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Abstract

Hypertension (HT) is the most common modifiable cardiovascular risk factor and is
responsible for significant mortality and morbidity. It is estimated that 30-45% of the adult
population has HT, with its prevalence increasing with advancing age. The employment of
lifestyle changes and drug therapy reduces the risk of major cardiovascular events such as acute
myocardial infarction, stroke and heart failure and increases life-expectancy. However, despite
the availability of safe and efficacious anti-hypertensive drugs, the prevalence of uncontrolled
HT continues to rise, with non-adherence to therapy being the most important contributor of
poor blood pressure control. HT is considered true resistant when a documented failure to
achieve blood pressure guideline-recommended targets is observed and, secondary HT, non-
adherence and pseudo-hypertension have been excluded. The pathophysiology of resistant HT
is complex and not clear. The vasoconstrictor effects of the sympathetic nervous system and its
implication on the pathogenesis of refractory hypertension have long been known, turning it

into an attractive therapeutic target.

Renal denervation (RDN) is a minimally invasive percutaneous technique which consists
on the delivery of radiofrequency energy on the renal artery wall in order to achieve a selective
disruption of sympathetic nerve endings. First generation randomized trials were rather
controversial, specifically HTN-3, given the results were not the expected and renal denervation
did not achieve a higher blood pressure reduction than the control arm. Several questions have
been raised by this ‘negative’ study and prompted investigation around the technique. Up to the
current date, RDN has been employed to treat patients with resistant HT and second generation
trials have included a wider cohort of patients, in order to assess safety and efficacy of the
procedure, based on the development of more advanced devices and the recent knowledge

regarding renal nerve distribution.

In the current study, we used RDN to treat patients with true resistant HT, in order to
assess i) the safety of the technique, through the performance of intra-arterial optical coherence
tomography (OCT) in a porcine model and, its efficacy through the histologic evaluation of the
treated renal artery; ii) the impact of the technique on the sympathetic cardiac innervation, in

a subgroup of patients; iii) the impact of the technique in the immune system and, possibly,
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identify a biomarker to predict response; iv) the efficacy of the technique through a clinical
evaluation and ambulatory blood pressure monitoring v) the impact of renal denervation on
several parameters such as left ventricular ejection fraction, diastolic function, arrhythmic

profile, renal function, glycemic and lipid profiles, NT pro-BNP and vitamin D.

In the first part of our research, we performed unilateral pre-bifurcation RDN, with a
multi-electrode (second generation) catheter, in twelve domestic pigs. The contralateral artery
was untreated (control). OCT was performed pre and immediately post procedure and follow-
up with renal angiogram and OCT was performed after one month. We demonstrated that RDN
caused acute vessel wall changes (intimal disruption (edema/spasm) and intraluminal thrombus
formation) visible by OCT but, after one month, the vessel was completely healed, with no
evidence of renal stenosis in any of the treated subjects. The histological analysis revealed nearly
absent tyrosine hydroxylase immunostaining and a statistically significant increase in the
amount of collagen fibers in the denervated artery, compatible with a decrease in nerve
terminals and an increase in fibrosis, compared to the control, suggesting an efficacious delivery
of the radiofrequency energy to the vessel wall. No differences were found in the

norepinephrine or epinephrine renal tissue levels between the treated and contralateral kidney.

Subsequently, we performed !?%|-labelled meta-iodobenzylguanidine (MIBG) cardiac
scintigraphy, in a subgroup of patients, before and six months after RDN, to evaluate the impact
of the procedure on cardiac sympathetic activity. Early heart to mediastinum ratio (HMR) was
significantly lower in responders at baseline but similar after six months follow-up. Late HMR
was statistically similar in both groups pre- and post RDN but reduced in comparison to values
reported in healthy subjects. Accordingly, there were no statistically significant differences
regarding the washout rate but above normal baseline values were detected, a difference more
evident in the non-responders (sympathetic overdrive? increased risk of cardiovascular events?),
with both group values converging after the RDN. None of the evaluated rates altered
significantly at follow-up, translating an absence of deleterious sympathetic nerve disruption. In
conclusion, RDN is a safe procedure, in terms of cardiac nerve integrity, but none of the

evaluated MIBG parameters were useful to predict response.

In the third part our research, we investigated the cellular immune profile in our cohort
of 23 patients with resistant HT and treated with RDN. A preliminary assay, which included an

extended analysis of T, B and natural killer cells, monocytes and dendritic cells, guided the
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forthcoming study in order to select T cells (CD4 and CD8, memory and activated subsets) as
possible biomarkers of response to RDN. Blood samples were obtained in six timings, pre and
post procedure. Response to RDN was evaluated at six-months and one year and was observed
in 69.6 and 82.6% of patients, respectively. Absolute values of HLA-DR+ double negative T cells
were significantly lower in the group of responders at one year. Additionally, interaction
between the timings were found in three T cell subsets (T CD4, T CD8 and naive T CD8 cells),
with the responders tending to present with lower absolute values and little inter-timing

variation.

Afterwards, our research focused on investigating the behavior of cytokines in 21 RDN
patients. We analyzed 45 protein targets which included cytokines, chemokines and growth
factors. Response to RDN was evaluated as described previously. Venous blood samples were
obtained at four timings, pre and post procedure. 66.7% of the patients were responders at six
months and 85.7% were late-responders. Levels of regulated on activation, normal T cell
expressed and secreted (RANTES) were significantly lower in responders, both at baseline and
at 30 days (p=0.037). As there is evidence that Angiotensin Il inhibits RANTES expression and,
the renin-angiotensin-aldosterone system is directly linked to the sympathetic nervous system,
we could hypothesize that low levels of RANTES are associated with higher levels of angiotensin
Il and therefore to an over activated sympathetic nervous system, turning these patients more

prone to a RDN response.

Finally, we assessed serum vitamin D concentration as a predictor of blood pressure
response to RDN. Additionally, we evaluated overall long-term safety and efficacy, as well as
echocardiographic parameters, in the cohort of 24 patients submitted to RDN. Response at six-
months (early-responders) and one year was evaluated. We observed that responders at six-
months had significantly higher baseline and six-month follow-up values of vitamin D than non-
responders. Responders at one year (including late-responders) continued to present with higher
vitamin D levels than non-responders, although it didn’t reach statistical significance, probably
due to the low number of the later at this stage. In the long-term follow-up (mean 52 months),
70.8% of the patients maintained a clinical response. Regarding echocardiographic parameters,
there was an improvement in diastolic function in non-responders, finding that could reflect
benefit from the RDN, even though no effect on blood pressure was observed. No other relevant

echocardiographic differences were found.
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In conclusion, RDN effectively lowered the blood pressure in the majority of the studied
patients, with an optimal safety pattern. Our study contributed to better comprehend the
clinical, immunological and hemodynamic profiles of patients submitted to this procedure and,
to identify potential biomarkers of denervation success. Our findings may allow for a better
identification of patients who could really derive benefit from RDN and prompt further

investigation around this area.

Keywords: Hypertension; Resistant; Renal Denervation; Sympathetic Nervous System; Renin-
Angiotensin-Aldosterone; Optical Coherence Tomography; Radiofrequency; Fibrosis;
Catecholamine; Immune System; Double-Negative T cells; Inflammation; Cytokines; RANTES;

Vitamin D.
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Resumo

A hipertensdo (HT) é o factor de risco cardiovascular modificdvel mais comum e é
responsavel por morbilidade e mortalidade significativas. E estimado que 30-45% da populagdo
adulta tenha HT sendo que, a sua prevaléncia aumenta com o avan¢o da idade. A
implementacdo de alteragdes do estido de vida e a terapéutica com farmacos reduz o risco de
eventos cardiovasculares major com o enfarte agudo do miocdrdio, acidente vascular cerebral
e insuficiéncia cardiaca e, aumenta a expectativa de vida. No entanto, apesar da disponibilidade
de medicamentos seguros e eficazes para controlar a HT, a prevaléncia de HT ndo controlada
continua a aumentar sendo que, o mais importante contribuidor para um mau controle
tensional é a ndo aderéncia a terapéutica. A HT é considerada verdadeiramente resistente
guando nao se conseguem atingir os valores de pressao arterial recomendados pelas guidelines
e, quando sdo excluidos HT secundaria, ndo-aderéncia e pseuso-hipertensdo. A patofisiologia da
HT resistente é complexa e pouco clara. Os efeitos vasoconstrictores do sistema nervoso

simpatico e a sua implicacdo na patogénese da HT resistente é conhecida, tornando-o num alvo

terapéutico atrativo.

A desnervacdo renal (RDN) é uma técnica percutdnea minimamente invasiva que
consiste na aplicagdo de energia de radiofrequéncia na parede da artéria renal, com o objectivo
de provocar lesdo nos terminais nervosos simpaticos. Os ensaios randomizados de primeira
geracao foram controversos, especificamente o HTN-3, uma vez que os resultados ndo foram os
esperados e a RDN ndo se associou a uma maior queda na pressao arterial, em relacdo ao grupo
de controlo. Vérias questGes foram colocadas por este estudo ‘negativo’ e motivou uma maior
investigacdo da técnica. Até ao presente, a RDN tem sido usada para tratar doentes com HT
resistente e os ensaios de segunda geracao ja incluiram uma populacdo de doentes mais ampla,
para avaliacdo da seguranca e eficacia do procedimento, baseando-se no desenvolvimento de
um catéter mais avancado, multi-eléctrodo, e no conhecimento recente relativo a distribuicdo

dos nervos renais.

Na presente tese, utilizdmos a RDN para tratar doentes com HT resistente verdadeira,
com o objectivo de avaliar i) a seguranca da técnica, através da realizacdo de tomografia de

coeréncia 6ptica (OCT) intra-arterial num modelo porcino e, a sua eficacia através da avaliacdo
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histolégica da artéria renal tratada; ii) o impacto da técnica na inervagdo simpatica cardiaca,
num subgrupo de doentes; iii) o impacto da técnica no sistema imunitario e, potencialmente,
identificar um biomarcador predictor de resposta; iv) a eficicia da técnica através de uma
avaliacdo clinica e de monitorizagdo ambulatéria da pressdo arterial; v) o impacto da RDN em
varios parametros como a fracdo de ejecdo do ventriculo esquerdo, funcdo diastdlica, perfil

disritmico, funcgdo renal, perfis glucidico e lipidico, NT pro-BNP e vitamina D.

Na primeira parte da nossa investigacao, realizamos, em doze porcos domésticos, RDN
unilateral, pré-bifurcacdo, com um catéter multi-eléctrodo (segunda geragao). A artéria contra-
lateral ndo foi tratada (controlo). Foi realizado OCT pré e imediatamente apés o procedimento
e, apés um més, follow-up com angiografia renal e OCT. Demonstrdmos que a RDN causou
alteragBes agudas na parede do vaso (altera¢des da intima (edema/espasmo) e formacdo de
trombo intra-luminal) visiveis por OCT mas, apds um més, o vaso estava totalmente recuperado,
ndo se observando estenose da artéria renal em nenhum caso. A analise histoldgica revelou uma
quase auséncia de coloragdo para tirosina hidroxilase e um aumento estatisticamente
significativo na quantidade de fibras de colagénio na artéria tratada, alteragdes compativeis com
uma reducdo dos terminais nervosos e um aumento da fibrose, comparativamente com o
controlo, sugerindo uma entrega eficaz da energia de radiofrequéncia na parede arterial. Ndo
se encontraram diferencas estatisticamente significativas em relagdo aos niveis tecidulares

renais de norepinefrina e adrenalina, entre o rim tratado e o contra-lateral.

Subsequentemente, realizdmos cintigrafia cardiaca com 23| meta-iodobenzylguanidina
(MIBG), num subgrupo de doentes, antes e seis meses depois da RDN, para avalia¢do do impacto
do procedimento na actividade simpatica cardiaca. O ratio coracdo/mediastino (HMR) precoce
foi significativamente mais baixo nos respondedores pré-procedimento, mas semelhante entre
0s grupos apas seis meses de follow-up. O HRM tardio foi estatisticamente semelhante entre os
grupos, pré- e pos-RDN, mas apresentando valores mais baixos do que os reportados em
individuos saudaveis. Por conseguinte, ndo se verificaram diferencas estatisticamente
significativas na taxa de washout, mas valores basais acima do normal foram detectados, sendo
esta diferenca mais evidente nos ndo-respondedores (hiperactivagdo simpatica? risco
aumentado de eventos cardiovasculares?), verificando-se uma aproximacgao entre os 2 grupos
ap6s a RDN. Nenhum dos parametros avaliados se alterou significativamente no follow-up, o

que podera traduzir uma auséncia de lesdo dos nervos simpdaticos. Em conclusdo, a RDN é um



Resumo e Palavras Chave 15

procedimento seguro, em termos de integridade nervosa cardiaca, mas nenhum dos parametros

de MIBG avaliados foram Uteis para predizer resposta.

Na terceira parte da nossa investigacdo, avalidamos o perfil imunoldgico celular na nossa
populacdo de 23 doentes com HT resistente e tratada com RDN. Um estudo preliminar, que
incluiu uma analise exaustiva de células T, B e natural killer, mondcitos e células dendriticas,
orientou o o estudo posterior e permitiu identificar as células T (CD4 e CD8, memdria e
activadas) como possiveis biomarcadores de resposta na RDN. Foram obtidas amostras de
sangue em seis instantes de tempo, pré e pds-procedimento. A resposta a RDN foi avaliada aos
seis meses e um ano e observou-se em 69.6 e 82.6% dos doentes, respectivamente. Os valores
absolutos das células T duplas-negativas activadas foram significativamente inferiores no grupo
de respondedores ao ano. Verificou-se adicionalmente uma interacdo entre os diferentes
tempos em 3 subgrupos de células T (T CD4, T CD8 e T CD8 naive), com tendéncia para os

respondedores apresentarem valores absolutos inferiores e pouca variacao entre os tempos.

Seguidamente, a nossa investigacdo focou-se em avaliar o comportamento das citocinas
em 21 doentes tratados com RDN. Foram analizados 45 alvos proteicos que incluiram citocinas,
quimiocinas e factores de crescimento. A resposta a RDN foi avaliada de acordo com o descrito
previamente. Amostras de sangue venoso foram obtidas em quatro instantes de tempo, pré e
pods-procedimento. 66.7% dos doentes foram respondedores aos 6 meses e 85.7% foram
respondedores-tardios. Os niveis de RANTES (regulada sob activacdo, expressada e secretada
por células T normais) foram significativamente mais baixos nos respondedores, tanto
basalmente como aos 30 dias (p=0.037). Como ha evidéncia que a Angiotensina Il inibe a
expressdo da RANTES e, o sistema renina-angiotensina-aldosterona esta directamente
conectado ao sistema nervoso simpatico, podemos colocar a hipdtese de que baixos niveis de
RANTES estdo associados a valores elevados de angiotensina Il e consequentemente, a um
sistema nervoso simpatico sobreactivado, tornando estes doentes mais susceptiveis de

responderem a RDN.

Por ultimo, avalidmos a concentracdo da vitamina D sérica, colocando a hipétese de
potencial preditora de resposta a RDN. Adicionalmente, avalidmos a seguranga e eficacia a
longo-prazo, assim como os parametros ecocardiograficos, na populacdo de 24 doentes
submetida a RDN. Foi avaliada a resposta aos 6 meses (respondedores precoces) e ao ano.

Observdmos que os respondedores apresentaram valores basais e aos seis meses
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significativamente mais elevados de vitamina D que os ndo-respondedores. Os respondedores
ao ano (que inclui os respondedores tardios) continuaram a apresentar valores mais elevados de
vitamina D que os ndo-respondedores, apesar de auséncia de significado estatistico,
provavelmente pelo baixo nUmero de ndo-respondedores nesta altura. No follow-up a longo-
prazo (média de 52 meses), 70.8% dos doentes mantiveram resposta clinica. Em relagdo aos
parametros ecocardiograficos, verificou-se uma melhoria da funcdo diastélica nos ndo-
respondedores, achado que podera reflectir beneficio da RDN, apesar de ndo se ter observado
efeito na pressdo arterial. Ndo foram encontradas outras diferencas de relevo nos parametros

ecocardiograficos.

Em conclusdo, a RDN efectivamente reduziu a pressao arterial na maioria dos doentes
estudados, apresentando um éptimo padrdo de seguranga. O nosso estudo contribuiu para uma
melhor compreensdo do perfil clinico, imagioldgico, imunoldgico e hemodindmico dos doentes
submetidos a este procedimento e, para a identificacdo de potenciais biomarcadores de
sucesso. Os nossos resultados poderdao permitir uma melhor selecao de doentes, para que

possam realmente beneficiar da RDN, e potenciar investigacdo nesta area.

Palavras Chave: Hipertensdo; Resistente; Desnervagdo renal; Sistema Nervoso Simpatico;
Renina-Angiotensina-Aldosterona; Tomografia de Coeréncia Optica; Radiofrequéncia; Fibrose;
Catecolaminas; Sistema Imunitario; Células T Duplas-Negativas; Inflamacdo; Citocinas; RANTES;

Vitamina D.
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Thesis Outline

This thesis is organized in three parts, whose content is summarized below.

Part | is a general introduction to the thesis, giving an overview of the state of the art in
the field of renal denervation and, is composed by one review article and one editorial comment.
In the review paper, entitled Renal denervation in the era of HTN-3. Comprehensive review and
glimpse into the future, we presented an overview of the sympathetic nervous system and its
implication in the pathogenesis of hypertension, examined the evidence known to date
regarding renal denervation and shared some insights and future expectations regarding this
technique. The editorial comment entitled Renal denervation in heart failure: Modulating the
sympathetic nervous system, examined a paper which evaluated the effects of renal denervation
in patients with reduced left ventricle ejection fraction and reviewed the role of the sympathetic
nervous system in the pathophysiology of heart failure. These two papers were very important

to delineate the ideas and the research presented in the current thesis.

Part Il of this thesis contains five original articles, published or submitted for publication

in international and national peer-reviewed journals:

- Original Article 1: Intravascular imaging, histopathological analysis, and
catecholamine quantification following catheter-based renal denervation in
a swine model: the impact of prebifurcation energy delivery.

- Original Article 2: Activated double-negative T cells (CD3+CD4-CD8—-HLA-
DR+) define response to renal denervation for resistant hypertension.

- Original Article 3: Low plasmatic levels of RANTES/CCL5 are associated with
a positive response to renal denervation in patients with resistant
hypertension.

- Original Article 4: Risk stratification and cardiac sympathetic activity
assessment using myocardial [123]] MIBG imaging in renal denervation.
Original Article 5: Renal Sympathetic Denervation in Resistant Hypertension:
the association between Vitamin D and Positive Early Response in Systolic

Blood Pressure.
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Part lll of the thesis provides a section which comprises the clinical and scientific
advances regarding renal denervation, to date, since the publication of the Review Article, an
integrated discussion summarizing the main results of our investigation and addressing future

research in the area.

The supplements include a list of presentations given in the field of resistant
hypertension and renal denervation, and one case report, addressing the clinical cases of two
patients in whom it was necessary to perform a second renal denervation, stating the possibility
of re-innervation. This section also comprises important documents necessary to for the

completion of this thesis.
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Purposes

The overall goal of this thesis was to evaluate the safety and efficacy of catheter-based
renal denervation in a cohort of patients with true resistant hypertension, based on a clinical,
imagiological, immunological and histological evaluation. Blood pressure was measured in the
office and along 24 hours (ambulatory blood pressure monitoring - ABPM). The employed
imaging methods were optical coherence tomography (in a porcine model), ?3-labelled meta-
iodobenzylguanidine (MIBG) cardiac scintigraphy (in a subgroup of patients), transthoracic
echocardiography and renal angiography, pre- (renal anatomy evaluation, technique feasibility)
and post-procedure (patency of the renal arteries). Additionally, a cellular and humoral

immunological study was performed.

In order to thoroughly organize and determine main and secondary purposes, several
research questions have been defined, according to identified gaps in science regarding renal

denervation:

1. Is renal denervation efficacious? Does radiofrequency energy effectively destroy
sympathetic nerves fibers around renal vasculature? Does renal denervation
effectively lower blood pressure in patients with resistant hypertension?

2. Is renal denervation safe? Can it be safely performed in human patients without
being associated to severe disruptions in the renal vasculature?

