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Abstract
Symplicity-3 hypertension (HTN) was a recently completed clinical trial that was assumed to be the basis for the approved use of renal artery denervation for the treatment of resistant hypertension in the United States. Dramatic reductions in blood pressure had been reported in two clinical trials (Symplicity-1HTN, -2HTN) carried out in Europe, however Symplicity-3HTN did not show a significant reduction of systolic blood pressure in patients with resistant hypertension 6 mo after renal artery denervation as compared with a sham control. (Denervation group, BP reduction: -14 ± 24, Sham control: -12 ± 26 mmHg). In this review we discuss several potential explanations for the failure of efficacy of Symplicity-3HTN taking into account basic and clinical factors which could have played a role in the discrepancy between the European and American experience.
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Core tip: The failure of the Symplicity-3 trial which subjected patients to renal artery denervation to significantly reduce resistant hypertension has been ascribed to many factors. In this review, we focus on the lack of a “biomarker” as a major deficiency in achieving the expected efficacy. We also present experimental and clinical evidence to support the importance of a biomarker to acutely predict long term success of renal artery denervation for effective treatment for drug resistant hypertension.
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INTRODUCTION
Renal artery denervation as a procedure for patients with resistant forms of hypertension burst onto the clinical scene in 2009[1] and quickly was followed by clinical trials, Symplicity-1 hypertension (HTN)[2] and Symplicity-2HTN[3]. What was predicted to be a reduction of 5 to 10 mmHg turned out to be a mean reduction of systolic pressure by as much as 32 mmHg even for follow-up periods of 2-3 years. When Medtronic sponsored Symplicity-3HTN as a multi-center trial, enrolling 530 patients, in the United States, it was expected that the European extensive experience would be confirmed. One important difference in Symplicity-3HTN was the inclusion of a sham controlled group, which is common in pharmacological trials but unusual for a procedural study due to potential ethical reservations. In any event, the recently published report[4] concluded that the results did not show a significant reduction of systolic blood pressure 6 months after renal artery denervation (14 ± 24 mmHg) compared to the sham controls (-12 ± 26 mmHg). However, there was no issue with the safety of the procedure using the Symplicity renal-denervation catheter. In this review we consider the potential factors and their relative importance to explain the striking differences in the outcomes of these Symplicity trials.

HISTORICAL BACKGROUND 
Experimental animal studies have shown that sympathetic nerve hyperactivity is a critical component in the initiation and maintenance of systemic hypertension. For example it has been shown that chronic HTN can be induced by chronic electrical stimulation of the left stellate ganglion[5]. In this regard, Smithwick and Thompson[6] reported on 1266 cases of surgical splanchnicetomies performed to treat malignant HTN. There was a successful lowering of blood pressure, however, these methods were associated with high perioperative morbidity and mortality and long-term complications, including bowel, bladder, and erectile dysfunction, in addition to severe postural hypotension. Although this clinical approach was generally abandoned, experimental studies progressed on the neurogenic basis for essential hypertension[7,8]. These ongoing studies were eclipsed by the general acceptance of the concept that hypertension was based on an abnormality of the rennin–angiotensin-aldosterone system[9]. 
The seminal study which brought the neurogenic basis of hypertension to the forefront was published in 2009 in which sympathetic nerves in the adventitia of the renal arteries were ablated by transvascular application of radiofrequency energy (8-10 watts) caused a marked reduction of blood pressure in patient with drug resistant hypertension. Specifically, Krum et al[1] using a monopolar electrode catheter (Symplicity) performed renal denervation in 45 patients, 5 untreated patients served as controls. Entry blood pressure (BP) averaged 177/101 ± 20/15 mmHg. At 6 mo the treated patients showed an office-based BP reduction of -22/-11 ± 10/5 mmHg while the 5 controls had BP increases of +14/+9 mmHg. These startling results, that even surprised the initial investigators quickly morphed into 2 prospective randomized controlled trials, simplicity-HTN 1, HTN2 with as similar or greater dramatic results over follow-up periods as long as 3 years.
The mechanism proposed to explain these findings was suggested to be ablation of sympathetic afferents which after months modulates the vasomotor centers to decrease general sympathetic efferent outflow[10]. This hypothesis was supported by radiotracer dilution studies which showed a 47% spillover of nor-epinephrine within 1 month of bilateral renal denervation.

