an electrophysiology RF catheter to allow adjustments of parameter including ablation 

power and duration. RF ablations can be performed using escalated power protocol with images 

acquired at regular interval during RF ablation (e.g. every 10 sec, for 90 sec). Lesion dimension 

and maximum TLC temperature could then be measured for different power settings at each 

time interval. Ablation parameters that results in improved lesion depth without causing over 

heating at the TLC/electrode surface can be determined and can then be assessed in an animal 

study for validation of thermal injury depth on histology, and to assess safety as well as to 

confirm nerve fibre injury (both acutely and in medium term). If proven to be feasible and safe, 

a randomised controlled study in animal could be performed to compare it to the current 

standard RF systems and non-denervated control. Efficacy can be assessed by measuring 
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cortical axonal density and kidney norepinephrine concentration. Efficacy and safety can then 

be assessed in clinical trials with comparison to current standard system, as well as other 

denervation modalities.  
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