3. What is the behaviour of the immune system in the context of renal denervation?
Can a biomarker to clinical response be identified?

4. Does renal denervation have any impact on cardiac sympathetic innervation?

5. What is the impact of renal denervation on echocardiographic parameters (cardiac
wall thickness, diastolic function or systolic function) and on vitamin D

concentration?

The main purposes of the thesis were:

i) To assess the safety of pre-bifurcation renal denervation, with a multi-electrode

catheter, through the performance of optical coherence tomography in a
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i)

iii)

porcine model (pre-procedure, post-procedure and at one month follow-up)
and, its efficacy, through the histologic analysis of the treated artery and
surrounding tissues and renal tissue catecholamine quantification (with the
contralateral side as the control) — addresses research questions number 1 and
2 and answered in Original Article 1.

To evaluate the impact of renal denervation on the immune system, by
exploring the cellular immune response and the cellular mediated immunity
and, potentially identify a biomarker to predict a beneficial blood pressure
response — addresses research question number 3 and answered in Original
Articles Number 2 and 3.

To evaluate the efficacy of renal denervation in a cohort of patients with
resistant hypertension, through a regular clinical evaluation and ABPM —
addresses research question number 1 and answered in Original Articles 2, 3, 4

and 5.

The secondary purposes of this thesis were:

To evaluate the impact of renal denervation on the sympathetic cardiac
innervation, in a subgroup of patients, through the performance of 1%I-labelled
MIBG cardiac scintigraphy pre and six months after the procedure — addresses
research question number 4 and answered in Original Article 4.

To assess the impact of renal denervation on several echocardiographic
parameters (left ventricular ejection fraction, diastolic function, left ventricle
hypertrophy) and on serum vitamin D concentration — addresses research

question number 5 and answered in Original Article 5.

In order to achieve these goals, the inclusion criteria were the following:

- Ageover 18 years old
- Presence of idiopathic resistant hypertension — ambulatory mean systolic
blood pressure > 130mmHg or diurnal mean systolic blood pressure >

135mmHg and, office systolic blood pressure > 150mmHg, plus anti-
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hypertensive treatment with 3 or more drugs, in maximum tolerated
dosages, including a diuretic.

- Preserved renal function (glomerular filtration rate > 45 ml/min/1.73m?).

- Compatible renal anatomy: absence of stenosis > 50%, previous renal

angioplasty with stent implantation or fibromuscular dysplasia.

Patients were excluded if untreated secondary hypertension was detected, if
hemodynamically significant valvular disease was present, if they had had a stroke or
acute coronary syndrome in the previous six months, if life expectancy was bellow one

year or if they refused to sign the informed consent.
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Abstract

The pathophysiological role of sympathetic overactivity in conditions such as hypertension has
been well documented. Catheter-based renal denervation (RDN) is a minimally invasive
percutaneous procedure which aims to disrupt sympathetic nerve afferent and efferent activity
through the application of radiofrequency energy directly within the renal artery wall. This
technique has emerged as a very promising treatment with dramatic effects on refractory
hypertension but also in other conditions in which a sympathetic influence is present. Several
studies have evaluated the safety and efficacy of this procedure, presently surrounded by
controversy since the recent outcome of Symplicity HTN-3, the first randomized, sham-control
trial, which failed to confirm RDN previous reported benefits on BP and cardiovascular risk
lowering. Consequently, although some centers halted their RDN programs, research continues
and both the concept of denervation and treatment strategies are being redefined to identify
patients who can drive the most benefit from this technology. In the United States, the Food
and Drug Administration (FDA) has appropriately mandated that RDN remains an investigative
procedure and a new generation of sham-controlled trials are ongoing and aimed to assess not
only its efficacy against pharmacotherapy but also trials in drug free patients with the objective
of demonstrating once and for all whether the procedure actually does lower BP in comparison
to a placebo arm. In this article, we present an overview of the sympathetic nervous system and
its role in hypertension, examine the current data on RDN, and share some insights and future

expectations.

Keywords: Hypertension; sympathetic nervous system; renal denervation; HTN-3.
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Introduction

The relationship between hypertension (HT) and cardiovascular (CV) and renal events is well
known and has been the subject of several observational studies. [2-3] Office blood pressure
(BP) is independently associated with the incidence of major adverse CV events, such as stroke,
myocardial infarction, sudden death, heart failure and also end-stage renal disease. [4-8]
Prevalence of resistant HT is largely unknown and is compounded by the documented lack of
drug compliance in many series. [9] It has been reported to range between 5-30%, with a
probable true prevalence below 10%. [10-11] Patients with true resistant HT are at the utmost
point of an already high CV risk and are currently being referred for renal denervation (RDN), as
an hyperactivated sympathetic nervous system (SNS) may be responsible for HT refractoriness
and its partial inhibition is believed to be achievable resourcing to a rather simple and safe

percutaneous technique, as demonstrated in several studies [12, 40-44].

RDN is a percutaneous procedure which consists of the application of radiofrequency (RF)
energy in quadrant-based points in the renal arteries and has emerged as an attractive method
to target the SNS, as most trials (without sham controls) show it can significantly reduce BP in
resistant HT at the long term. However, the initial hype surrounding this novel approach was
dramatically tempered by the results of the HTN-3 clinical trial, [12] which caused
interventionalists, hypertension specialists and referring doctors to reconsider whether the
procedure is indeed effective, to revise the definitions of resistant HT and to perform a more
exhaustive exclusion of secondary causes in order to redefine the patient who can truly benefit

from this technique.

In this review we focus our attention on RDN and its role on the treatment of resistant HT. We
also perform an overview of the SNS, examine the most important clinical trials and share some

insights and future expectations.
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The sympathetic nervous system - why is it a target?

Surgical treatment of essential hypertension - historical perspective

HT has been misunderstood for years and became the focus of attention of many investigators

in the last century, in an attempt to elucidate its pathophysiological background.

The vasoconstrictor effects of the SNS and its implication in the pathogenesis of HT has long
been known but the concept continues to evolve. As antihypertensive drug therapy was not
available before World War 2 and untreated malignant HT was associated with a 100% five-year
mortality, [13] surgical techniques were developed and the first sympathectomy was conducted
by the surgeon Fritz Bruening in 1923. In the following years, surgeons like Peet and Smithwick
attempted to treat essential severe HT with radical sympathectomy and later by thoracolumbar
splanchnicectomy. The so called Smithwick procedure consisted on a Ilumbodorsal
sympathectomy and was associated with considerable side effects (severe orthosthatic
hypotension, intestinal disturbances, fecal and urinary incontinence, anydrosis and erectile
dysfunction, among others) and high mortality rates. [14-18] As the drug era begun, around the
1960s, this aggressive approach was discontinued and the knowledge regarding the relation
between the SNS, kydneys and HT was used, almost one century later, to comprise an utterly
intrusive operation into a more selective approach that aims to target the renal nerves and,
consequently, reduce the activity of the SNS without the severe adverse effects but with the

same or even superior efficacy, in regard to BP control.

The sympathetic nervous system and renal anatomy — a very close relation (Figure 1)

The function of several organs, like the heart, vasculature and the kidneys, is controlled by the
SNS, through an efferent nerve stream. The SNS activity is not constant or predictable and is
modulated by an afferent sympathetic outflow and also by the contralateral kidney. Afferent
sensory nerve fibers are located mainly in the renal pelvic wall and communicate with the
contralateral kidney in order to maintain diuresis and natriuresis despite unilateral disturbances.
This mechanism is called the renorenal reflex and coordinates the excretory function of the two

kidneys to maintain homeostatic regulation of sodium and water balance. [19]
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Figure 1: The kidney and the sympathetic nervous system. Renal fibers are thought to be thinner but

closer to the arterial lumen in the distal segments.
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The efferent nerves are predominantly unmyelinated small fibers which enter the kidneys
through the hilum and then divide, following the ramifications of the arterial circulation. [20-21]
Renal sympathetic nerves play a potentially pathophysiologic role in HT, contributing to both its
development and persistence. They lead to three major alterations (mediated by the primary
neurotransmitter norepinephrine): (1) increased renin secretion via stimulation of B1-
adrenoreceptors on the juxtaglomerular apparatus, (2) increased renal tubular sodium
reabsorption via stimulation of alB-adrenoreceptors on renal tubular epithelial cells and (3)
decrease of renal blood flow via stimulation of alA-adrenoreceptors on the renal arterial

vasculature (figure 2).
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Figure 2: The role of renal sympathetic nerves in hypertension through three major pathophysiologic
alterations: increased renin secretion on the juxtaglomerular apparatus (JGA) via stimulation of B1-
adrenoreceptors (B1-AR), increased sodium reabsorption via alB-adrenoreceptors (alB-AR) and

decreased renal blood flow on the renal arterial vasculature (RV) via alA-adrenoreceptors (alA-AR).
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The SNS is directly linked to the renin-angiotensin-aldosterone system as increased renin
secretion leads to angiotensin | and angiotensin Il (Ang Il) generation. Ang Il rapidly binds to its
main receptor (Ang Il type 1 receptor, AT1R) followed by internalization and accumulation in
cells. Activation of AT1R induces several deleterious alterations like vasoconstriction,
endothelial dysfunction, inflammation, growth and remodeling. It also increases the formation
of reactive oxygen species which results in cell growth, expression of pro-inflammatory genes
and the production of extracellular matrix proteins. Ang Il type 2 receptors are thought to
counterbalance these effects (controversial finding) by blocking mitogen-activated protein
kinase and activating nitric oxide synthase, inducing vasorelaxation. [22-23] This knowledge has
led to the development of several substances that target these pathways at different levels and
have become the hallmark of HT treatment.

The advent of a technique that uses an intra-vascular approach to deliver energy in order to
ablate/interrupt the sympathetic outflow and thus destroying nerve bundles, lead to the
investigation of their actual distance to the vessel lumen as an attempt to predict the level of
denervation. Some studies have shown that sympathetic fibers are located mainly in the
adventitia and outer layers of the renal vasculature. [24] Atherton et al. [25] conducted a

histological study in post-mortem human renal arteries and concluded that there are fewer,
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larger nerve trunks in the proximal renal artery and more, smaller nerves distally. Nerves were
evenly distributed around the circumference of the renal artery and 50% of all nerves detected
resided within 0.5-1mm of the lumen (90.5% within 2.0 mm). These findings suggested that renal
nerves were accessible to RF energy delivery and that applying the energy prior to the
bifurcation, following a helical pattern from distal to proximal was appropriate. However, more
recent animal studies showed that nerve distribution is rather homogenous throughout the
artery length and renal artery nerves were more frequently found in the proximal segment of
the renal artery and decreased gradually distally, where they were closer to the arterial wall.
[26-27] Sakakura et al. [28] examined the arteries and peri-renal nerve anatomy from human
autopsy subjects and concluded that, although there were fewer nerves in the distal segments
of the arteries, they are closer to the lumen and therefore may be an attractive target for RDN.
This led to an evolution of the denervation technique with investigators now proposing energy
application to the branches, if appropriately sized [29], as it apparently leads to a significant
reduction in both norepinephrine and axon density, as opposed to treating only the main artery.
[30] Nerve injury and ablation also appears to be determined by tissue microanatomy at the
electrode site, with power density peaking at discontinuities between fatty adventitia and
water-rich tissues. [31]

The duration of the BP lowering effect has also been a matter of discussion, since there are
reports that point to the fact that renal fibers may regenerate and regrow into functionally active
nerves. [58] However, studies with long follow-ups (up to 36 months, table 1) show that BP
remains significantly lower than baseline after RDN. Rousselle et al. [32] conducted an animal
study that aimed to characterize nerve response at 7, 30 and 90 days after RDN and observed
that a progressive regenerative response occurred as early as 7 days but resulted in
neuromatous tangles with disrupted architecture and apparent low potential for functional
activity, at the RF lesion sites. According to these findings, nerve fibers behavior after RDN still
needs to be fully elucidated but possibly have a very low capacity for regenerating after RF

ablation.

The sympathetic nervous system — assessing the sympathetic drive

The SNS is involved in the pathogenesis of multiple clinical entities associated with marked
sympathetic CV drive, such as advanced heart failure, obesity and sleep apnea syndrome, and

increases the risk of life-threatening cardiac arrhythmias and sudden death. [33-36] Sympathetic
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activity is highly complex as it functions at several levels of the body. Therefore, there is no single
method to obtain an overall activity assessment and diverse non-imaging techniques that
complement each other have been used over the years to measure neuro-adrenergic activity
[37]:

- Heart rate: controlled partially by the SNS and the parasympathetic system influence on
the sinus node. Highly variable, may be normal even in diseases associated with a high
sympathetic drive and, as such, cannot be a reliable marker of SNS activity. Heart rate variability
and turbulence may be useful when combined with additional indices of autonomic function.

- Microneurography: minimally invasive technique that permits direct measurement of
the sympathetic outflow to either the skin or the skeletal muscle (usually via the radial or the
peroneal nerves) providing a dynamic assessment of the SNS. Unfortunately, it does not produce
direct information of the sympathetic stream to internal organs like the kidneys or the heart.

- Plasma norepinephrine: low sensitivity as the levels released by the sympathetic nerve
terminals are very different from the circulating neurotransmitter. However, can be a
complimentary method to microneurography.

- Regional and total norepinephrine spillover: infusion of small dosages of radiolabelled
norepinephrine that permits its precise quantification both at the nerve terminals and the
circulation. Selective quantification is one of the main advantages of this method as it provides
specific organ information regarding the sympathetic drive. The major limitation is the need to
catheterize both the renal arteries and the coronary sinus for assessment of cardiac and renal

spillover, respectively.

Renal denervation - the procedure

RDN is a minimally invasive percutaneous procedure which consists on the delivery of RF energy
on the renal arterial wall in order to achieve a selective disruption of the sympathetic nerve
endings. Catheter based RF ablations techniques have been used successfully in
electrophysiology for more than two decades to treat diseases such as pre-excitation
syndromes, supraventricular and ventricular arrhythmias. To date, RDN has been used to treat
patients with resistant HT and RF energy has been delivered using either a single-tip electrode
catheter or multi-electrode systems. The purpose is to apply the energy in a circular pattern,

according to the distribution of the renal nerves, without re-crossing previously treated sites (to
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avoid renal stenosis). Currently, there are six devices approved (one of which is ultrasound-
based and another allows for denervation via the radial approach) but the largest amount of
evidence clearly exists for the Symplicity TM RDN Systems (Medtronic, Minneapolis, MN, USA).
[38] The preferred approach is via the femoral artery through a 6-8 French (F) sheath. The
Symplicity Flex TM RDN Catheter is a 6F guide-compatible steerable catheter which has a self-
orienting tip for atraumatic vessel contact. It is rather easy to use but cumbersome as the
intended circumferential pattern is difficult to achieve. This technology has been further
developed into a multi-electrode ablation catheter (Symplicity Spyral TM multi-electrode RDN
catheter) which allows for the delivery of consistent four quadrant ablation pattern through a
one minute ablation time and simultaneous-firing electrodes. The deliverability is over a
standard 0.014” guidewire, is 6F compatible and conforms to sizes 3-8mm (renal diameter) [39]
(figure 3). The multi-electrode EnligHTN TM is the St. Jude system (St. Jude Medical, St Paul, MN,
USA) and has four electrodes mounted on a non-occluding nitinol basket that can be deployed
by rotating a handle. It is 8F compatible, has an atraumatic tip and allows for a predictable
pattern. The basket has two sizes that are suitable for RDN from 4-8mm diameters (Figure 4).
[40] The Iberis ® System (Terumo Medical Corporation, Tokyo, Japan) is unipolar and allows the
radial access (Figure 5). The One Shot TM RDN Device (Covidien Campbell, CA, USA) and the
Vessix V2 TM System (Boston Scientific, Marlborough, MA, USA) have the electrodes mounted
on a balloon. The Paradise ® System (ReCor Medical, Ronkonkoma, NY, USA) uses ultrasound

technology.

Figure 3: Symplicity Spyral ™ multi-electrode RDN catheter. A: Positioning. B: Confirmation of correct

location. C: Deliverability is over a standard 0.014"” guidewire.
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Figure 4: Multi-electrode EnligHTN ™ RDN catheter. A: Left renal artery. B: Positioning of the basket. C:

Opening of the basket.

Figure 5: Iberis ® System (unipolar).

Clinical studies on renal denervation - The tide has changed

Several clinical trials have been conducted since catheter based RDN first became available but

the current evidence relies mostly on the Medtronic catheter, Symplicity Flex.

The Symplicity HTN-1 was the first multicenter, proof-of-concept and safety study
(nonrandomized) in patients with resistant HT. [41-42] Fifty patients were enrolled from five
European and Australian Centers. Primary outcomes were assessment of office BP and safety
data. Three-year results confirmed the long-term benefits of RDN, with a drop of 10mmHg or

more in systolic office BP observed in 93% of patients and with safety being maintained.

Symplicity HTN-2 [43] was conducted shortly after HTN-1 and was a multicenter, prospective,
randomized trial, unblinded, which included 106 patients (52 underwent RDN vs 54 in the
control group). Office systolic and diastolic BP was significantly reduced at 6 months whereas
the control group had only minor reductions. After the 6-month endpoint was met, cross-over
of patients from the control to the RDN group was allowed and these last patients had a

significant drop in office BP similar to the one observed in the initial RDN group. Sustained BP
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reduction at 1l-year was confirmed. [44] Three-year follow-up [45] continued to show a

sustained lowering effect of RDN on office systolic and diastolic BP.

Many questions arose from the mentioned results and HTN-3 was eagerly awaited. HTN-1 and
2 had a number of inconsistencies like the discrepancies between office BP and Ambulatory
Blood Pressure Monitoring (ABPM) (performed in a small subset of patients; the BP reduction
was only 41% and 34% in both studies, respectively). What is particularly interesting is the
complete lack of any benefit in the control arm (something very unusual in the field of HT drug
trials). One potential explanation is the “reverse Hawthorn” effect because patients knew
beforehand that they could cross-over to RDN after 6 months if their BP was still uncontrolled.
This knowledge might have resulted in reduced compliance in order to remain eligible for RDN.
[46] The success of RDN is difficult to assess and hence, in HTN-1, renal norepinephrine spillover
was measured in a subset of patients. Unfortunately, it is a cumbersome method and infeasible

in real world practice.

After the first reports on HTN-1 and 2 trials were disclosed, a considerable enthusiasm
surrounded RDN. Several articles mentioning emerging new indications that surpassed the
restricted group of patients with resistant HT were published and the SNS became the subject
of many lectures, as it appeared to be possible to interrupt it with a minimally invasive procedure

and target disease states whose main pathophysiological basis was sympathetic overdrive.

Symplicity HTN-3 [12] is a prospective, single-blind, randomized, sham-controlled trial which
included patients with resistant HT (n=535) who were randomly assigned in a 2:1 ratio to
undergo RDN with a single-tip electrode catheter (Symplicity Flex, Medtronic, MN, USA) or a
sham procedure. Six-month results showed no significant differences between the RDN group
and the sham group regarding both systolic office BP and mean systolic ABPM. There were no
differences concerning safety. Authors provided several explanations which could possibly
explain the disparities between this study and the previously published ones such the
Hawthorne effect, [47] lack of blinded control groups in prior trials and non-confirmation of
medication adherence. Subgroup analysis revealed that some groups responded worse to RDN
than others like patients older than 65 years old, with an estimated glomerular filtration rate <
60ml/min/1.73m2 and the African-American population. Multivariate analysis identified
baseline systolic BP > 180mmHg, prior treatment with an aldosterone antagonist and total

ablation attempts as positive predictors of BP change at 6 months. Prior prescription of a
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vasodilator was a negative predictor. Twelve-month results [48] revealed that the changes in
systolic office BP were significantly greater than at 6 months in the RDN group but there were

still no differences regarding ABPM.