POTENTIAL FACTORS TO EXPLAIN THE FAILURE OF SYMPLICITY-HTN3
The unexpected efficacy failure of Symplicity-3 as reported by Bhatt et al[4] has engendered a flurry of letters to the editor of the New England Journal of Medicine[11] raising multiple concerns regarding the findings reported in the Symplicity-3 trial. The critical comments It is interesting to note that Dr Bhatt, the lead investigator in the Symplicity-3, in reply to these letters stated: “We agree that various selection criteria and characteristics of our patient population-such as the exclusion of patients with white-coat hypertension, the inclusion of obese patients and a variety of baseline characteristics or medications could account for the null results of this trial, as compared with the findings of previous trials[11]”. Thus, the lead investigator concedes that trial differences could have been the basis of the negative results for Symplicity-3. Many of the same caveats were detailed in a joint consensus statement[12] by respected investigators in the field indicating potential flaws in the Symplicity-3 trial. In a recent report Messerli and Bangalore[13] addressed the possible causes of the failure of the Symplicity -3 trial in light of the dramatic successes of Symplicity-1 and -2. “At first blush, the most likely explanation for the findings of the SYMPLICITY HTN-3 study is the inclusion of a sham-control group. In clinical trials testing interventional procedures and medical devices, sham procedures are seminal, analogous to the use of a placebo in pharmaceutical trials. However, for ethical reasons sham procedures are frowned upon; neither the SYMPLICITY HTN-1 study nor the HTN-2 study had a sham-control cohort. For this reason, placebo effects may well explain all or most of the blood-pressure differences noted in the first two trials. Lack of efficacy could also be caused by incomplete or ineffective denervation. No reliable markers of renal denervation are available, and questions remain as to what exactly the procedure accomplishes. Nevertheless, the ablation catheter used in the SYMPLICITY HTN-3 study was no different from that used in the SYMPLICITY HTN-1 and HTN-2 studies.” In this regard, we suggest that the focus of each of the Simplicity trials on ablating the variable structure of the post-ganglionic axons on the renal artery adventitia provides an important impediment for achieving sympathetic denervation. Indeed, the percent of non-responders in a number of previously reported studies, using the Symplicity approach, ranges from 10%-43%[10,14]. 
In regard to the lack of biomarkers there is a striking analogy between catheter ablation for atrial fibrillation and catheter ablation for refractory hypertension. Besides the fact that both groups of patients who are candidates for these procedures have failed drug therapy: (1) Both invasive procedures use radiofrequency applications to achieve pulmonary vein isolation (PVI) or renal artery denervation (RAD); (2) It is common that after the procedure AF or high BP is not any different than prior to the procedure. A “blanking” period of various durations ensues before a salutary effect is determined; (3) There is no “biomarker” at the time of the procedure to gauge the success or failure of the intervention; and (4) In both cases neural factors appear to play a critical role in the outcomes.