Results of Symplicity HTN-3 had great impact in the medical community and many centers
stopped their RDN programs after the disclosure of these results. Supporters of RDN have tried
to provide an explanation and critically review HTN-3 outcomes, bearing in mind the knowledge
provided by past research. The most obvious explanation could be that RDN is, in fact, ineffective
in lowering BP in the studied population. Pocock and Gersh [49] consider that the previous
findings may indeed reflect a substantial placebo effect and regression to the mean, which
possibly turned patients with ‘refractory HT’ adherent to drug therapy once enrolled into the
trial. The power of the placebo has been continuously underestimated by inadequately-
designed randomized clinical trials, with consequent exaggerated findings, and well-designed
RCTs are urgently needed to clarify the concrete role of RDN in the management of HT. Kandzari
et al. [50-51] provided an excellent analysis and investigated key factors that could have
contributed to the differences between the sham group and the RDN group in HTN3. Possible

accountable factors were the following:

- Medication adherence and stabilization was not altogether clear. The great response
observed in the sham group is possibly the result of behavioral changes as these patients were
observed in very frequent clinical visits (not usual in clinical practice). Also, between
randomization and 6 month follow-up, 39% of patients had a change in medication, mainly due

to side-effects.

- African-Americans comprised 26.2% of the overall population and were more frequently
prescribed with vasodilators. Although there are differences regarding pathophysiological and
genetic mechanisms, [52] these could not explain the marked reduction of BP in the sham group.

This effect was probably due to medication adherence/change.

- No method for assessing procedural success exists which is a major setback in the

evaluation not just of these patients but a limitation to the procedure as a whole.

- Regarding the procedure itself, several considerations arise. In HTN-3, more than half of
the operators performed at most two RDN procedures and 31% performed only one during the

trial. This insufficient experience could be correlated with the lack of ablations in all four
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quadrants (6% received bilateral four quadrant ablations, 20% received unilateral four quadrant
ablation and 74% received no four-quadrant ablation) and reduced number of ablations
attempts (only 84% were complete ablations of 120 seconds duration), as these are thought to
be predictors of a positive 6-month BP change. Patients receiving > 14 ablations had the greater
BP fall, with a 12mmHg increase with <8 ablations. The true meaning of this finding is not

completely clarified.

More recently, some interesting studies focusing on RDN were published. The DENERHTN [53]
is a French multicenter, prospective, open-label randomized controlled trial with blinded
endpoint evaluation, performed in patients with resistant HT, confirmed by ABPM. This study
was different from the previous ones as a standardized stepped-care antihypertensive
treatment (SSAHT) was added to RDN, which was performed with the single electrode Symplicity
Flex catheter. After 4 weeks of standardized triple therapy, patients with confirmed resistance
were randomly assigned to receive either RDN plus SSAHT or SSAHT alone (53 in each group).The
primary efficacy endpoint was the mean change in daytime ambulatory systolic BP from baseline
to 6 months Treatment compliance was assessed by performing a validated questionnaire. At
six months, patients in the RDN group had a modest but significant decrease in daytime
ambulatory systolic BP with a mean baseline-adjusted difference between the two groups of
-5.9 mm Hg, p=00329 (this reduction, even though it was statistically significant, is not close to
the huge reductions observed in other studies). Similar results were observed for nocturnal and
24 hour mean BP (without reaching statistical significance). Multivariate analysis was performed
and revealed that male gender, high adherence to medication, high baseline daytime
ambulatory systolic BP, large changes in daytime ambulatory heart rate from baseline to 6
months, but not race, were independently and significantly associated with greater changes in
daytime ambulatory systolic BP. Interestingly, the number of ablations was not a predictor of
response. The incidence of adverse events was not significant in both groups. Even though there
was no sham procedure, sequential blocking of the SNS (bisoprolol, prazosin, and rilmenidine)
was implemented in both groups. Authors comment on the fact that these results diverge from
the Simplicity HTN-3 study, probably due to variability between the patients who were included
in both trials and the study design itself. The authors also refer the absence of a sham procedure
as a limitation, having selected an opel-label study design both for ethical and operational
reasons. Main strengths of this study include the use of ABPM as the primary endpoint, thus

reducing variability of baseline measurements and potential clinician related bias, and the
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implementation of a standardized pharmacological treatment, which reduced inter-individual

variability and unexpected medication changes.

The Global Symplicity Registry (GSR) is a prospective, open-label, multicenter registry that aims
to assess safety and efficacy of RDN in an uncontrolled global clinical setting. It includes patients
not only with HT but also with other conditions associated with SNS activation, like heart failure.
The only inclusion criteria are age > 18 years old and eligibility for RDN, according to the local
system. The first report [54] acquaints on 998 patients, 323 of which had severe HT. In this
cohort, baseline systolic BP was 179.3 + 16.5 mmHg and decreased to 159 + 21.5 mmHg at six
months (p<0.0001). Baseline 24h systolic BP (available in 221 patients) was 159 + 15.6 mmHg
and dropped to 150 = 18mmHg at six months (p<0.0001). Regarding safety, RDN was associated
with low rates of CV, renal and periprocedural complications (<1%). In the discussion the authors
comment on the clear difference between the response in this registry and Symplicity HTN-3,
calling to attention: (1) the modifications in medication after RDN (34% in GSR vs 39% in HTN-
3), (2) the differences in the interventionalists experience (59% of the GSR operators had
performed > 15 RDN before the registry started), (3) the average number of completed 120
second ablations was 9.2 in HTN-3 vs 13.7 in severe HT cohort of GSR and (4) the possibility of
regression to the mean. [55] Mentioned limitations were directly related to the fact that it is a
registry-based study and included: non-assessment of the specific indications for RDN, non-
standardization of follow-up procedures (which may compromise the report of safety events)
and the possibility of placebo/Hawthorne effect. Nevertheless, GSR provided further evidence

that RDN appears to safely reduce BP in patients with resistant HT.

The SPYRAL HTN Global Clinical Trial Program was recently announced by Medtronic and
consists of two global, prospective, randomized, sham-controlled trials conducted
simultaneously by experienced interventionalists, aiming to investigate the impact of RDN both
in the absence of, and in the presence of antihypertensive medications. [56] They will include
approximately 100 patients each with moderate to high-risk HT and will be conducted at
approximately 20 centers in the United States and other countries. The multi-electrode
Symplicity-Spyral catheter will be used, the number of ablations will increase and distal branches
will be targeted, raising safety issues. This program was designed to address the results of HTN-

3 and maybe will shed some light on the meaning of published results.
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Patient selection - according to the new evidence, who can benefit?

At the present time, RDN is, at the very least, in an impasse. The most recent guidelines and
position paper [4, 58] state that patients are eligible to RDN if they have severe refractory
essential HT, are adherent to medication and have eligible renal anatomy (no renal stenosis, no
prior stent intervention and an adequate artery diameter). Although patients with renal
dysfunction, cardiovascular instability and multiple renal arteries have been excluded from most
trials, RDN can be performed after careful consideration by a vascular team. Advice is given as
to handle patient’s expectations, as the intent is to control HTper se and reduce the
cardiovascular burden, and not to lessen the medication. Many authors believe that patients
with refractory HT may not be the ideal targets for RDN (should HT be targeted in an earlier
phase?). Recent studies comparing RDN effect in isolated systolic HT (ISH) vs combined HT [59]
showed a less pronounced reduction of HT in ISH, as ISH appears to be associated with stiffer
arteries. [60] RDN also appears to lower total peripheral resistance, a change not associated
with significant changes in cardiac output. [61] An elevated central pulse pressure (CPP), as an
indicative of this arterial stiffening and enhanced vascular ageing, may be helpful in predicting
BP reduction after RDN. Ott C et al. [62] stratified RDN patients according to the median CPP
and found that BP reduction following RDN is greater in patients with lower CPP, which is
indicative of a lower degree of arterial damage. As the SNS greatly influences the vessel
vasoconstrictive tone, a decrease in sympathetic activity has the potential to lower BP if the
vasculature still retains the ability to react and vasodilate, a capacity apparently lost in patients

with high CPP.

However, with all the controversy and a myriad of trials, registries, reviews and editorials, the

main focus remains on several questions that are still unanswered (table 2):

No 1 — Does it work? And if so in whom

- Is it possible to identify, prospectively, patients who can truly benefit from an invasive
approach to treat their untreatable HT and therefore lower their CV morbidity? An interesting
meta-analysis by Fadl Elmula et al. [63], aiming to sum up the randomized evidence on the
efficacy and safety of RDN with the Symplicity catheter in the treatment of resistant HT, analyzed

seven randomized controlled trials and a total of 985 patients (397 in control and 588 in RDN).
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Women were underrepresented in all trials (proportions ranging from 10 to 42.5%). The two
major findings of this review were, first, that the BP lowering effect of RDN, when compared to
optimized medical therapy, was only modest, both in the office and ABPM and second, the
procedure is safe, with similar risk of major adverse CV events both in RDN and control groups.
It seems that a minority of patients really experiences the BP lowering effect of RDN and the

future will be determined by the correct identification of this responder population.

- If these patients are in fact identified, how will the interventionalist know how much RF energy
to deliver and how will the ablation success be measured? The search for a reliable biomarker is
ongoing but until the moment, no such predictor of BP response exists. Dorr et al. [64] executed
a very interesting study based on the fact that HT is associated with endothelial dysfunction. The
authors evaluated whether the angiogenic factors soluble fms-like tyrosine kinase-1 (sFLT-1),
intercellular cell adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1)
are predictive markers for BP lowering after RDN. They observed that responders showed
significantly higher serum levels of the studied molecules at baseline compared with non-
responders, identifying them as potential biomarkers. Since this was a small study, with a limited
number of patients, further investigation is required. Another interesting study by Dorr et al.
[65] evaluated whether brain-derived neurotrophic factor (BDNF) would provide an immediate
assessment of successful denervation, as BDNF is an important modulator of the SNS. The study
included 100 consecutive patients with resistant HT who underwent RDN. The authors observed
a significant decrease in BDNF levels immediately after RDN and a significant correlation
between the extent of an early decrease and systolic BP reduction at six-month follow-up.
Although BDNF analysis was restricted to 2 hours post procedure, it appears promising as a
biomarker to evaluate the immediate success of RDN. Renal nerve stimulation is also being
investigated as a potential marker of RDN response, with small studies showing an increase in
BP prior to RDN, a response that is significantly blunted after the procedure. [66] This method
may allow for the identification of the exact location of nervous endings and therefore overcome
the difficulties associated with anatomical variability. Further investigation is ongoing and

awaited.

- How can adherence to medication be assured? Should RDN be offered to patients who
cannot/will not comply to multiple drug treatment? Does adherence have an impact on the

response to RDN? Ewen et al [67] investigated adherence to prescribed antihypertensive
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treatment by liquid chromatography-high resolution tandem mass spectrometry in plasma and
urine at baseline and 6 months in 100 RDN patients and observed that mean adherence was
significantly reduced from 85.0 % at baseline to 80.7 % at 6 months (p = 0.005). The authors
concluded that RDN can reduce office and ambulatory BP in patients with resistant HT despite a

significant reduction in adherence to antihypertensive treatment after 6 months.

No 2 - Should we expand the indication of RDN to less severe stages of HT?

- Desch et al. conducted a randomized, blinded, sham-controlled trial [68] whose main objective
was to evaluate the effect of RDN on patients with resistant HT and day-time systolic BP of 135-
149mmHg and diastolic of 90-94mmHg, assessed by ABPM. Patients were randomized to either
RDN (with the Symplicity Flex catheter, n=29) or an invasive sham procedure (n=34). In this trial,
RDN failed to show a significant reduction in the primary endpoint of ABPM systolic BP lowering
at six months in the intention to treat analysis, but in the per-protocol population RDN was
associated to a significant drop in BP, compared with the sham group. The REDUCE HTN:
REINFORCE study [69] is currently recruiting participants and aims to determine whether the
Vessix Reduce TM Denervation System (Boston Scientific, Marlborough, MA, USA) shows
acceptable performance for treating uncontrolled HT (off-treatment office systolic blood

pressure 2150 mmHg and <180 mmHg) when compared to a sham procedure.

No 3 - Should RDN (only) be offered to patients who experience side effects to medication?

- Spironolactone has shown to markedly improve BP control when added to a three anti-
hypertensive drug regimen [70] and was a marker of response in HTN-3. It is well known for its

adverse effects such as hyperkalemia, painful gynecomastia or erectile dysfunction.

- The Prague-15 is a prospective, randomized, open-label multicenter study aiming to evaluate
the efficacy of RDN (with the single electrode Symplicity Flex catheter) vs intensified
pharmacological treatment including spironolactone (if tolerated). Confirmation of true
resistance was accomplished through ABPM, exclusion of secondary HT and evaluation of
treatment compliance. Six-month results [71] showed significant BP reductions in both groups

(although not between groups) but spironolactone side effects, leading to treatment
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discontinuation (anti-androgen effect was the most common), were present in 35% of the
patients, with 4% even refusing to start the drug. Eplerenone was offered as an alternative but
was rejected by all patients due to financial costs. Twelve-month results were recently published
[72] and corroborated that RDN was not superior to intensified drug-treatment during this
period. Per-protocol analysis showed a significant reduction in 24-hour systolic BP, more
accentuated in the pharmacological cohort, with evident between-group difference (p=0.04).
However, only 19 of the initial 54 patients randomized to intensified treatment were able to
maintain spironolactone up to one year. Major caveats of this study include the use of a single
electrode catheter (which prevented the application of an adequate number of four-quadrant
ablations), the reduced recommended number of ablations (minimum four per side) and the
absence of a sham procedure. Although these findings suggest RDN may be as effective as an
intensified drug treatment, they also show a high rate of non-adherence/drug discontinuation
due to adverse effects and, as such, further investigation with improved procedural technique

and patient selection are needed to clarify these data.

No 4 - Is RDN safe?

- Studies have demonstrated acceptable safety profiles following RDN, including HTN-3.
Procedure related events are rare, even during long-term follow-up, and include renal artery
dissection, stenosis and vascular access complications, such as femoral pseudoaneurysm. Pucci
G et al. [73] described a case of renal artery stenosis accelerated progression after RDN,
associated with a sustained increase in 24 hour-BP, suggesting that RF application may worsen
the progression of pre-existing renal artery atherosclerotic lesions and therefore affect RDN
efficacy. Clinical and imaging patient monitoring after RDN is of the utmost importance to assure

safety.

Until many of these doubts are clarified, RDN should only be offered to patients in the setting of
clinical research and in highly skilled referral centres. The European clinical consensus
conference for RDN [74] for the design of future randomized controlled trials recommended a
rigorous approach, focusing on three main topics: (1) Selection of a suitable patient population

(including patients with moderate instead of just resistant HT and exclude patients with
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increased vascular stiffness), (2) Attain a proper study design by avoiding wash out periods
(unless considered necessary and only in tertiary centres), avoiding sham procedures in mild to
moderate HT (as the associated risk is not negligible) and considering drug adherence
monitoring and pharmacological therapy standardization and (3) Proper selection of study
outcomes like ABPM and accessible predictors of efficacy. White et al. [75] authored a scientific
statement which summarized the conclusions of a reunion co—-sponsored by the American
Society of Hypertension, the United States Food and Drug Administration and the National
Heart, Lung, and Blood Institute and aimed to delineate a strategy to undertake clinical studies,
as they are pivotal to evaluate the efficacy and safety of new devices. Participants of this forum
did not consider that Symplicity HTN-3 represented a complete failure of RDN but rather
highlighted the need to define pathways for the future development of device therapies for HT.
They recommended the use of preclinical models to evaluate RDN, the identification of reliable
biological markers of RDN, the assessment of anatomical completion of RDN, the selection of
cohorts with a high response probability, and hence most likely to drive some benefit from RDN,

and the design of randomized clinical trials to assess treatment effect.

Radiofrequency alternatives for the treatment of resistant hypertension: a

valuable option?

- Cryoablation: Cryoenergy is the application of intense cold within the target tissue which
causes cells to die and be replaced with fibrosis. Its main use has been in the setting of cardiac
arrhythmias ablation but more recently, is being investigated as an alternative to RF for
sympathetic denervation of the renal artery. Animal studies [76] suggest cryoenergy may be
more effective in decreasing the density of nervous fibers than RF delivery. Prochnau et al. led
a small observational study [77] in which ten RF non-responders were treated with cryoenergy
for RDN and observed a significant drop both in office systolic BP and systolic and diastolic BP in
ABPM, with reduced periprocedural pain and discomfort. Although these are interesting results,
the authors state it is unknown if a second RF delivery, instead of cryoenergy, would have yielded
the same outcome. Cryonenergy is an interesting technique but its efficacy still has to be

confirmed in large and adequately designed multicenter trials.
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- Carotid baroreflex activation therapy: Arterial baroreceptores are stretch sensors located in
the blood vessels, which are pressure-sensitive, being stimulated by arterial wall distortion
induced by pressure oscillations. They are activated when BP rises, sending impulses to the brain
that increase parasympathetic outflow and therefore inducing bradycardia and peripheral
vasodilation. As baroreceptores become partially blunted in the setting of resistant HT, mainly
due to increased vascular stiffness, electrical stimulation of these receptors may lead to
reductions in sympathetic activity and hence, the BP. Surgical implantable carotid baroreceptors
devices, which electrically stimulate the carotid sinus, are currently under investigation and

appear to be a promising alternative for patients with resistant HT. [78]

Summarizing, HT is a multifactorial disease, difficult to assess and treat and, in most of the cases,
associated with multiple life-long antihypertensive medication. Patients with resistant HT are at
the end of the line, exposed to a huge cardiovascular risk and facing few options to choose from.
A diagnostic workup to exclude secondary forms of hypertension and confirm resistance
(observational studies have shown that white coat HT can be detected in one third of patients
diagnosed with resistant HT) [79] should be thoroughly conducted and afterwards, a therapeutic
strategy should be implemented, always including lifestyle counseling, the necessary and

recommended adjustments to the antihypertensive regimen and device-based therapies.

Several studies have revealed that RDN significantly reduces noradrenaline spillover, muscle
sympathetic nerve activity and the augmentation index, which appears to be independent of BP.
[80] This disruption of the SNS has the potential to influence many other clinical entities highly
dependent on SNS hyperactivity, such as the sleep apnea syndrome, [81] chronic heart failure,
[82] atrial fibrillation (AF) and ventricular arrhythmias, [83] metabolic syndrome, [84] chronic
kidney disease [85] and polycystic ovary syndrome. [86] Most of these studies are small and
purely observational. Regarding cardiac arrhythmias, SYMPLICITY AF is a prospective,
randomized, multi-center, feasibility clinical study investigating pulmonary vein isolation and
renal denervation compared to pulmonary vein isolation alone, for the treatment of paroxysmal
or persistent AF in patients with both AF and HT. Patients in both arms will receive an insertable
cardiac monitoring device in order to detect and record the net recurrence of abnormal heart

rhythms after therapy randomization. Enrollment has recently started. [87]
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Presently, an integration of the available therapies and an individualized assessment may be the

optimum path, while awaiting further insight on the matter.

Conclusions

Although the knowledge surrounding renal denervation is conflicting, current evidence suggests
that this technique modulates the hyperactivity of the sympathetic nervous system and appears
to be associated with some benefit regarding the reduction of cardiovascular risk in several
disease states associated with sympathetic overdrive. More research aiming to detect which
patients attain the most beneficial effects of this invasive procedure, to rearrange the
procedural technique (as it is rather complex) and to discover a reliable biomarker on procedural

success is of the utmost importance for the future of hyper-adrenergic states targeting.
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Tables

Table 1: Synopsis of Pivotal Trials assessing safety and efficacy of RDN in resistant HT

Longer Primary
Study Type Location N RDN catheter Main results
FU outcome
ABPM not mandatory.
Symplicity . g Single-tip electrode * OBP Drops of 10 mm Hg or more
urope an
HTN 1 [42- | Proof-of-concept A tpl' 153 Symplicity 36 M (88 pts) | * Safety in systolic BP: 69% (1M),
ustralia
43] Flex™(Medtronic) (6F) 81% (6M), 85% (12M), 83%
(24M) and 93% (36M).
Inital RDN ABPM not mandatory.
nitia
Symplicity 106 (52 in *Systolic OBP Crossover to RDN gp
Europe, . Single-tip electrode | gp: 36M (40 .
. . RDN vs 54 in . *Procedural allowed at 6M. A sustained
HTN 2 [44- | Randomized Australia  and Symplicity Flex™ pts) ]
control gp) : safety lowering of BP at 3 years
46] New Zealand (Medtronic) (6F) Crossover gp: .
*CV events was observed, without
30M (30 pts) .
serious safety concerns.
ABPM at baseline and FU.
f Multi-electrode catheter Sustained reduction of
EnligHTN 1 | First in human, | Australia  and , * OBP
) 46 EnligHTN™ (St. Jude | 24 M office, ambulatory and
[58] non-randomized | Greece - * Safety
Medical) (8F) home BP at 24M. Safe
method.
ABPM at baseline and FU.
» Crossover to RDN gp
Initial ~ RON OBP llowed at 6M. Lack of
ici * allowed a . Lack o
Symplicity 535 (364 in | Singleip  electrode | gp: 12M (319
Randomized, . . - *Mean systolic | significant reduction of
HTN 3 United States RDN vs 171in | Symplicity Flex™ pts) )
sham-controlled h ) (Medtronic) (6F) c ABPM systolic BP at 6 and 12M.
sham edtronic rossover gp:
[12748] 9 ® * Safety Safe method. In-depth
6M (93 pts)
analysis performed (see
text).
ABPM at baseline and FU.
DENERHTN 106 (53 in | Single-tip electrode * Daytime | RDN plus an SSAHT
Randomized France RDN vs 53 in | Symplicity Flex™ 6M systolic ABPM decreases ABPM more
[53] SSAHT gp) (Medtronic) (6F) * Safety than the same SSAHT
alone at 6 M. Safe method.
ABPM not mandatory (real
world setting).
Global Symplicity RDN system * OBP and 9
.. 323 in severe RDN resulted in significant
pen-labe urope ex or pyra
Symplicity Open-label E (Flex™ Spyral™) | 6 M ABPM ) ,
HT cohort (Medtronic) (6F) Safety reductions in OBP and
H edtronic, * Safe
Registry [54] ABPM with a favorable

safety profile.

RDN: renal denervation; gp: group; M: months; pts: patients; OBP: office blood pressure; ABPM: ambulatory blood

pressure monitoring; BP: blood pressure; CV: cardiovascular; FU: follow-up; SSAHT: standardized stepped-care

antihypertensive treatment; HT: hypertension; PHAR: Intensified anti-hypertensive therapy group.
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Table 2: Brief summary

What is known

Renal denervation has good safety but results are
conflicting regarding the lowering of blood

pressure.

More well designed randomized clinical trials

needed.

Symplicity HTN-3 failed

In-depth analysis showed several confounding

factors.

Symplicity HTN-1, HTN-2, EnliHTN-1, DENERHTN,
Global simplicity Registry with good efficacy and

safety results

Several limitations

Single-tip catheters not compatible with four

guadrant ablation

Multi-electrode catheters are now at disposal and

probably more efficacious

What is not known

How to measure ablation success.

The search for a molecular/imaging/clinical

biomarker continues.

What are the ideal spots of ablation?

Should RF energy be delivered more distally,

including the branches? It appears so.

Should accessory or polar arteries be treated if

appropriately sized?

Unknown

Number of ablations needed?

The more the better?

Selection criteria for the ideal candidate

Only resistant HT or also milder degrees of HT?

Should RDN be offered to patients who refuse

medication? Or experience severe side effects?

Unknown.

RDN: renal denervation; RF: radiofrequency; HT: hypertension.
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Heart failure (HF) is frequently the end-stage of many cardiovascular diseases and
remains a major cause of morbidity and mortality, with 26 million patients now affected
worldwide.! Its prevalence is around 1-2% in developed countries, rising to 210% among people
over 70 years of age. The terminology of HF has recently been redefined and patients with an
ejection fraction (EF) of 40-49% (the so-called ‘gray area’) now being classified as having ‘heart
failure with mid-range ejection fraction’, as opposed to ‘HF with reduced EF’ (<40%) and ‘HF

with preserved EF’ (EF 250%).

The pathophysiology of HF is highly complex and involves the activation of
compensatory mechanisms including the renin-angiotensin-aldosterone system, the
sympathetic nervous system (SNS) and arginine vasopressin release, probably as a consequence
of hemodynamic changes induced by a dysfunctional myocardium.? Activation of the SNS leads
to excessive release and decreased uptake of norepinephrine. This autonomic hyperactivity has
long been known to be directly related to the worsening of HF, by inducing myocyte
enlargement and interstitial growth and remodeling, leading to increased myocardial mass and
chamber dilatation.* The SNS thus became a therapeutic target, and there is evidence that
continuing pharmacological beta-blockade has favorable prognostic implications in both

ischemic and nonischemic cardiomyopathies.®

Renal denervation (RDN) is a percutaneous procedure which aims to achieve selective
disruption of the sympathetic nerve endings in the renal arterial wall. It is currently under
investigation as a promising technique for the treatment not only of hypertension (with varying
treatment effects) but also of other clinical entities associated with an increased sympathetic
drive such as advanced HF, sleep apnea and life-threatening cardiac arrhythmias.® Two pilot
studies have been published that aimed to prove the effectiveness of RDN in patients with HF.
The REACH-Pilot was a first-in-man study which assessed the safety of RDN in seven patients
with symptomatic chronic systolic HF (New York Heart Association [NYHA] class Il or 1V), EF of
45+15% and without hypertension. At six months all patients were symptomatically improved,
there was an increase in the six-minute walk distance (A=27.149.7m, p=0.03) and diuretics were
reduced or stopped in four patients (p=0.046). No significant differences were observed in EF.
This study had clear limitations (population and design, among others) and was underpowered
for several parameters, but established the need for additional evidence.” Chen et al. conducted

a randomized prospective pilot study which included 60 patients (30 in the RDN group and 30 in
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the optimal medical therapy group) in NYHA [I-IlV with EF <40%. Renal denervation was
performed with a saline irrigated catheter. At six-month follow-up EF (from 31.1+5.7% to
41.9+7.9%, p<0.001), the six-minute walk distance (from 285.5+84.3 m to 374.9+91.9 m,
p=0.043), NYHA classification (p<0.001) and NT-pro-BNP levels (p<0.001) were significantly
improved in the RDN group. There were no safety concerns and there was no difference in blood
pressure between the groups.® Again, this study had several limitations, such as sample size, and

data from two randomized trials which are currently recruiting are eagerly awaited.> 1°

As the relationship between HF and the SNS is robust and the available clinical data is
promising, evaluation of the effects of RDN in patients with reduced EF is appropriate. Is this
issue of the Journal, Gao et al.!! present the results of a prospective, open, single-arm study
which included fourteen patients with an EF below 45% (eight with ischemic cardiomyopathy),
in class NYHA Il or IV and on optimized medical therapy. Patients with severe renal failure
(glomerular filtration rate below 30 ml/min/1.73 m2), type 1 diabetes or hypotension or in the
acute phase of myocardial infarction or cerebrovascular accident were excluded. RDN was
performed using a radiofrequency catheter with temperature control and 4-6 ablation points
were delivered to each artery. At six-month follow-up improvements were observed in the six-
minute walk distance (from 152.9+38.0 m to 334.3+94.4 m, p<0.001), EF (from 36%4.1% to
43.8+7.9%, p<0.003), NYHA functional class (p<0.001) and BNP levels (p<0.008). The recovery in
EF was more significant in the group of hypertensive patients (34.5+4.3% to 52.316.1%, p<0.005)
than in the non-hypertensive group (36.6£3.8% to 41+6.2%, p=0.07), a fact that the authors
attribute to the blood-pressure lowering effect of RDN and suggesting a more beneficial effect
of RDN in HF due to hypertensive disease. There were no safety issues. These results are
different from those of the REACH-Pilot study in terms of change in EF, but are comparable to
the results published by Chen et al., indicating a favorable effect of RDN in HF patients. However,
several limitations must be taken into consideration such as the small sample size, the absence

of a control group and non-randomization.

To summarize, this article highlights the role of RDN in modulating autonomic tone in
specific conditions, including HF, and emphasizes the importance of further investigation in this
area. The authors should be encouraged to continue their research on RDN in various clinical

settings, and perhaps in the future some light will be shed on RDN’s ‘autonomic’ significance.
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Abstract

The purpose of this study was to evaluate the impact of prebifurcation renal denervation in a
swine model and assess its safety through optical coherence tomography (OCT). Prebifurcation
renal denervation with a multi-electrode catheter was performed in one renal artery of 12
healthy pigs, with the contralateral artery and kidney being used as controls. Angiograms and
OCT pullbacks were obtained peri-procedurally and 1 month post procedure. Renal tissue
catecholamines were quantified, and the arterial wall and peri-adventitial tissue were analyzed
histologically. Intraluminal changes (endothelial swelling, spasm, and thrombus formation) were
observed acutely by OCT in most of the treated arteries and were no longer visible at follow-up.
Histology revealed a statistically significant accumulation of collagen (fibrosis) and a near
absence of tyrosine hydroxylase labeling in the denervated artery, suggesting a clear reduction
in nervous terminals. Renal tissue catecholamine levels were similar between both sides,
probably due to the low number of ablation points and the renorenal reflex. The present study
demonstrates that renal denervation is associated with acute intimal disruptions, areas of
fibrosis, and a reduction in nervous terminals. The lack of difference in renal tissue
catecholamine levels is indicative of the need to perform the highest and safest number of
ablation points in both renal arteries. These findings are important because they demonstrate

the histological consequences of radiofrequency energy application and its medium-term safety.

Keywords: Hypertension; Renal sympathetic denervation; Pre-clinical; Optical coherence

tomography; Catecholamine.

Abbreviations List: RF: radiofrequency; RDN: renal denervation; Ep: epinephrine; NE:

norepinephrine; OCT: optimal coherence tomography; TH: For tyrosine hydroxylase
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Introduction

Sympathetic nervous system hyperactivation is associated with several pathological conditions,
such as arterial hypertension [1]. Radiofrequency (RF) catheter-based renal denervation (RDN)
has emerged as a minimally invasive percutaneous procedure, designed to potentially disrupt
the sympathetic fibers of the renal vasculature and hence decrease the sympathetic drive.
Several proof-of concept randomized controlled trials have been conducted in resistant
hypertensive patients [2-5], but the results have been inconsistent. Disbelief in the true efficacy
of this technique has arisen, especially after the disclosure of the HTN-3 trial [6]. So far, the
outcomes of RDN have been unpredictable, and several hypotheses, such as the Hawthorne
effect, operator inexperience, an inability to achieve circumferential energy delivery, location
inadequacy, and catheter design, have been extensively discussed as reasons for response
variability [7]. Early investigations revealed that sympathetic fibers are mainly located in the
adventitia of renal vessels with larger bundles in the proximal segment, compared to the thinner
fibers found distally [8, 9]. However, more recent research on renal nerve distribution showed
that even though sympathetic nerve fibers are concentrated in the proximal and middle arterial
segments, the distance from the lumen is significantly higher than that of distal fibers, which are
fewer but probably more vulnerable to RF injury [10]. Safety is a major concern after RDN, and
the occurrence of renal stenosis has been described in a few patients. However, the actual
incidence in the medium term and long term is not known. Currently, there is insufficient data
regarding the correlation between prebifurcation RF induced vessel injury, assessed by intra-
arterial imaging, and the levels of fibrosis, density of nervous terminals, and effects on renal

tissue catecholamine levels in the medium term.

The main purposes of this study are: (1) to evaluate the effect of RF energy application (using a
multielectrode RDN catheter) on the proximal/middle segment of the renal artery
(prebifurcation) of a swine model, through histological analysis of the arterial wall and peri
adventitial tissue and to compare the levels of fibrosis with the untreated contralateral side
(control) and (2) to assess the disruption of the arterial wall acutely (pre and post procedure)
and at 1 month of follow-up with intrarenal optical coherence tomography (OCT). A secondary
endpoint is the assessment of renal tissue epinephrine (Ep) and norepinephrine (NE) levels in

both sides.
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Figure 1: Study design chart. Ep: epinephrine; NE: norepinephrine; OCT: optical coherence

tomography.
‘ Phase 1 - basal procedures ‘ ‘ Phase 2 - one month after RDN ‘
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2 2
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Methods

Study design and animal procedures

All animal procedures were performed in the Veterinary Medical School of the Lisbon University,
Portugal and were approved by the Ethical and Animal Welfare Commission (CEBEA) of the

institution and by the Portuguese National Authority for Animal Health (DGAV).
This study was executed in two phases (Fig. 1).

- Phase 1: RF energy was delivered to one renal artery of twelve domestic swine (nine males
Duroc X and three females F1 Large White X Landrace, 31 + 1.2 kg) using the contralateral artery
as the histological control and the contralateral kidney as the Ep/NE control. The animals were
fasted 12 h prior to the procedure. Two certified veterinarians were present in every procedure
and were responsible for the administration of anesthetic drugs, which included 2 mg/kg of
azaperone, 0.04 mg/kg of atropine, and 0.2 mL/kg of ketamine, via an intramuscular route. In
the catheterization laboratory, venous access was obtained from the marginal ear vein, followed
by the administration of 6 mg/kg of 5% sodium thiopental with subsequent orotracheal
intubation and mechanical ventilation. Anesthetic maintenance was obtained through the
administration of volatile 2% isoflurane in a continuous oxygen flow. A 0.9% saline infusion was
kept flowing until the end of the procedure, and a thermal blanket was used for temperature
control. Anticoagulation with heparin was used to achieve an activation clotting time > 250 s.
An 8-F sheath was placed in the right femoral artery, and selective catheterization of the renal
arteries was performed under fluoroscopic guidance. A basal angiogram was obtained with prior
administration of 0.5-1 mg isosorbide dinitrate to determine suitability of the artery. Suitable
arteries were required to be 24 mm in diameter and 220 mm in length. OCT was performed pre-
and post RDN. The multi-electrode catheter was placed prior to the bifurcation, and 6—8 ablation
points were delivered. A final angiogram was obtained, and a percutaneous closure device was
used in the femoral puncture for rapid hemostasis. Continuous hemodynamic monitoring was
maintained during the procedure. Rimadyl ® was used in the following 3 days for analgesia.
Acetylsalicylic acid (100 mg) and antibiotics were administered empirically in the following 7
days. No complications or adverse effects were observed in the animals in either of the two

study phases.
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- Phase 2: Medium-term efficacy and safety were assessed by renal angiography and OCT
evaluation 1 month after RDN. Subsequently, the animals were euthanized according to the
standard protocols, with intravenous sodium thiopental. Both kidneys, including the renal
vasculature with peri-adventitial tissue, and abdominal aorta were harvested for histological
purposes. The samples were embedded in optimal cutting temperature (Sakura® Finetek Inc,
Torrance, CA, USA) compound and transported frozen in dry ice. The animals underwent a brief

necropsy to exclude any pathological conditions (none found).

Technique description

Renal denervation system

The EnligHTNTM Multi-Electrode RDN system (St. Jude Medical, MN, USA) was used in this study.
The ablation catheter consists of an expandable basket with four electrodes, providing a 60-s
ablation time per electrode, set with the purpose of obtaining a circumferential ablation pattern.
The system allows the independent selection of electrodes. It is compatible with an 8-F sheath
and is powered by the EnligHTN TM generator. Final OCT evaluation and a renal angiogram were

obtained.

Optical coherence tomography

OCT was performed pre- and post RDN and at 1-month follow-up, using the non-occlusive
acquisition technique, to access the presence of intraluminal disruptions such as spasm,
thrombus, or dissection. Images were acquired using the llumienTM OptisTM System and the
DragonflyTM Imaging Catheter (St. Jude, MN, USA). The catheter was advanced over a standard
0.014" guidewire, positioned distally to the major bifurcation, and pulled back automatically
with simultaneous manual injection of a nonionic contrast medium. OCT analysis was done by
two independent and experienced analysts. Minimum, mean and maximum vessel areas and
diameters were calculated through the analysis of cross-sectional images frame by frame, using
the main bifurcation as the distal reference point. Lumen volume was calculated based on the

minimum lumen area.
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Histological analysis

The samples were removed from the dry ice, sectioned at 5 um, and stored at -80 °C. Three
artery regions, prebifurcation, were evaluated and compared with the contralateral side
(proximal, medium, and distal). Fibrosis area was assessed in frozen sections with Masson’s
trichrome staining, according to the instructions of the Trichrome Stain kit (Abcam, Cambridge,

MA, USA). Briefly, frozen slides were fixed with Bouin’s solution. After incubation in Weigert's

iron hematoxylin solution, the slides were stained with Biebrich Scarlet-Acid Fuchsin and Aniline
Blue and dehydrated in ethanol and xylene. Extensive washes were done between each staining.
The collagen fibers were stained blue, the nuclei were stained black and blue, and the cytoplasm
was stained red. Artery sections were immunostained as follows: frozen sections were fixed with

4% paraformaldehyde, washed with phosphate-buffered saline, permeabilized

with 0.2% (vol/vol) Triton X-100, and incubated in 2.5% bovine serum albumin to block
unspecific staining. For TH immunodetection, sections were incubated with primary antibody
(ab137869, Abcam, Cambridge, MA, USA) overnight at 4 °C. Thereafter, the samples were
incubated with the secondary antibody for an additional hour at room temperature. Nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI). The specimens were mounted with MOWIOL
4—88 Reagent (Calbiochem®). Fluorescence microscopy images were collected using a Zeiss Axio

HXP IRE 2 microscope (Carl Zeiss AG, Jena, Germany).

Norepinephrine and epinephrine quantification in the renal cortex and medulla

NE and Ep were quantified in the renal cortex and medulla by an experienced researcher who
was blinded to the treated artery. From each kidney, 100 mg of renal cortex and medulla were
collected, distributed in Eppendorf tubesTM, sonicated in ice-cold 0.2M perchloric acid and
centrifuged. Supernatants were filtered using 0.2 um Nylon microfilters (Costar® Spin-X®
Centrifuge Tube Filter) and stored at —80 °C until further analyses. The pellet was resuspended
in 1M NaOH and stored at -80 °C for total protein quantification by the bicinchoninic acid
protein assay (Thermo Fisher Scientific, MA, USA). A reversed-phase high-performance liquid
chromatography method using isocratic elution and electrochemical detection was applied to

quantify kidney NE and Ep levels, as described previously [11-13]. NE was quantified by an
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analytical cell (model 5011, ESA Analytical, Dorton Aylesbury, Buckinghamshire, UK) set at a
potential of 0.25 V and attached to a Coulochem-Il electrochemical detector. Ep was quantified
by a glassy carbon electrode vs. Ag/AgCl reference electrode set at a potential of 0.75 V and
attached to an amperometric electrochemical detector. A flow rate of 0.5 mL/min and a
sensitivity of 100 nA were used to detect renal cortical and medulla NE (coulometric detector).
A flow rate of 0.3 mL/min and a sensitivity of 0.5 nA were used to detect renal cortical and
medulla Ep (amperometric detector). Catecholamine concentration in each sample was
determined by comparison with peak areas of standards and is expressed in nanograms per

milligram of protein.

Statistical analysis

This study was planned to evaluate independent cases, with one control per case, with a
previously determined sample size. The statistical tests used in the different sets of data were
Student’s t-test and the non-parametric Friedman test. All reported p values < 0.05 were
considered statistically significant. Analyses were performed using SPSS statistics version 22
(IBM SPSS Statistics, IBM Corporation, Armonk, NY, USA) and GraphPad Prism version 5
(GraphPad Software, Inc.).
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Results

All animals survived the procedure and were in good health after 1 month. A weight change
from a baseline of 31 + 1.2 to 43.8 + 4.5 kg at follow-up was documented. No vascular
complications on the renal angiogram or at the femoral level were observed. RDN was
performed in 12 renal arteries (six in the left and six in the right); a total of 6-8 ablations were

delivered to each artery (mean 6.3 + 0.8).