INFLUENCE OF A BIOMARKER IN ATRIAL FIBRILLATION AND RENAL NERVE DENERVATION
Since 2004[15], in our clinical electrophysiological procedures for AF catheter ablation, we have used additional ablation of clusters of nerves called ganglionated plexi (GP) located at the pulmonary vein-atrial junctions as adjunctive to pulmonary vein isolation (PVI) (Figure 1). High frequency electrical stimulation of these GP invariably leads to marked A-V block induced bradycardia via a parasympathetic effect on the AV node (Figure 2). Destructive radiofrequency current application to the GP causes inability of the same high frequency stimulation to slow the heart rate (Figure 3). A recent study by Katritsis et al[16] consisting of 242 patients who were candidates for catheter ablation were randomized to PVI alone, GP ablation alone or a combination of PVI+GP and followed for 2 years post single procedure. The success rates were: 44 (56%), 39 (48%), and 61 (74%), respectively.
Could an analogous scenario be in play with renal sympathetic denervation? The articorenal ganglion was studied by Doelzel in the dog[17] and Norvell in the human[18]. In the latter study, A detailed dissection of the renal plexus and the aorticorenal area was carried out in 57 adult cadavers of both sexes. Figure 4 shows that the aorticorenal ganglia was found localized in the area of the real artery at the ostium and junction of the aorta. To test the hypothesis that this bilateral ganglion could have a similar biomarker role in renal denervation as the GP contribute to catheter ablation of AF, in the anesthetized dog, we compared the effects of electrical stimulation of sympathetic nerves on the adventitial surface of the renal arteries to similar frequency and intensity applied to the aorticorenal ganglia on heart rate and blood pressure.
Electrical stimulation applied to the renal artery adventitia did not affect the heart rate but significantly increased systolic and diastolic blood pressure (Baseline: 134 ± 24/96 ± 18 mmHg, RAs stimulation: 157 ± 26/114 ± 18 mmHg. Electrical stimulation applied to the aorticorenal ganglia did not affect heart rate but significantly increased systolic and diastolic blood pressure: 207 ± 44/147 ± 26 mmHg, P < 0.05 compared to baseline. In summary, there was a significantly greater effect on both systolic and diastolic BP caused by the same level of electrical stimulation applied to the aorticorenal ganglia than to the adventitial nerves of the renal arteries[18].
Could a similar biomarker be shown in the clinical setting of hypertension? A recent report by Pokushalov et al[19] involved 27 patients (14 randomized to PVI only, and 13 randomized to PVI and renal artery denervation), all of whom were followed for 12 months after ablation. All had a history of paroxysmal atrial fibrillation and hypertension. “To confirm renal denervation, we used high-frequency stimulation (HFS) before the initial and after each RF delivery within the renal artery. Rectangular electrical stimuli were delivered at the ostium of the targeted renal artery at a frequency of 20 Hz, with an amplitude of 15 V and pulse duration of 10 ms… for 10 s…Renal sympathetic denervation was considered to have been achieved when the sudden increase of blood pressure …was eliminated in the presence of HFS.”

Nine of the 13 patients (69%) treated with PVI with renal denervation were AF-free at the 12-month post-ablation follow-up examination versus 4 (29%) of the 14 patients in the PVI-only group (P = 0.033). At the end of the follow-up, significant reductions in systolic (from 181 ± 7 to 156 ± 5, P < 0.001) and diastolic blood pressure (from 97 ± 6 to 87 ± 4, P < 0.001) were observed in patients treated with PVI with renal denervation without significant change in the PVI only group. 

CONCLUSION
Although many explanations have been put forward to try to explain the lack of efficacy of the Symplicity-3 trial for renal artery denervation to treat resistant forms of hypertension, it appears that one major reservation has been the lack of a biomarker for the induction of an increase in blood pressure and then after ablation the inability to show the same hypertensive response. A clinical trial to test this acute effect as a predictor of success would negate the reliance on a blanking period (weeks) for central autonomic remodeling to occur in order to determine whether the reduction of blood pressure has been achieved.
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Figure 1 An anatomic figure of the left atrium depicting the lines of radiofrequency applications used to isolate the pulmonary veins in patients undergoing catheter ablation for atrial fibrillation. Note that the lesion lines may, in part, also ablate the ganglionated plexi (GP), albeit incompletely. These nerve clusters are situated at the pulmonary vein - atrial junctions and contribute to the neural basis of atrial fibrillation[12].
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[bookmark: _GoBack]Figure 2 The use of high frequency electrical stimulation applied to the left ganglionated plexi in a patient with atrial fibrillation induced a marked slowing of the ventricular rate by a parasympathetic response at the A-V node. The ensuing heart block manifested an asystolic pause of 4300 milliseconds (ms) which showed a rapid recovery with the cessation of electrical stimulation. The traces from above are: Leads III and aVL of the electrocardiogram; an electrogram recorded from the right ventricle (RV); and arterial blood pressure. GP: Ganglionated plexi.
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Figure 3 After ablation of the ganglionated plexi at the pulmonary vein-atrial junctions the same level of high frequency stimulation failed to elicit any parasympathetic response and no slowing of the ventricular rate. Traces are the same as in figure 2. See text for further discussion. GP: Ganglionated plexi.


[image: ]Figure 4 Diagrammatic representation of the junction of the aorta (A) and the renal arteries (R). The dots indicate the localization of the aorticorenal ganglia determined by detailed dissection in 57 cadavers[15]. 
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