OCT analysis

A total of 36 pullbacks were evaluated by two independent operators. All peri-procedural
pullbacks had excellent quality, with good lumen and vessel layer visualization. At follow-up,
75% of the pullbacks had excellent quality, but 25% (three animals) were not analyzed due to
the greater artery dimensions, which prevented full lumen/artery visualization. The lumen area,
diameter and volume quantification are displayed in Table 1. Statistically significant differences
were found between the minimum area, diameter, and volume in the three timings, mainly due
to differences between post-procedural and follow-up values, probably indicating a higher
degree of spasm at sites where the vessel is narrower. A normal and physiological vessel growth
and healing after 1 month was observed. Postprocedurally, angiographically clear vessel notches
were distinguished and correlated with the sites where RF energy was delivered. In OCT cross-
sections, endothelial edema and vessel spasm were present in 100% of the arteries, without
associated flow compromise. Intraluminal thrombus formation was present in 11 of the 12
treated arteries. One minor dissection was visualized (2 frames). At 1-month follow-up, all
arteries appeared to be completely healed, as none of the previously described lesions or renal

artery stenosis was present (Figs. 2 and 3).
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Table 1: Optical Coherence Tomography assessment at three different timings. Statistically

significant differences were found between the minimum area, diameter and volume in the

three timings, mainly due to differences between post-procedural and follow-up values,

probably indicating a higher degree of spasm at sites where the vessel is narrower, and a normal

and physiological vessel growth and healing after one month.

Before RDN Immediately Follow-up p value
after RDN (one month)
Lumen area (mm2)
- Mimimum 9.4+4.4 6.3+3.3 12.3+3.7 0.003
- Mean 12.5+2.6  9.243.2 13.5+4.9 0.097
- Maximum 14.7£2.5 12.71£3.6 17.7+£3.9 0.097
Lumen diameter
- Minimum 3.3+0.98  2.7+0.79 3.9+0.62 0.003
- Mean 3.9+0.45  3.2+0.68 4.3+0.5 0.062
- Maximum 4.3+0.37 3.99+0.59 4.7+0.5 0.097
Lumen Volume (mm3) | 136158 123.4+75.1 204.6183.1 0.032

Values are presented as mean + SD

Figure 2: Optical coherence tomography assessment. Bif: bifurcation; T: thrombus; yellow arrow:

spasm and endothelial edema.
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Figure 3: Several degrees of vasoconstriction (spasm) and endothelial edema as assessed by
optical oherence tomography. Left column: prerenal denervation (RDN); right column:

immediately after RDN. RDN: renal denervation

Pre-RDN Post-RDN

Histological analysis

The presence of neuronal enervation was assessed by TH immunostaining in three zones of the
renal artery, according to the distance from the bifurcation and the RF delivery. The images
clearly showed that TH immunostaining in denervated arteries was significantly lower than in
the nondenervated controls, in all three zones analyzed, suggesting a near absence of nerve
terminals in the treated artery. The presence of fibrosis was evaluated using Masson's trichrome
staining (in which blue color stains for collagen and red stains for muscle fibers). The images

show that in denervated arteries, more collagen was embedded in the media, suggesting an



Original Article Number 1 79

increase in fibrosis (with the red layer (media) becoming less red and more blue). Collagen
accumulation was quantified and revealed a statistically significant increase in collagen in the

treated artery vs the control (Figs. 4-6).

Norepinephrine and epinephrine assessment

NE and Ep levels in the renal cortex and medulla were similar when comparing the treated side
to the contralateral untreated control. Overall, NE was significantly higher in the medulla than

in the renal cortex, while Ep was similar in both regions (Fig. 7).

Figure 4: Tyrosine hydroxylase immunostaining (THI) in three zones of the renal artery (a—f:
control; g—I: denervated artery. THI is clearly lower in denervated areas than the control,
translating a reduction in nervous terminals. Masson’s trichrome staining is shown in the right
columns (a—c: control; d—f: denervated artery). Blue stain is collagen, whereas red stain is muscle
fibers. In denervated areas, the amount of collagen embedded in the media is higher, translating

into an increase in fibrosis (the red layer (media) becomes less red and bluer).
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Figure 5: Tyrosine hydroxylase immunostaining showing a statistically significant difference

between the denervated artery (near absence of nervous terminals) vs the control. **p < 0.01
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Figure 6: Collagen accumulation as assessed by Masson’s trichrome staining in the renal arteries

1 month after renal denervation was performed. There was a statistically significant increase in

collagen levels in the denervated arteries compared to control. *p < 0.05.
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Figure 7: Data are mean + SEM of norepinephrine (NE) and epinephrine (Ep) levels (ng/mg
protein). **p < 0.01, ***p < 0.001 (medulla vs. cortical region, using an unpaired Student’s t-

test). CTR: control side; TRT: treated side.
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Discussion

Our study demonstrated several main findings: (1) RDN performed in the proximal/medial
segment of the renal artery (prebifurcation), with a multi-electrode device, causes acute vessel
wall changes, revealed by OCT, such as intimal disruption (edema/spasm) and intraluminal
thrombus formation. (2) RDN appears to be safe in the medium term. At the 1-month follow-up,
OCT revealed a completely healed vessel and the absence of ““de novo” stenosis. The only
dissection detected was no longer visible at this point in time. (3) The histological analysis
revealed nearly absent TH immunostaining and a statistically significant increase in the amount
of collagen fibers in the denervated artery, compatible with a decrease in nerve terminals and
an increase in fibrosis, compared to the control, suggesting an efficacious delivery of the RF
energy to the vessel wall. No differences were found in the NE or Ep renal tissue levels between

the treated and contralateral kidney.

The recent HTN-3 trial [6, 7] raised several questions regarding the efficacy of RDN in the
proximal main renal artery but is virtually the only negative trial among numerous randomized
trials. Several aspects of the procedure and the Hawthorne effect are thought to have
contributed to the unexpected results [14], and research is currently focusing on updating the
present knowledge to achieve experimental and subsequent clinical success. Recent Ambulatory
blood pressure monitoring (ABPM) data from the Simplicity Spyral Global registry are very
encouraging (presented at EuroPCR 2016) and suggest distal (targeting the branches) RDN may
be effective. Augmented sympathetic activity can also exert deleterious effects on the heart and
the potential benefits of RDN in this setting are promising. Watanabe et al. [15] showed that, in
hypertensive rats, RDN suppressed the development of left ventricular hypertrophy and was

protective against renal damage, resulting in prolonged survival.

Renal anatomy and the sympathetic nerve distribution in the proximity of the renal vasculature
was the pathophysiological basis for the development of RDN. Particularly important was the
distance of the renal nerves to the vessel lumen and how they were distributed around the
artery. Atherton et al. [9] demonstrated that there were fewer but larger nervous bundles in the
proximal segment, which were distributed throughout the artery and became progressively

smaller but more numerous in the distal segments. Therefore, it has been hypothesized that if
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the ablation points are closer to the ostium and directed to the superior side of the artery, the
effectiveness of RDN is increased [16]. These recommendations were difficult to implement with
the first-generation single-electrode devices, as this region is associated with higher catheter
instability, which makes contact with the arterial wall difficult to achieve. However, more recent
findings and an improved understanding of the renal anatomy refined the original technique.
Roy et al. [17] examined three sections of post-mortem human renal arteries and found that
although 77% and 22.5% of the nerves are located between 0.5-2.5mm and 2.5-5mm from the
intimal layer, respectively, variations do occur, and in larger arteries with thicker parenchyma,
the nerves are concentrated even further away from the lumen. Additionally, as nerve bundles
have a three-dimensional distribution along the vessel, the authors suggest that a
circumferential denervation pattern is preferential to an interrupted one in order to produce
tissue damage beyond 2.5 mm. Sakakura et al. [10] showed that >75% of sympathetic nerves
are located within 4.28mm from the lumen and less frequently in a dorsal location compared to
the ventral, superior and inferior regions. Furthermore, the authors found that even though
there are fewer nerves in the distal segments compared to the proximal and middle segments,
they are closer to the lumen. They proposed a diagram that reflects the circumferential peri-
arterial nerve location. In pigs, Mahfoud et al. [18] demonstrated that delivering RF to the
branches resulted in greater NE reductions than treating the main renal artery alone; the later
significantly reduced NE concentrations, but without a clear dose response to the increasing
number of RF lesions. The greatest decline in NE concentrations and reduction of axon density
observed in this analysis was obtained from a combined treatment of the main artery and
branches, an approach currently being investigated by two major clinical trials [19, 20]. The 3-
month results of the proof-of-concept, sham-controlled randomized trial SPYRAL HTN-OFF MED
were recently published [21] and revealed a significant decrease in office and 24-h blood
pressure in the RDN group compared to the sham control, suggesting RDN is effective in the

treatment of hypertension.

NE, a neurotransmitter of the sympathetic nervous system, has been used in several human (NE
spillover) and experimental (renal tissue quantification) studies to evaluate the efficacy and
magnitude of RDN. Henegar et al. [22] evaluated whether RDN performed in different segments
of the renal artery in pigs led to variable NE renal tissue concentrations and concluded that RDN
performed in the branches, closer to the kidney, produced the greatest NE reductions. However,

this study did not evaluate procedural safety.
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RDN appears to be safe, although concerns regarding the rare occurrence of renal stenosis
during follow-up have been raised by a few published case reports [23, 24]. In the last 15 years,
OCT has become an important technology in the evaluation of coronary artery structure, by
overcoming the limited spatial resolution and drawbacks of Intravascular ultrasound (IVUS). Not
only is it utilized in the assessment of coronary vulnerable plaques, lumen geometry, and to
guide coronary intervention, but it can also evaluate intraluminal repercussions of RDN,
particularly the presence of spasm, intimal injury, or thrombus formation. The evaluation of
human renal arteries with OCT is clearly more challenging; due to vessel size, a complete
removal of blood cells is difficult to achieve, and proper visualization of layers is limited by an
insufficient depth penetration. Nevertheless, a few small observational studies have disclosed
some data concerning this subject. Templin et al. [25] performed RDN with two different
denervation systems (Symplicity® and EnligHTNTM) in 16 patients, with OCT evaluation pre- and
post procedure; spasm and edema occurred with both devices, although the greatest amount

of thrombus formation occurred with the EnligHTNTM and one dissection with the Symplicity®.

In this study, we used a multi-electrode device to achieve a more circumferential ablation
pattern. Preclinical anatomical studies performed in pigs [26], whose anatomical similarities
with the human cardiovascular system have proven to be useful for the development of several
techniques, revealed a much higher concentration of nervous bundles in the proximal arterial
segments, and predominantly in the right side. Several studies have concentrated on
determining the exact position of periarterial nerves, on identifying the ones involved in the
pathophysiology of resistant HT and on determining the depth range of ablation devices. Vink
et al. [27] evaluated histopathologically a human patient and determined the RF damage did not
penetrate deeper than 2 mm. Therefore, an incomplete denervation potentially leads to a lack
of renal tissue catecholamine reduction. Our study demonstrated similar NE and Ep
concentrations between both sides, which we hypothesize was due to the following
explanations: (1) there was not enough contact with the arterial wall, and RF energy was not
delivered properly. Evidence against this is that the OCT analysis showed a clear edematous
swelling in this segment, with a reduction in the area and diameter acutely (spasm) and
thrombus formation evident in most of the cases. Additionally, the histological analysis revealed
a significant increase in collagen concentration in the denervated sections, a finding consistent
with the intra-arterial imaging. (2) The RF energy was adequately delivered (TH immunostaining

showed a near absence of nervous terminals in the denervated side), but the distance from the
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larger nerves to the arterial lumen was higher than previously described. (3) The number of
ablations (mean 6.3 per artery) was not enough and was therefore unable to achieve a
circumferential pattern in the artery, leading to incomplete denervation. In SPYRAL HTN-OFF
MED, a mean of 43.8 ablations were performed. (4) Afferent sensory nerve fibers communicate
with the contralateral kidney to maintain diuresis and natriuresis despite unilateral disturbances
(renorenal reflex) [28]. Since RF energy was only delivered to one renal artery, after 1 month of
follow-up, adaptive mechanisms could have brought NE and Ep levels back to normal, which
validates the need to denervate both sides systematically. (5) A combination of the described

mechanisms is probably the most likely explanation.

Implications of the current evidence in daily practice

RDN with a multi-electrode device leads to fibrosis and reduced nerve terminals and appears to
have a favorable medium-term safety profile. The authors hypothesize, according to the current
study and the available evidence, that a higher number of ablations, with a more even and
circumferential distribution throughout the artery, should be performed to achieve a favorable
hemodynamic outcome. These results provide imaging and histopathological evidence of the

effect of unilateral RDN, in a small group of subjects, with the previously described method.

Limitations

Several limitations are present in this study. First, this was an observational study in which RDN
was performed in a small number of animals. The distance between nerve fascicles to the
arterial lumen was not evaluated. NE spillover was not assessed but could have been useful to
compliment renal tissue measurements. Regarding safety, even though microthrombi were
present peri-procedurally in most of the cases, the impact of this finding on renal function is
unknown, as it was not assessed. Our study was performed in healthy, normotensive pigs, and

hence, clinical outcomes were not analyzed.
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Conclusions

Our study shows that RDN, when performed in the proximal/medial segment of the renal artery
(prebifurcation) of a swine model, is associated with clear intraluminal disruptions, as assessed
with optical coherence tomography, which are not present 1 month after the procedure. A
statistically significant reduction in nervous terminals and an increase in areas of fibrosis were
demonstrated by histological analysis, suggesting an efficacious application of the
radiofrequency energy. No differences in NE or Ep renal tissue levels were found, probably due
to an insufficient number of ablations and to the study design (unilateral treatment). Current
research is very promising and suggests that a circumferential ablation pattern in both the main
renal artery and the branches may vyield more advantageous clinical/hemodynamic

consequences.
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Abstract

Purpose: To explore the cellular immune response of patients with resistant hypertension

treated with renal denervation (RDN).

Methods and results: Twenty-three patients were included and blood samples were obtained in
six timings, pre and post procedure. Response was evaluated at six-months and one year and
was observed in 69.6% and 82.6% of patients, respectively. Absolute values of HLA-DR+ double
negative (DN) T cells were significantly lower in the group of ‘responders’ at one year, and
interaction between the timings were found in three T cell subsets (T CD4, T CD8 and naive T
CDS8 cells), with the ‘responders’ tending to present with lower absolute values and little inter-

timing variation.

Conclusions: ‘Responders’ significantly present with lower absolute values of activated DN T
cells and have lower and more stable values of total T CD8+, CD4+, and naive T CD8+ cells. These

cell types may be able to predict response to RDN.

Keywords: Hypertension; Renal denervation; Double-negative T cells; Biomarker; Immune

system; Inflammation.

Abbreviations: RDN: renal denervation; BP: blood pressure; HT: hypertension; DN: double
negative; SNS: sympathetic nervous system; ABPM: ambulatory blood pressure monitoring; PRR:

pattern recognition receptors; TCR: T cell receptors.
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1. Introduction

Arterial hypertension (HT) remains one of the most important risk factors for the development
of cardiovascular disease and one of the leading causes of cardiovascular mortality and
hospitalizations [1]. It is now common knowledge that blood pressure (BP) reduction has a
favorable prognostic impact through the reduction of major cardiovascular events like
myocardial infarction, stroke and cardiovascular death, and hence, total cardiovascular risk
burden [2]. The true prevalence of the so-called ‘resistant hypertension’ is still unknown but
apparently revolves around 5-15% [3]. The etiology of a chronically uncontrolled BP is poorly
understood but is believed to be due to genetic, epigenetic and environmental factors in which,
the sympathetic nervous system (SNS) hyperactivation, the requirement of lifelong treatment

and poor medication compliance, are contributing elements [4].

Catheter-based renal denervation (RDN) has emerged as a potential minimally invasive therapy
for the treatment of resistant HT and has been the subject of extensive investigation since the
first RDN was performed in a human, in 2007. The first publication describing its effects arose in
2009 and revealed significant office systolic and diastolic BP reductions in patients taking a mean
of five anti-hypertensive drugs [5]. In the following years several studies were disclosed which
confirmed the apparent BP reduction effect of RDN [6-8], and were followed by a larger trial,
developed in the U.S., that included, for the first time, a sham control group [9]. Even though
the trial failed to show the superiority of RDN, when compared to medical therapy, in BP control,
several confounding factors, such as the Hawthorne effect, the use of a single-tip catheter
(which led to incomplete denervation) and insufficient operator experience, could potentially
explain this lack of efficacy [10]. RDN enthusiasm fainted but did not die and since then, three
rigorously designed sham-controlled trials were developed and provided evidence that RDN

effectively lowers BP (including a proof-of concept trial) and has no safety concerns [11-13].

Patient selection, technical aspects and operator experience have been thoroughly discussed in
the literature in order to determine which factors could potentially identify the ‘responder’ to
RDN, aspect that would help redefine the indications to this therapy and improve efficacy. A
blood-circulating biomarker could be of particular interest to identify the ‘responders’ and could

be a marker of renal function, hemodynamics, vascular stiffness or inflammation.
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The participation of inflammation and, in particular, adaptive immunity, in the elevation of BP is
known to be an elaborate interaction between activated immune cells, oxidative stress and
angiotensin Il activity, promoting an inflammatory status in the kidney, arteries and central
nervous system [14,15]. T lymphocytes are one of the most important effector cells of the
adaptive immune system and specific proof of their involvement in the pathogenesis of
angiotensin Il induced HT was obtained by Guzik et al. [16], using mice lacking T and B cells
(RAG1-/-). These mice had blunted HT and did not develop the vascular alterations usually
present in angiotensin Il induced HT, such as T cell infiltration of perivascular tissue, oxidative
stress, expression of specific inter-cellular adhesion molecules and cytokines, and endothelial-
dependent vasodilation, even during the infusion of angiotensin Il or desoxycorticosterone
acetate (DOCA)-salt. All these features, including HT, were restored after the transfer of T (but
not B) cells. Since then, experimental studies were conducted and showed that the presence of
mutations leading to T lymphocytes deficiency are associated with blunted salt-induced [17] or

angiotensin ll-induced HT [18].

The SNS is the major link between the central nervous system and the immune system and its
stimulation leads to an augmented BP due to an increase in renal sodium reabsorption, cardiac
output and peripheral vascular resistance. The SNS is associated with several immunological
alterations, most of them identified in experimental studies using angiotensin infusions.
Adrenergic stimulation may induce renal immune cell infiltration and the production of
noradrenaline and proinflammatory cytokines by T lymphocytes, macrophages and dendritic
cells. [19] A potential effect of RDN is the reduction of renal inflammation through the
modulation of the SNS but the true impact of this technique on the immunological response of

patients with resistant HT is largely unknown.

The main purpose of this study is to evaluate the immunological response in cohort of patients
with resistant HT and submitted to RDN, especially the behavior of T-cell population, and to

potentially identify a cellular marker to predict response.
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2. Methods

2.1. Study design and patients

This is a prospective, non-randomized, single-center study, which included 23 consecutive
patients aged 38 to 77 years old, treated with RDN due to resistant HT, between May 2014 and
October 2017. A comprehensive medical history and a thoroughly revision of the medication
was undertaken. Ninety-six patients with HT were evaluated, with 73 being excluded from the
study. Inclusion criteria were the following: age over 18 years-old, presence of idiopathic
resistant HT confirmed by ambulatory blood pressure monitoring (ABPM) (total systolic BP over
135 mmHg in spite of a stable medication regimen of maximum tolerated dosages of 3 or more
anti-hypertensive drugs, including a diuretic), glomerular filtration rate over 45 ml/min/1.73m?2
(Modification of Diet in Renal Disease Formula) and compatible renal anatomy (absence of
atherosclerotic stenosis over 50%, prior renal artery revascularization or fibromuscular
dysplasia). Patients with HT due to secondary causes (screening with biochemical and imaging
assessment and polysomnography), with hemodynamically significant valvular disease, with
stroke or acute coronary syndromes in the past 6 months or who refused to sign the informed
consent, were excluded. Baseline evaluation included routine blood work, an electrocardiogram
and a transthoracic echocardiogram. To confirm the presence of ‘true’ resistant HT, all patients
were admitted to the hospital two days prior to the procedure in order to assess medication
adherence (drug-intake was observed). Discharge from the hospital was on the following day
and follow up visits were performed at 7, 30, 90, 180 and 365 days in all patients. Renal
angiogram via the radial artery, to confirm safety, was performed in all patients at 180 days.
Every follow-up visit included a clinical evaluation (BP measurement in both arms). The
occurrence of adverse events and treatment compliance was recorded. Routine blood work, an
electrocardiogram, transthoracic echocardiogram and ABPM were performed in all patients at
6 months and one year follow-up. The study was approved by the Faculty of Medicine of the
University of Coimbra and the Coimbra's Hospital and University Centre Ethics Committees, and

all patients signed an informed consent.
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2.2. Procedure

Renal denervation was performed via the femoral artery, using the single-tip radiofrequency
Symplicity Flex catheter (Medtronic Inc., Santa Rosa, CA, USA), the EnligHTN system (St. Jude
Medical, MN, USA) or the Symplicity Spyral catheter (Medtronic Inc., Santa Rosa, CA, USA). One
Interventional Cardiologist performed all cases in order to minimize procedural variability. An
anesthesiologist was present in all cases and patients were deeply sedated with propofol,
midazolam and/or remifentanil. Arterial access hemostasis was achieved using a vascular

closure device.

2.3. Responders vs. non-responders

A patient was considered ‘responder’ if the mean change in total and daytime ambulatory
systolic blood pressure between baseline and 6 months dropped over 5 mmHg. ‘Late
responders’ (patients considered non responders at six-months but with drops in systolic ABPM
over 5 mmHg at one year) [20] were also identified. Mean difference between systolic and
diastolic office BP between baseline, 6 months and one year was also assessed, even though it
was not considered for the determination of ‘responders’, as ABPM monitoring is generally
considered superior to office measurement, allows for the identification of patients with ‘white
coat’ hypertension and more reliably predicts the future occurrence of cardiovascular events

and target organ damage [21]

2.4. Immune profiling

Venous blood samples were obtained in several timings: D-1 (patient accepted RDN and signed
informed consent), DO (immediately before RDN), D1 (24h after RDN), D7 (one week after RDN),
D30 (one month after RDN) and D180 (six months after RDN).

Peripheral blood cells were counted with hematological counter (Coulter AcT diff, Beckman
Coulter, Pasadena, CA, USA). An extended 10-parameter panel was used for flow cytometry
analysis of T cells. Additionally, activation and maturation profile, as well as memory status was

investigated. Briefly, 100uL or up to 1 x 106 cells were incubated with the surface antibodies for
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15 min, in the dark at room temperature. After incubation red blood cells were lysed with BD
Lysing Solution, for 10 min. Next, cell suspensions were centrifuged at 453g for 5 min and
washed one time with 1x PBS (phosphate-buffered saline) in same conditions. Lastly, cell
suspensions were acquired in a BD FACSCanto Il eight colour flow cytometer (BD Biosciences,
San Jose, CA, USA). The antibodies used to cellular staining are described in Table 1 and
Supplementary Table S1. These antibodies allowed discriminating major and minor populations

of T cells.

Plasmatic levels of IFN-y, IL-4, IL-10, TGF-B and IL-17A were measured using a ProcartaPlex™
multiplex xMAP-based immunoassay (eBioscience, San Diego, California, USA) according to

manufacturer instructions.

2.5. Data analysis

Flow cytometry data was acquired using BD FACSDiva™ v.6.1.3 (BD Biosciences, San Jose, CA,
USA). All samples were then analyzed with FlowJo v.10.7 software (Tree Star Inc., Ashland, OR,
USA). Gating strategy is present in Fig. 1. Multiplex xXMAP cytokine data acquisition was
performed in a Luminex® 200™ System (Luminex Corporation, Austin, Texas, USA) and data
analysis was performed using the ProcartaPlex ™ Analyst 1.0 software immunoassay

(eBioscience, San Diego, California, USA).

Table 1. Panel of fluorochrome-conjugated antibodies used for flow cytometry analysis.

Antibody Conjugate Clone Brand Cat#

CcDh3 V450 ICHT1 BD Biosciences obl416
CD4 Per(CP-Cy5.5 OKT4 Biolegend 317428
CD8 APC-H7 HITBa BD Biosciences 6541400
CD38 APC HIT2 BD Biosciences 555462
CD45RA PECy7 SH9 BD Bicsciences 561216
CD197 (CCRY) PE 150503 BD Biosciences 260765

HLA-DR V500 G46-6 BD Biosciences 561224
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Figure 1: Gating Strategy for the analysis of T cells in peripheral blood samples. For peripheral
blood samples, the discrimination of lymphocytes were based on SSC-A and FSC-A, then T cells
were selected by positivity to CD3 antibody. T cells were plotted in a CD4 versus CD8 diagram to
identify CD4 and CD8 T cells, as well as double positive (CD4 + CD8+) and negative (CD4-CD8)
cells. TCD4 and T CD8 subpopulations were identified with CD45RA versus CCR7 plot, naive cells
(CD45RA+ CCR7+), central memory cells (CD45RA- CCR7+), effector memory cells (CD45RA-
CCR7-) and effector cells (CD45RA+ CCR7-). The presence of CD38+, HLA-DR+ and HLA-DR+
CD38+ cells was also assessed within the CD4 T, CD8 T, DP T (CD4+ CD8+) and DN T (CD4- CD8-)

populations. DP — Double positive; DN — Double negative.
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Supplementary Table 1: Panel of fluorochrome-conjugated antibodies used for pilot

study flow cytometry analysis.

Antibody Conjugate Clone Brand Cat#

CD3 V450 ICHT1 BD Biosciences 561416
CD3 APC-HY SK7 BD Biosciences 560176
CD4 PerCp-Cy5.5 OKT4 Biolegend 317428
CD§ APC-H7 HIT8a BD Biosciences 641400
CD1lc PE/Cy7 B-lv6 BD Biosciences 561336
CD14 V450 MOP? BD Biosciences 560349
CD19 PerCp-Cy5.5 HIBI19 Biolegend 302230
CD24 FITC ML5 BD Biosciences 555427
CD25 PE M-A251 BD Biosciences 555432
CD27 PE/Cy7 M-T271 BD Biosciences 560609
CD38 APC HIT2 BD Biosciences 555462
CD45RA PE/Cy7 5H9 BD Biosciences 561216
CD45RO APC-HY UCHLI BD Biosciences 561137
CDs36 PE B159 Biolegend 318306
CD123 PerCp-Cyv5.5  6H6 Biolegend 306016
CD127 AF647 HIL-7R-M21  BD Biosciences 558398
CD183 (CXCR3) PE IC6/CXCR3 BD Biosciences 550633
CD194 (CCR4) PE/Cy7 1G1 BD Biosciences 577864
CD196 (CCR6) PE/Cy7 11A9 BD Biosciences 560620
CD197 (CCRT) PE 150303 BD Biosciences 560765
HLA-DR Vi00 G46-6 BD Biosciences 561224
IzD V500 TASG-2 BD Biosciences 561490

2.6. Sample size calculation and statistical analysis

Sample size was calculated on 22 subjects to be able to reject the null hypothesis. The Type |

error probability associated with this test of this null hypothesis is 0.05.

Categorical variables were characterized by determining the absolute and relative frequencies,
and numerical variables the means and standard deviations. Comparisons between groups with
regard to the categorical variables were conducted using the Chi-Square Test. Regarding the
continuous variables, Mann-Whitney U Test was used to compare two groups, and Kruskal-
Wallis Test between more than two groups. A general linear model for repeated measures was
applied to analyze variance of each laboratorial parameter, measured several times on each

subject from two different groups, ‘responder’ and ‘nonresponder’. Two different groups
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definition were considered, responders at six months and at one year. Statistical analyses were

conducted using SPSS 19.0®, at a 5% significance level for hypothesis-testing.

3. Results

3.1. RDN response (6 months) and late response (1 year)

A total of 23 consecutive patients (34.8% female, mean age 59.2 + 11.4 years) were included in
this study. Clinical and procedural characteristics are shown in Table 2. Response to RDN was
evaluated at 6 months (group R vs. NR) and at one year (group R1Y vs. NR1Y), as described.
Sixteen patients responded to treatment at 6 months and an additional three patients
responded after one year (‘late-responders’). In the studied population, there were no
differences in most baseline characteristics (active smoking was more frequent in NR1Y group,
p =.021), including office BP, ABPM, number of taken anti-hypertensive drugs or number of total
ablations. There was no change in the anti-hypertensive medication in the first 6 months, being
allowed afterwards. None of the ‘late-responders’ had any change in the medication in the first

year after the procedure.

Six months after RDN, a drop of 21 + 13 mmHg in ABPM mean systolic BP (155 + 12 at baseline
vs. 134 £ 12 mmHg at 6 months, p <.001) was observed in the R group (69.6% of the patients).
At this time point, seven patients were classified as ‘non-responders’, with a drop of minus 7 +
10 mmHg in ABPM mean systolic BP (153 + 13 at baseline vs. 161 + 10 mmHg at 6 months). Even
though office systolic BP was not considered for evaluating response, a drop of 41 + 34 mmHg
(vs. 14 £ 13 mmHg, p =.047) was observed in the R group (191 + 27 at baseline vs. 149 + 21

mmHg at 6 months).

One year after RDN, three patients crossed over to the R group due to a significant drop in ABPM
systolic BP at this time point. A drop of 20 £ 13 mmHg (vs. 1 £ 7 mmHg, p <.001) in ABPM systolic
BP was observed in the R group (82.6%, nineteen patients) at one year (155 + 12 vs. 135 + 16

mmHg).
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3.2. Pilot study

In a preliminary assay including samples of 4 RDN ‘responders’ and 3 ‘non-responders’, collected
in the previously described time points (D-1, DO, D1, D7, D30 and D180), we performed an
extended analysis of T, B and NK cells, monocytes and dendritic cells (data not shown).
Activated, memory, T helper, cytotoxic and regulatory T cell subsets were evaluated. Seemingly,
relevant subset populations of other major leucocytes were analyzed. These results guided the
forthcoming study in order to select T cells (CD4 and CD8, memory and activated subsets) as

possible biomarkers of response in RDN.
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Table 2: Clinical and procedural characteristics between ‘responders’ and ‘non-responders’ at 6

months and one year.

R (n=16) NR (n=7) p value R1Y (n=19) NR1Y (n=4) p value

Age in Y (mean+SD) 61£10.3 55+13.5 ns 59.9+11.8 55.5£9.5 ns
Female sex (%) 25 57,1 ns 36.8 25 ns
Dyslipidemia (%) 87,5 100 ns 89.5 100 ns
Type 2 diabetes (%) 37,5 57,1 ns 42.1 50 ns
Active smoking (%) 12,5 429 ns 10.5 75 0.021
Sleep apnea (%) 62,5 57,1 ns 63.2 50 ns
Number of HT drugs (n+SD) 5.1£1.3 5.44+0.5 ns 5.241.2 5.240.5 ns

- On spironolactone (%) 62.5 429 Ns 57.9 50 ns
Isolated HT (%) 12,5 14,3 ns 15.8 0 ns
BMI (Kg/m?) 29.843.8 30.3+4.3 ns 30.3£3.7 27.8+4.3 ns
Baseline
Office systolic BP (mmHg) 191427 189+20 ns 191427 186+11 ns
Office diastolic BP (mmHg) 107£15 108+26 ns 10720 107+11 ns
Office HR (bpm) 69+10 69+10 ns 70+10 65+11 0.026
ABPM systolic BP (mmHg) 155+12 153+13 ns 155+12 150+12 ns
ABPM diastolic BP (mmHg) 87+13 93+16 ns 89+14 89+13 ns
6 Months
Office systolic BP (mmHg) 149421 175426 0.026 154426 172+14 0.027
Office diastolic BP (mmHg) 82+14 102+16 0.014 86+16 100+19 ns
Office HR (bpm) 63+11 72+14 ns 66+13 65+11 ns
ABPM systolic BP (mmHg) 134+£12 161+10 <0.001 139+16 158+7 ns
ABPM diastolic BP (mmHg) 77+11 95+16 0.008 81+15 90+14 ns
One year
ABPM systolic BP (mmHg) 135+16 149+20 ns 135+16 160+15 0.016
ABPM diastolic BP (mmHg) 76+11 88+14 ns 77+10 94+16 0.044
Total ablations (n) 25.6+9.2 22.4+7.3 ns 25.5+9.2 20.7+4 ns
Drop in office systolic BP at 6 41+34 14+13 0.047 37432 14+16 ns
months (mmHg)
Drop in ABPM systolic BP at 6 21+13 -7£10 <0.001 17£16 -8.5+12 0.004
months (mmHg)
Drop in ABPM systolic BP at 1 20+12 4421 ns 20+13 -11+7 <0.001

year (mmHg)

R: responder; NR: non-responder; R1Y: responder at one year; NR1Y: non-responder at one year; Y: years; HT: hypertension; BMI: body mass index;

HR: heart rate; BP: blood pressure; ABPM: Ambulatory pressure monitoring. Results are displayed in mean+ standard deviation (SD).
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3.3. T cell memory and activation subsets help to define RDN responders

The analysis of T cells was performed before the procedure, at the time of informed written
consent (D-1) and in the morning before RDN, during hospital staying (D0), and at four different
time points after the procedure (D1: 24 h after; D7: one week after; D30: one month after; D180:
six months after). The ‘responders’ were compared to ‘non-responders’ both at six months and

at one year, in order to include the ‘late responders’.

The analyzed cell populations are described in Table 3: absolute values of HLA-DR double
negative (DN) T cells were significantly lower in the R1Y group at all timings (9.83% vs 11.48%, p
= .032), but this difference is clearer at timing D-1 (Fig. 2). ROC curve at D-1showed an area
under de curve (AUC) of 0.974 (p =.013, 95% Cl 0.9-1). The ROC curve at all timings showed an
AUC of 0.703 (p =.003, 95% Cl 0.6-0.8). A HLA-DR DN T cells cut-off value of <9.635% showed
the best overall sensitivity and specificity and was associated with RDN response (Fig. 3). To
assess the activation status of DN T cells, IFN-y, IL-4, IL-10, TGF-B and IL-17A were quantified at
four timings. No statistically significant differences were found between groups but there was
significant inter-timing variability regarding IL-17A (p = .034). Absolute values of IL-17A are
similar between R and NR groups at DO, D1 and D7 but at D30, an increase is noted in the NR
patients, a finding that could correlate with the described higher values of activated DN T cells

in this group (Fig. 4).

Interactions between the timings, but not between the groups, were found in CD4 T cells (p =
.03), CD8 T cells (p = .045), and naive CD8 T cells (p = .035) when comparing R1Y vs. NR1Y, with
the ‘responders’ tending to present with lower absolute values and little inter-timing variation,
when compared to ‘non-responders’. Fig. 5 illustrates the estimated marginal means of the

referred cell types, within each group, at six timings.

Fig. 6 represents the heatmaps for absolute frequencies of DN, DP, CD4 and CD8 T cell subsets,
activated (HLA-DR and CD38) DN, DP, CD4 and CD8 T cell subsets and naive and memory CD4

and CD8 T cell subsets, in ‘responders’ at 6 months and one year. The heatmaps demonstrated

that the ‘non-responder’ group shows a pattern distinct from the ‘responder’ group.
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Table 3: Comparison of total lymphocytes and T cell populations between responders and non-

responders at 6 months (R vs NR) and one year (R1Y vs NR1Y).

Cell populations R (n=16) NR (n=7) ITVar Rvs NR R1Y (n=19) NR1Y (n=4) ITVar R1Y vs NR1Y

p value p value p value p value

Absolute counts (cells/pl)

CD8 T cell
DO 582.44289  491.34281 591.2+280.3 395.5+£267.9
.6 5
D1 579.1£357  668.1+381 606.1+350 619.4+415.1
.6
D 30 611.8+8.8 705.4+384 " " 605.2+339.3 794.1+434.4 0.045 "
3
D 180 564.4£319  614.7£293 568.9+304.4 630.4+348.8
N
Relative frequencies (%)
CD4 T cells
D-I 57.9+13.4 57+10.9 57.7£13.3 57.1£9.1
Do 57.5+12.8 62+9.4 57.6£12.6 64.7+4.1
D1 55.7+13 58.248.5 55.8+12.7 59.5+4.7
D7 56+14.8 57£10.9 " " 55.6+14.4 59.2+8.4 003 "
D 30 58+14.5 58.1+11.8 57.5+14.5 59.9+8.1
D 180 56.1£13.3 54.1+14.7 56.6+13.4 50.7+14.1
Naive CD8 T cells
D-I 11.3£7.4 19.1£13.7 14.4+£11.1 12.948.5
Do 11.9£10.5 26.4+15 15.3+14.3 23.6+10.9
D1 11.149.2 21.9+14.3 14.2+13.2 17.5+7.7
D7 9.9+5.9 1745105 » 11.9+8.7 15.1+8 0035 »
D 30 11.1+8.8 22.4417.1 13.6+11.7 21+18.8
D 180 9.746.5 22.4+17.7 14.2+13.1 14.1+14.1
HLA-DR DN T cells
D-1 5.742.5 14.21£12. 5.743.2 19.7+13.4
7
Do 4.6+2.3 9.4+4.5 5.3+£3.7 10£1.6
D1 5.7+4.6 9+6.1 ns ns 6.4+5.7 8.3+1.8 ns 0.032
D7 5.7+4 6.1£3.3 5.243.9 8.4+0.4
D 30 6.6+3.9 9.2+4.8 6.4+4 12£1.2
D 180 10.6+13.9 8+10.5 9.6+12.8 10.5+13.8
Not statistically Lymphocytes, T cells, DN T cells, CD38 DN T cells, HLA-DR CD38 DN T cells, DP T cells, HLA-DR DP T cells, CD38 DP T
significant cells, HLA-DR CD38 DP T cells, Naive CD4 T cells, Central memory CD4 T cells, Effector memory CD4 T cells, Effector

CD4 T cells, HLA-DR CD4 T cells, CD38 CD4 T cells, HLA-DR CD38 CD4 T cells, Naive CD45RA low CD8 T cells, Central
memory CD8 T cells, Effector memory CD8 T cells, Effector CD8 T cells, Effector CD45RA low CD8 T cells, HLA-DR CD8
T cells, CD38 CD8 T cells, HLA-DR CD38 CD8 T cells

ITVar: inter-timing variability; DN: double negative; DP: double positive. Results are displayed in mean+ standard deviation.
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Figure 2: Comparison between activated CD8+, double-positive, double-negative and CD4+ T

cells, in ‘responders’ at one year (R1Y) vs ‘non-responders’ (NR1Y). HLA-DR+ double-negative T

cells are significantly lower in R1Y vs NR1Y. Samples were obtained at six timings (D-1, DO, D1,

D7, D30 and D180 — see text). The red line represents NR1Y (n =4) and the blue line R1Y (n=19).

Statistical analysis was performed using the Kruskal-Wallis Test and a general linear model was

applied to analyze variance of each laboratorial parameter. Data are presented using mean *

standard deviation
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Figure 3: A HLA-DR+ double-negative T cells cut-off value of <9.635% showed the best overall
sensitivity and specificity for determining renal denervation response (A) ROC curve: HLA-DR+
double negative T cells at timing D-1. (B) ROC curve: HLA-DR+ double negative T cells at all

timings. DN — double negative; AUC — area under the curve.
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Figure 4: Quantification of IL-17A at four timings (DO, D1, D7 and D30 — see text). No statistically
significant differences were found between groups but there was significant inter-timing
variability (ITVar) in the response at six months. At D30 there is a tendency for increased values
of IL-17A in the NR and NR1Y groups. R — responders at six months; NR — non responders at six

months; R1Y — responders at one year; NR1Y — non responders at one year.
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Figure 5: ‘Responders’ to renal denervation tend to have lower absolute values and lower
variability of CD4, CD8 and naive CD8 T cells throughout the time. Intertiming variability is
significant within the groups. Samples were obtained at six timings (D-1, DO, D1, D7, D30 and
D180 — see text). (A) Estimated marginal means of naive CD8+ T cells in ‘responders’ at six
months (R, green line) vs ‘non-responders’ (NR, black line). (B) Estimated marginal means of
naive CD8+ T cells in ‘lateresponders’ (R1Y, blue line) vs non-responders (NR1Y, red line). (C)
Estimated marginal means of total CD4+ T cells in R1Y (blue line) vs NR1Y (red line). (D) Estimated
marginal means of total CD8+ T cells in R1Y (blue line) vs NR1Y (red line). Statistical analysis was
performed using the Kruskal-Wallis Test and a general linear model was applied to analyze
variance of each laboratorial parameter. Data are presented using mean * standard deviation.

ITVar — inter-timing variability.
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Figure 6: Renal denervation response
at 6 months and one year, according to
CD4/ CDS8, activation and memory T cell
subsets. (A) Heatmap for absolute
frequencies of DN, DP, CD4, CD8 T cell
subsets in ‘responders’ and “non-
responders” at 6 months (R6M) and
one vyear (R1Y). (B) Heatmap for
absolute frequencies of activated (HLA-
DR and CD38) DN, DP, CD4, CD8 T cell
subsets in ‘responders’ and “non-
responders” at 6 months (R6M) and
one year (R1Y) after renal denervation.
(C) Heatmap for absolute frequencies
of naive and memory CD4 and CD8 T
cell subsets in ‘responders’ and “non-
responders” at 6 months (R6M) and
one year (R1Y) after renal denervation.
Blue and red bars in the top of
heatmaps represent ‘responders’ and
“non-responders”, respecti vely, for
response at 6 months (R6M) and
response at 1 year (R1Y), according to
legend in the right of figure. Numbers
at the bottom of the heatmaps
represent patient case numbers
identifiers. DN — double negative; DP —

double positive.
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4. Discussion

The latest research on RDN showed that the procedure effectively lowers BP more than sham-
control groups [22]. However, not all patients respond to RDN and the reasons for this lack of
efficiency are altogether unknown [23]. Many questions remain to be answered regarding the
physical, hemodynamic, humoral or immunological profile of the responder. A biomarker that
could potentially predict the BP response to RDN has not yet been found even though it has

been the focus of research teams worldwide [24-26].

Essential HT is a complex disease characterized by a complex interaction between (1) the heart,
which pumps blood to the body, (2) the central and peripheral nervous system, which regulates
all organs, (3) the kidney, that regulates sodium and water excretion and hence blood volume,
and (4) the vasculature, which regulate the blood flow by vasoconstriction and —dilation.
However, the specific contributors and the exact manner of the disturbance in the interaction
between these systems, is unknown. Two major systems are overactivated in HT, the renin-
angiotensin-aldosterone system and the SNS [4]. Increased sympathetic outflow is a constant
finding in HT and is well known that this hyperactivation leads to vasoconstriction, vascular
smooth muscle cell proliferation and vascular remodeling [27]. Emerging evidence in the last
years, suggest that a significant part of these alterations originate from a baseline inflammatory
milieu, which leads to the activation of innate and adaptive immunity and consequent end-organ
damage, ensuing with cellular infiltration and production of several cytokines and chemokines
[28]. The innate immunity is an immediate response to threatening signals, identified as
pathogen-associated molecular patterns (PAMPs) or danger-associated molecular patterns
(DAMPs). These signals are recognized by pattern recognition receptors (PRR) that will lead to
the appearance of inflammasomes, which secret various proinflammatory cytokines [29]. The
Toll-like receptors are a type of PRR and the only ones, until the present time, that have been
shown to be involved in the inflammation process associated with HT [19], being expressed by
T and B cells, among others. Besides offering an immediate response, the inflammasome
effectively presents antigens to naive T cells and therefore promotes a subsequent specific
adaptive immune response [30]. The adaptive immune system is characterized by a unique
response to endogenous or exogenous antigens and the most important effector cells are T and

B lymphocytes [19].
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As the contribution of the immune system to the development of HT is well known, basically,
every cell type of the innate and adaptive immunity has been implicated in its pathogenesis.
There is a large amount of evidence stating that immune cells infiltrate organs responsible for
the regulation of BP, and that the depletion of specific immune cells types, or inhibiting their
function in animal models, protects against HT. Activated T cells, through the promotion of
various levels of inflammatory response, tissue damage, cytokine production and
chemoattraction of other inflammatory cells, and the promotion of autoantibody production by
B cells, have a central role in different autoimmune diseases and inflammatory states [31]. In
humans, approximately 95% of T cells express T cell receptor (TCR) aff and the remaining 5% of
T cells express TCR y6 [32]. CD4 and CD8 define the most common T cell subsets. The so-called
‘double-negative’ (DN) T cells are approximately 1-10% of all CD3 T cells in the peripheral blood
and are linked to the pathophysiology of autoimmune/inflammatory conditions characterized
by increased levels of this cell type [33—-35]. In spite of all the ongoing investigation, origin,
differentiation and function of DN T cells both in healthy individuals and in disease, remains

poorly understood.

This study identified, for the first time, a potential cellular biomarker and a set of parameters
that may be the jump-start to the characterization of the immunological behavior of the

‘responder’ to RDN.

First, ‘non-responders’ at one year showed significantly elevated levels of activated DN T cells at
all timings, when compared to ‘responders’, a difference not observed when response is
evaluated at six months, eventually because ‘late-responders’ show a similar immunological
pattern to earlier ‘responders’, and were part of the ‘non-responder’ group at that time. The
mechanisms leading to an early, vs. a late response are not clarified. Several studies report the
involvement of self-reactive, pro-inflammatory DN T cells in systemic inflammation and tissue
damage, and their role in the pathogenesis, symptom onset and disease activity in autoimmune
diseases such as autoimmune lymphoproliferative syndrome [36], systemic lupus
erythematosus [37], Sjogren's syndrome [38] and psoriasis [39] is established. HT is associated
with a deregulated immune response but the precise factors leading to immune cell activation

are not defined.
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Second, in this study, ‘non-responders’ have much higher baseline levels of activated DN T cells,
a finding that can be related to a much more exuberant inflammatory systemic response and a

major contribution of other mechanisms, other than the SNS, to the perpetuation of HT.

Third, DN T cells levels were reduced after RDN even in ‘non-responders’, notwithstanding the
levels in ‘responders’ were significantly lower. Several studies report that DN T cells secret
several cytokines and chemokines such as IL-10 and IFN-y, which may exhibit both regulatory
and pro-inflammatory effects, and also IL-1, IL-3 and IL-17, which are pro-inflammatory [40]. As
the SNS is a major intercommunicating pathway between the central nervous system and the
immunological system, and adrenergic stimulation leads to increased pro-inflammatory
cytokine production by several immune cells, one possible explanation for the observed
decrease in activated DN T cells after RDN is the blunted sympathetic activity, much more
significant in ‘responders’ but most certainly also present in ‘non-responders’, leading to a
decrease in the stimulation of DN T cells and therefore their absolute levels. ROC curve analysis
revealed that a HLA-DR DN T cells value of £9.635% offered the best overall sensitivity and
specificity for predicting response. IFN-G, IL-4, IL-10, TGF-B and IL-17A quantification was similar
between both groups, even though a separation of the curves is noted at D30, regarding IL-17A,

which is consistent with the perpetuation of an inflammatory milieu in non-responders.

A fourth finding in this study is the inter-timing variability in some T cell subsets such as CD4 and
CD8 T cells and naive CD8 T cells. Even though statistically significant differences in absolute
values were not found between the R/NR or the R1Y/NR1Y groups, a tendency for
‘nonresponders’ to exhibit higher and more variable values of this cell types is evident,

suggesting the presence of an active inflammatory milieu.

Our group is the first to potentially identify an immunological cellular biomarker to predict
response to RDN and complement clinical practice, and to characterize the cellular
immunological behavior of the ‘responder’. So far as we know, this is the first study to assess

the immune cell population in patients with resistant HT submitted to RDN.
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5. Limitation

This is a small single center study, and one of the major limitations is the small number of ‘non-

responders’. Large-scale studies/trials are necessary to confirm these results.

6. Conclusions

RDN is an option for patients with resistant hypertension, even though it is not effective in all
subjects. The reasons for this lack of response are unknown and research is currently focusing
on identifying a laboratory biomarker, which would help to better select the patients referred
to this technique. Our study assessed the immune system in patients submitted to RDN and
demonstrated, for the first time, that low absolute values of activated DN T cells and that lower
and more stable values of total CD4, CD8, and naive CD8 T cells, are cellular biomarkers able to

potentially predict the response to RDN.

7. Impact on daily practice and take-home message

¢ A biomarker to predict the response to renal denervation has not yet been identified and many
guestions remain to be answered regarding physical, hemodynamic, humoral or immunological

profile of the responder.

* ‘Non-responders’ presented with significantly elevated levels of activated double-negative T
cells, when compared to ‘responders’, a difference more evident before performing renal

denervation.

* ‘Non-responders’ tend to exhibit higher and more variable levels of specific T cell subsets, such

as total CD4 and CD8 and naive CD8 T cells.

¢ This cell types can potentially predict the response to renal denervation and help to better

select patients to perform this minimally invasive technique.
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Abstract

The role of the immune system and hence inflammation, in the pathophysiology of hypertensive
patients, is not clear. Up to this time, most clinical and biochemical parameters failed to predict
a positive response to renal denervation (RDN). Our aim was to evaluate the immune response
in a cohort of patients submitted to RDN, through the analysis of cytokine, chemokine and

growth factor behavior.

A population of 21 resistant hypertension patients, submitted to RDN, was evaluated at six-
months and one year. Response was defined as a drop = 5mmHg in ambulatory blood pressure
monitoring. Sixty-seven percent of patients clinically responded after 6 months and eighty-one
percent at one year. There were no complications or safety issues. Blood samples were obtained
at four timings, pre- and post-procedure and, plasmatic levels of 45 cytokine, chemokine and

growth factors were quantified.

Baseline characteristics were similar between groups, except active smoking that was more
frequent in non-responders at one year. Regulated on activation, normal T cell expressed and
secreted (RANTES/CCL5) levels were significantly lower in responders, both at baseline and at
30 days (p=0.037), and a level £15496 pg/ml was the optimal cutoff, for prediction of response.
IL-15, IL-17A, IL-27 and leukemia inhibitory factor (LIF) varied significantly in time, with an acute
rise being observed 24h after RDN.

Low plasmatic levels of the chemokine RANTES/CCL5 was the most significant result associated
to RDN response and may help to identify the best candidates among patients with true resistant

hypertension.

Keywords: Hypertension; Renal denervation; RANTES; Cytokines;, Chemokines; Immune system;

Inflammation.

Abbreviations: RDN - renal denervation; BP - blood pressure; HT - hypertension; SNS -

sympathetic nervous system; ABPM - ambulatory blood pressure monitoring.



122 Delgado Silva J and Rogrigues Santos P. 2021 Int J of Cardiology: Hypertension

1. Introduction

The identification of specific patient subsets which derive the most benefit from renal
denervation (RDN) has been the focus of investigators in the last years. Following the
unexpected outcomes of HTN-3 trial !, three second generation randomized trials on RDN 2*
were carefully elaborated and have shown a significant decrease of blood pressure (BP) in a
wider cohort of patients, with and without anti-hypertensive drugs, demonstrating not only
efficacy but also safety. The role of the immune system and hence inflammation in the
pathophysiology of hypertensive patients, submitted to RDN, is not clear and, up to this time,

most clinical and biochemical parameters failed to predict response to RDN. °

Several mechanisms contribute to the pathogenesis and perpetuation of hypertension (HT), in
which the renin-angiotensin-aldosterone system (RAAS) has major implications. Angiotensin I
binds to angiotensin 1 receptors (AT1), usually present in several immune cells such as T cells,
dendritic cells and macrophages, and determine their differentiation and subsequent pro-
inflammatory cytokine production. ¢ Pro-inflammatory stimuli trigger endothelial expression of
adhesion molecules and increase leucocyte migration, promoting fibrosis and hypertrophy, with
reduction of vascular luminal diameter. 7 Additionally, angiotensin Il also contributes to
inflammation as it increases reactive oxygen species (ROS) production (including superoxide), by
stimulating nicotinamide adenine dinucleotide (NADH) and nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, leading to reduced levels of nitric oxide (NO) and development of
oxidative stress. Mitochondrial oxidative stress (main source of ROS) may lead to both end-organ
dysfunction and HT, by enhancing more NADPH production, the RAAS system and pro-
inflammatory cytokine secretion which, in turn, stimulate oxidase activity and superoxide

production, creating a never-ending process. 810

Dorr et al aimed to study the impact of endothelial adhesion molecules, indicators of endothelial
dysfunction, on RDN response, and concluded that responders may be more affected by HT-
related endothelial dysfunction and shear stress. ! The same research group studied the impact
of brain-derived neurotrophic factor (BDNF) on RDN response, a neurotrophin directly involved
in the regulation of neurotransmitter production by the sympathetic nervous system (SNS). The

authors found a significant decrease in BDNF levels immediately after RDN that correlated with
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systolic BP reduction at 6-month follow-up (FU), which is in accordance with the previous
knowledge stating that a decrease in BDNF expression is associated with an impaired density of
sympathetic activity and transmitter release. 2 Eikelis et al assessed the bioavailability of NO in
patients submitted to RDN, hypothesizing it could function as a potential mechanism to the
lowering BP effects. In this study, none of the plasma cytokines measured had a predictive value
to differentiate responders from non-responders but the authors found a significant reduction
in soluble fms-like tyrosine kinase-1 (sFLT-1) and interestingly, NO elevation was only seen in
responders, with a possible explanation being the disassemble of vascular endothelial growth
factor (VEGF)-NO pathway, which was preventing generation of NO and therefore limiting the

BP lowering effect in non-responders. 13

Previously, our group explored the cellular immune profile in patients with resistant HT and
treated with RDN. Levels of HLA-DR+ double-negative T cells were significantly higher, both at
baseline and post-procedure, in the non-responders, a finding that is aligned with the current
knowledge stating the presence of a more profuse inflammatory milieu in this group, which
could contribute to the perpetuation and severity of HT. ** In continuance of the described
research, the aim of the current study was to evaluate the behavior of a subset of cytokines,

chemokines and growth factors in a cohort of patients with resistant HT, treated with RDN.
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2. Material and Methods

2.1 Patients

The study population in this prospective, non-randomized, single center study included 21
patients with resistant HT and treated with RDN between May 2014 and October 2017. Patients
were included if they presented with idiopathic resistant HT (treated with three or more anti-
hypertensive drugs in maximum tolerated dosages, including a diuretic), measured by
ambulatory BP monitoring (ABPM), with mean systolic BP > 135mmHg. Patients with renal
dysfunction (glomerular filtration rate <45 ml/min/1.73m2), recent major cardiovascular events,
fibromuscular dysplasia, previous renal angioplasty or untreated secondary HT were excluded.
Basal assessment consisted of routine hematology and biochemistry profile, ABPM monitoring,
electrocardiogram, transthoracic echocardiogram, 24h-hour rhythm monitoring and renal
doppler or CT scan. Adherence was assessed in all patients by witnessed drug-intake. Patients
were considered ‘responders’ (R) if a drop 2 5mmHg in mean ambulatory BP was observed at
six-months (vs NR). Additionally, ‘late-responders’ included ‘responders’ at six months and

patients who responded after one-year FU (R1Y vs NR1Y).

The study was approved by the Faculty of Medicine of the University of Coimbra and the
Coimbra’s Hospital and University Centre Ethics Committees, and all patients signed an informed

consent.

2.2 Renal denervation

Patients received peri-procedural analgesia and conscious sedation with propofol/midazolam
and remifentanil i.v. perfusion. Anti-thrombotic treatment included aspirin and a bolus of
weight-adjusted unfractioned heparin (70-100U/Kg). Femoral arterial access was obtained with
6F or 8F sheaths. Radiofrequency energy was delivered using the single-tip radiofrequency
Symplicity Flex catheter (Medtronic Inc, Santa Rosa, CA, USA), the EnligHTN system (St. Jude
Medical, MN, USA) or the Symplicity Spyral catheter (Medtronic Inc, Santa Rosa, CA, USA), in
9.5%, 38.1% and 52.4% of the patients, respectively. Energy was applied to the main artery and

branches, when feasible and according to the characteristics of each device, with the goal of
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achieving a maximum number of circumferential ablation points. Administration of intra-renal
nitrates and a final renal angiogram was performed. All procedures were conducted by one
interventional cardiologist dedicated to the field. Hemostasis was accomplished with a vascular

closure device. All patients were monitored for 24h before discharge.

2.3 Follow-up

Patients were evaluated at 7, 30, 90, 180 and 365 days after the procedure. Renal angiogram
through the radial artery was performed at 180 days to assess safety. An electrocardiogram,
transthoracic echocardiogram and ABPM were performed after six-months and one vyear.
Venous blood samples were obtained at four timings: DO (before RDN), D1 (24h after RDN), D7
(one week after RDN) and D30 (one month after RDN).

2.4 Plasmatic Cytokine profiling

Plasma of RDN patients was freshly isolated and stored at -20 °C until thawed before analysis.
Plasmatic levels of cytokines, chemokines and growth factors were quantitatively analyzed by
commercially available single well Luminex® xMAP assay (ProcartaPlex, Invitrogen). For this
study we used a broad human factor panel consisting of 45 protein targets comprising in five
modular subpanels: Th1/Th2 [GM-CSF, IFN gamma, IL-1 beta, IL-2, IL-4, IL-5, IL-6, IL-12p70, IL-
13, IL-18, TNF alpha], Th9/Th17/Th22/Treg [IL-9, IL-10, IL-17A (CTLA-8), IL-21, IL-22, IL-23, IL-
27], Inflammatory cytokines [IFN alpha, IL-1 alpha, IL-1RA, IL-7, IL-15, IL-31, TNF beta],
Chemokines [Eotaxin (CCL11), GRO alpha (CXCL1), IP-10 (CXCL10), MCP-1 (CCL2), MIP-1 alpha
(CCL3), MIP-1 beta (CCL4), RANTES (CCL5), SDF-1 alpha] and Growth factors [BDNF, EGF, FGF-2,
HGF, NGF beta, PDGF-BB, PIGF-1, SCF, VEGF-A, VEGF-D]. Ninety-six well plates were read in a
Luminex® 200 System (Luminex Corporation, Austin, Texas, USA) and plasmatic concentrations
were calculated applying a five-parameter logistic (5PL) regression non-linear model using the

Luminex xPONENT v3.1 software.
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2.5 Statistical analysis

Categorical variables were characterized by determining the absolute and relative frequencies,
and numerical variables the means and standard deviations. Comparisons between groups with
regard to the categorical variables were conducted using the Chi-Square Test. Regarding the
continuous variables, Mann-Whitney U Test was used to compare two groups, and Kruskal-
Wallis Test between more than two groups. A general linear model for repeated measures was
applied to analyze variance of each laboratorial parameter, measured several times on each
subject from two different groups, ‘responder’ and ‘non-responder’. Two different groups

definition were considered, responders at six months and at one year.

Statistical analyses were conducted using SPSS 19.0®, at a 5% significance level for hypothesis-

testing. The Type | error probability associated with this test of this null hypothesis is 0.05.
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3. Results

Twenty-one consecutive patients were included in this study (mean age 59 + 11.3 years, 33.3%
female). Fourteen patients were ‘responders’ at six months (R-66.7%) and 17 were ‘late-
responders’ (R1Y-81%). There were no significant differences between responders and non-
responders regarding comorbidities such as dyslipidemia, type 2 diabetes or presence of sleep
apnea, but active smoking was more frequent in NR1Y (p=0.008). The overall group was
overweight (BMI 29.7 + 3.9). Baseline mean office systolic and diastolic BP was 189.5 * 26 and
106.1 + 18.6mmHg and ABPM mean systolic and diastolic BP was 153.8 + 12.2 and 89 %
14.6mmHg, respectively (p=ns). 28.6 and 41.2% of the patients in the R and R1Y groups were
non-dipper (vs 71.4 and 50% in NR and NR1Y, p=ns). An ABPM systolic BP mean drop of 21.1
13.3 and 16.2+16.6mmHg was observed in the R and R1Y groups, respectively (vs -7.6 + 10.6 and
-8.5+11.9 mmHg in the non-responders) (p<0.02). Baseline characteristics, number of ablations

and BP evolution during follow-up are shown in Table 1.

As described, absolute levels of 45 protein cytokines, chemokines and growth factors were
quantified at four timings, pre and post procedure. Levels of RANTES (regulated on activation,
normal T cell expressed and secreted) were significantly lower in responders, both at baseline
(12.821 + 3646 vs 15102 * 3069 pg/ml) and at 30 days (13941 + 3098 vs 16108 + 2209 pg/ml)
(p=0.037), without significant variation throughout the time. ROC curve analysis showed an area
under the curve of 0.701, 95% CI=0.567-0.834, p=0.01). A RANTES level < 15496 pg/ml showed
the best overall sensitivity (57.1%) and specificity (85.7%) for determining response to RDN.
Even though late-responders (R1Y) continued to present with lower levels of RANTES at every
time point, this difference did not reach statistical significance. (Figure 1) Figure 2 illustrates the
principal component analysis for the distribution of cytokines, chemokines and growth factors
at the four analyzed timings (panel A) and at baseline (panel C). Panels B and D illustrate the

overall and baseline heatmaps representing clustering of multivariate data.

Even though, absolute levels of other analyzed cytokines were not statistically different between
groups, a pattern was evident when analyzing their behavior. IL-15, IL 17A, IL 27 and leukemia
inhibitory factor (LIF) had significant variability through time, with responders presenting with

an acute rise at D1 (24h after RDN). (Figure 3)
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Furthermore, other biomarkers known to be associated with cardiovascular disease 15-16 were
also quantified. Both NR (p=0.02) and NR1Y (p<0.001) had higher levels of baseline glycated
hemoglobin and, in NR, levels of NT pro-BNP were significantly higher (p=0.005), a difference
not observed at one-year follow-up. No other significant differences were found regarding renal

function, LDL levels, C-reactive protein, lipoprotein A and fibrinogen. (Table 1)
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Table 1: Baseline clinical, biochemical and procedural characteristics. Ambulatory blood

pressure monitoring behavior, from baseline to one-year follow-up.

R NR p value R1Y (n=17) NR1Y (n=4) p value
(n=14) (n=7)

Age in Y (mean+SD) 61x10 55£13.5 ns 59.8+11.8 55.5£9.5 ns
Diagnosis of HT in Y (mean+SD) 16.3£9.3 174£5.9 ns 16.6+8.6 16.2+7.5 ns
Female sex (%) 21.4 57.1 ns 353 25 ns
Dyslipidemia (%) 85.7 100 ns 88.2 100 ns
Type 2 diabetes (%) 429 57.1 ns 47.1 50 ns
Active smoking (%) 14.3 429 ns 11.8 75 0.008
Sleep apnea (%) 57.1 57.1 ns 58.8 50 ns
Number of HT drugs (n+SD) 5.1+1.4 5.4+0.5 ns 5.2+1.3 5.240.5 ns

- On spironolactone (%) 57.1 429 ns 52.9 50 ns
Isolated HT (%) 14.3 14.3 ns 17.6 0 ns
BMI (Kg/m?) 29.4+3.8 30.244.3 ns 30.1+3.8 27.8+4.3 ns
Biochemical profile at baseline
HBAlc (%) 5.9£0.75 7£2.5 0.02 5.9+0.7 7.7£3.4 <0.001
NT pro-BNP (pg/ml) 1654265 103742478 0.005 541+1594 94.7+62.2 ns
LpA (mg/dl) 42.3+46 30+45.2 ns 37.6+42.7 40.6+60.9 ns
Fibrinogen (mg/dl) 278.1£59.1 271.2+76.5 ns 282465 243.7+44.8 ns
Creatinin (mg/dl) 0.97+0.2 0.76+0.2 ns 0.9+0.2 0.76+0.2 ns
Cystatin C (mg/l) 0.97+0.2 0.85+0.2 ns 0.95+0.2 0.8+0.1 ns
LDL col (mg/dl) 98423 118+26 ns 102425 116+28 ns
PCR (mg/dl) 0.83+0.97 1.242.2 ns 1.1x1.6 0.4+0.3 ns
Baseline
ABPM systolic BP (mmHg) 154+12.3 153.4+12.9 ns 154.8+12.5 149.7+11.6 ns
ABPM diastolic BP (mmHg) 87.1£14.3 92.7£15.6 ns 89+15.3 88.7+13.3 ns
HR (bpm) 70.6+9.1 73.3+13.9 ns 72.349.8 68+15 ns
E/E’ ratio 10.6+4.8 15+3.6 ns 11.4+5.2 13.8£3.5 ns
6 Months
ABPM systolic BP (mmHg) 133+11 161£9.7 <0.001 138.6+16.6 158.2+7.4 0.004
ABPM diastolic BP (mmHg) 77.1£11.2 95.1+15.8 0.007 81.3£15 90.5+13.7 ns
HR (bpm) 68.847.3 75.8+10.8 0.09 71.348.7 70.5+11.7 ns
E/E’ ratio 12.8+6.3 12.3+2.8 ns 12.6+5.2 12.543.4 ns
One year
ABPM systolic BP (mmHg) 135.9+16.2 149.3420.2 ns 135.6+15.8 160.5+15 0.03
ABPM diastolic BP (mmHg) 77.1x11.2 88.4+14.3 ns 77.5+10.5 94.5+15.8 ns
HR (bpm) 67.8+8.1 74.4+12 ns 69.4+8.3 72.5+16.3 ns
Total ablations (n) 23.8.6+8.3 22.447.3 ns 23.948.5 20.7+4 ns
Drop in ABPM systolic BP at 6 months 21.1£13.3 -7.6+10.6 <0.001 16.2+16.6 -8.5£11.9 0.013
(mmHg)
Drop in ABPM systolic BP at 1 year 18.1£11.5 4+21.5 ns 19.2+12.2 -10.7£6.7 <0.001

(mmHg)

Legend - R: responder; NR: non-responder; R1Y: responder at one year; NR1Y: non-responder at one year; Y: years; HT: hypertension;
BMI: body mass index; ABPM: Ambulatory pressure monitoring; BP: blood pressure; HR: heart rate; HBA1c: glycated hemoglobin;
LpA: lipoprotein A; Col: cholesterol; PCR: C-reactive protein. Results are displayed in mean + standard deviation (SD).
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Figure 1: Quantification of RANTES at four time-points (DO, D1, D7 and D30 — see text), before
and after renal denervation. (A) Plasmatic levels of RANTES are significantly lower in
‘responders’ (blue line) at six months. (B) After one year follow-up, levels of RANTES are still
lower, even though statistically non-significant. (C) ROC curve: A RANTES cut-off value of <15496
pg/ml showed the best overall sensitivity and specificity for determining renal denervation
response. Data are presented using mean * standard deviation. RANTES - regulated upon
Activation, Normal T cell Expressed, and Secreted; FU — follow-up; RDN — renal denervation; AUC
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Figure 2: Distribution of cytokines, chemokines and growth factors, according to response to
renal denervation response, at 6 months and one year. (A) Principal component analysis for
the distribution of cytokines, chemokines and growth factors in R/NR and R1Y/NR1Y at the four
analyzed time-points (DO, D1, D7 and D30 - see text). (B) Heatmap for plasmatic cytokines,
chemokines and growth factors in R/NR and R1Y/NR1Y, at the four time-points. (C) Principal
component analysis for the distribution of cytokines, chemokines and growth factors in R/NR
and R1Y/NR1Y, at baseline (D) Heatmap at baseline for cytokine, chemokine and growth factor
quantification in R/NR and R1Y/NR1Y. Bars at the top of the heatmaps represent each patient
individualized (panels B and D), the time-point of the analysis (panel D) and the groups according
to response (R/NR — 6 months; R1Y/NR1Y — one year), in consonance with the legend on the
right side of the figure. Numbers at the bottom of the heatmaps represent patient case numbers

identifiers. RDN - renal denervation
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Figure 3: Significant variation in time was observed when analyzing IL-15, IL-27, IL-17A an LIF
at four time-points (DO, D1, D7 and D30), with responders presenting an acute rise 24h after
RDN. Panels indicate values between R1Y and NR1Y. The same pattern maintains when analyzing
response at six-months (not shown). Data are presented using mean * standard deviation. LIF —

leukemia inhibitor factor; R1Y — responders at one year; NR1Y — non-responders at one year.
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4. Discussion

The mechanisms that contribute to the development of HT are complex and involve renal
deregulation, endothelial dysfunction and unbalanced central and autonomic nervous systems.
Inflammation is directly linked to the development of HT and is a complicated process
implicating multiple cell types and secreted pro and anti-inflammatory substances. Monocyte
and macrophage are one of the cell types directly involved in the activation of the inflammatory
cascade. 7 The inflammasomes are protein complexes activated through the detection of
inflammatory particles, including ROS, by danger-associated molecular patterns (DAMPs). It has
been hypothesized that DAMPs may be formed due to initial non-immune mechanisms, such as
direct vasculature and renal damage caused by the activation of the SNS and RAAS, thus leading
to mechanical and oxidative stress. ¥ Inflammasomes have enzymatic activity and participate in
the cleavage and activation of numerous pro-inflammatory cytokines, some of them directly
involved in the pathogenesis of HT. '® The most studied inflammasome is the NLRP3, which

| 2 investigated the changes of early inflammatory

contains the NLRP3 protein. Lee et a
biomarkers following RDN and verified that several pro-inflammatory cytokines (IL-1pB, IL-18, IL-
6, tumor necrosis factor (TNF)-a and also, caspase-1 activity and NLRP3 expression, increased
immediately after RDN and then recovered two weeks after, suggesting a self-limited
inflammatory response to RDN. The cytokine RANTES (also called CCL5, CC-motif ligand 5) is a
soluble pro-inflammatory chemokine secreted by several cell types such as activated T cells,
fibroblasts, endothelial cells, smooth muscle cells, glial cells, mesangial cells and platelets 2122,
which is highly expressed in the atheroma and has been implicated in the pathophysiology of
atherosclerosis. 2 Activated platelets are thought to have a crucial role in the pathogenesis of
atherosclerosis and there is evidence linking RANTES with metabolic syndrome and IL-6, which
is an activator of platelets. * Some researchers have linked the pro-inflammatory cytokine IL-6
to endothelial dysfunction, to increased risk for cardiovascular events and to HT, possibly having
an important role in the progression of atherosclerosis. % Lang et al examined several renal and
inflammatory parameters in resistant HT, treated with RDN, and observed that IL-6 and white
blood cell count significantly decreased 6 and 12 months after the procedure. At baseline, even
though a trend towards higher IL-6 values was evident, the difference was not statistically

significant and thus, not useful to predict response in the studied cohort. 2° Dérr et al had also
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determined IL-6 levels in sixty patients submitted to RDN and observed that IL-6 diminished
significantly after the procedure, hypothesizing a beneficial effect of RDN on cardiovascular
inflammation. ¥ Some other studies investigated the effects of RDN on pro-inflammatory
cytokine environment. Hilderman et al verified that TNF and IL-1b values were significantly lower
1 day after RDN and that IL-10, an anti-inflammatory cytokine, rose significantly after the
procedure, vs a control group. These differences however were less evident in de medium-term
follow-up, suggesting a transitory immuno-modulatory effect. 2 SNS hyper-activation
associated with profuse inflammatory response is also triggered by ischemia/reperfusion (I/R)
injury. This association has been examined by Sun et al. ?° in a translational research involving a
group of patients with ST-elevation acute myocardial infarction (Ml), and a group of mice,
submitted to surgical RDN and I/R injury through left anterior descending coronary artery suture
or ligation. They observed that Ml patients had elevated norepinephrine and leucocyte plasma
levels. Denervated mice showed a reduction in neutrophils and macrophages in blood and
myocardium, associated with a significant decrease in IL-1, IL-6 and TNF-a. The authors
concluded that it appears to exist a link between the SNS and the inflammatory response

following I/R injury, identifying RDN as a potential therapeutic strategy in this setting.

In the present study, we demonstrated that responders presented with lower levels of RANTES,
than non-responders. Yun et al ¥ observed that angiotensin I, mediated by 12-lipoxygenase,
inhibited RANTES expression in spontaneous hypertensive rat’s vascular smooth muscle cells,
through the activation of AT1 and AT2 receptors. As the SNS is directly linked to RAAS 3!, we
could deduce that lower levels of RANTES are associated with higher levels of angiotensin Il and
therefore to an over activated SNS, turning these patients more prone to a RDN response. Our
study also demonstrated that, even though lower levels of RANTES persisted at one-year follow-
up, this difference was not statistically significant, probably due to the low number of non-
responders at this stage. Data regarding the role of RANTES in atherosclerosis and plaque
vulnerability is controversial. Studies that included patients with acute coronary syndromes
found elevated RANTES levels 32, while others have shown that low RANTES levels were
independently predictive of adverse outcomes in chronic stable disease. 33 RANTES is known to
be a very potent chemo-attractant of T-cells, monocytes and macrophages and is possible that
its higher levels may be associated with cellular infiltration and hence end-organ damage.
However, a protective role of RANTES over the kidney, that appears tissue specific, has been

described by Rudemiller et al. 3 The authors observed that RANTES deficiency led to
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exaggerated hypertensive renal damage through macrophage accumulation, up-regulation of
TNF and IL-1B and renal parenchyma matrix deposition and fibrosis. In our study, even though
responders had lower levels of RANTES, they were not suppressed, in fact, were above
10.000pg/ml. We could hypothesize RANTES continued to exert its protective role in the kidney,
in both responders and non-responders, as renal function was within normal values in the

overall cohort.

A second finding in our study was that several cytokines had significant variability in the
evaluated time points. It was possible to depict a pattern regarding the absolute values of IL-15,
IL-27, IL-17A and LIF, as responders presented peak levels 24 hours after RDN. Radiofrequency
energy is directly applied to the renal wall and the vessel temperature is increased in order to
destroy the nervous sympathetic terminals wrapped around the renal artery. Even though
current research shows there is no luminal damage to the vessel at a medium-term follow-up,
there is evidence of endothelial edema, vessel spasm and intraluminal thrombus formation,
immediately after the procedure, that rapidly heals. % These alterations are likely to provoke an
inflammatory reaction, probably directly related to the amount of induced nerve damage. As
such, the acute rise of pro-inflammatory cytokines in responders, 24h after RDN, may indicate a
successful nerve ablation. IL-15 is a pro-inflammatory cytokine which is a potent chemo-
attractant for T cells and is expressed predominantly by macrophages. It has been shown that
increased levels of IL-15 are associated with progression of atherosclerotic disease and more
severe degrees of HT. 3 IL-27 belongs to the IL-12 family and is considered to have pro- and anti-
inflammatory properties. It induces interferon-y (IFN-y), IL-1 and TNF-a production, but may also
induce IL-10 production by T-cells. 3 IL-17A is a well-known effector cytokine produced by Th17
cells, and is involved in tissue inflammation in several chronic inflammatory diseases, including
HT. 3 LIF is a member of IL-6 family and activates pathways that promote cardio-protection both
in the acute and chronic settings, by protecting against oxidative stress and cell death and, by
stimulating differentiation of cardiac stem cells into endothelial cells and neovascularization,
post-MI. ¥ The fact that, in our research, pro- and anti-inflammatory cytokines peaked after 24h
is a very interesting finding and, we could hypothesize that the provoked numbness of the SNS
allowed for anti-inflammatory pathways to fight the acute inflammatory process. This is in line
with the findings by Lee et al 20, who observed an increase in inflammatory cytokines IL-1pB, IL-
18, IL-6 and TNF-a and anti-inflammatory cytokine IL-10, immediately after RDN and then a

decrease in week 2 of the follow-up.
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Finally, several parameters were evaluated to assess safety and for risk stratification. Glycated
hemoglobin was significantly higher in non-responders, even though the number of diabetic
patients was similar between groups, implying that poorly controlled glycaemia may adversely

affect response to RDN.

5. Limitations

This is a single-center, non-randomized study, with a relatively small sample size and no control

group. Larger cohort studies will be necessary to confirm these results.

6. Conclusions

Our study analyzed the behavior of several cytokines, in patients submitted to renal
denervation, and identified RANTES as a potential predictor of a response. Renal denervation

effectively lowered blood pressure, in the majority of treated patients, without safety concerns.

7. Highlights

. The role of the immune system, in the pathophysiology of hypertensive patients,

submitted to renal denervation, is not clear.
o RANTES is a potential predictor of response to renal denervation.

o IL-15, IL-27, IL-17A and LIF increased 24 hours after renal denervation, in responders,

and decreased one week after.

o Renal denervation effectively lowered blood pressure, in the majority of patients.
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Abstract

Hyperactivation of the sympathetic nervous system plays a central role in the pathophysiology
of hypertension. The aim of this study was to assess cardiac sympathetic activity and investigate
the role of myocardial 123l-labelled meta-iodobenzylguanidine ([1231] MIBG) scintigraphy in
cardiovascular risk stratification of patients with resistant hypertension treated with renal
denervation (RDN). Eighteen patients were included in this study (mean age 56 * 10 years old,
27.8% female). Transthoracic echocardiogram, general blood analysis and myocardial ([123I]
MIBG scintigraphy were performed before and six-months after RDN. A patient was considered
a responder (R) if a drop 2 5mmHg on mean systolic ambulatory blood pressure (BP) monitoring
was observed at six-month follow-up. 66.7% of patients were R (drop in systolic BP of 20.6 +
14.5mmHg, vs minus 8 + 11.6mmHg in non-responders (NR), p=0.001). Early heart-mediastinum
ratio (HMR) was significantly lower at baseline in the R group (1.6 + 0.1 vs 1.72 + 0.1, p<0.02)
but similar at six months. Putting together both instants in time, the R group had lower early
HMR values than the NR group (p<0.05). Both the late HMR and the washout rate were identical
and no significant correlation between response to RDN or any MIBG imaging index was found.
Renal denervation effectively lowered blood pressure in the majority of patients but [1231] MIBG
was not useful in predicting response. However, there was evidence of sympathetic overdrive
and, both early and late HMR were reduced overall, probably putting this population at a higher

risk of adverse events.

Keywords: Resistant hypertension; Sympathetic nervous system; Renal denervation; Myocardial

[1231] MIBG scintigraphy.
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Introduction

Hypertension (HT) has long been recognized as one of the leading causes of cardiovascular death
and hospitalizations. ! According to the current guidelines, HT is defined as resistant when
optimized pharmacological therapy with three anti-hypertensive drugs, including a diuretic, is
unable to effectively lower systolic and diastolic blood pressure (BP) to < 140mmHg and
<90mmHg, respectively. Its prevalence is thought to revolve around 5-15%. 2 The sympathetic
nervous system (SNS) and its involvement in circulatory regulation have first been demonstrated
in the 19th century by showing that stimulation of renal nerves elevated BP. 3 According to this
knowledge, invasive procedures targeting the SNS were developed in early/mid-20th century
but were discontinued due to increased side effects and mortality. ? Since then, clarification of
the mechanisms by which the SNS leads to uncontrolled BP conducted to the development of a
minimally invasive percutaneous procedure that has been shown to reduce renal and central
sympathetic activity. °> Renal denervation (RDN) has been the subject of extensive investigation
in the past few years and, the latest second-generation randomized trials have demonstrated
both efficacy in lowering BP, but also safety, in cohorts of patients at different levels of
cardiovascular risk. ¢ 123I-labelled meta-iodobenzylguanidine ([123I] MIBG) is an analogue of
norepinephrine, labeled with iodine-123 which shares the same uptake mechanism into pre-
synaptic nerves. After the uptake, it is transported to catecholamine storage vesicles and, as it
is not metabolized, allows for the characterization of cardiac sympathetic activity and neuronal
integrity, through planar imaging acquisition using gamma cameras. By analyzing the images,
two semi-quantitative parameters are calculated, early and late heart-mediastinum ratio (HMR)
and washout rate (WR). Increases in [1231] MIBG concentration in the synaptic cleft translated

into augmented WR and diminished HMR.

The purpose of this study was to assess cardiac sympathetic activity and investigate the role of
myocardial [1231] MIBG scintigraphy (MIBG-S) in cardiovascular risk stratification of patients

with resistant HT treated with RDN.
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Methods

We included, in this single-center study, 18 consecutive patients with resistant HT treated with
RDN, from May 2014 to October 2017. A comprehensive medical history was recorded in all
patients and untreated secondary HT was excluded. Adherence to drug therapy was confirmed
by witnessed intake. Exclusion criteria included recent major adverse cardiovascular events,
fiboromuscular dysplasia, previous renal angioplasty and glomerular filtration rate <
45ml/min/1.73m2. Patients with a mean systolic BP >135mmHg (ambulatory blood pressure
monitoring — ABPM) were included. All patients underwent a thorough clinical evaluation,
electrocardiogram, transthoracic echocardiogram, standard hematologic and biochemistry
profile, and MIBG-S, both at baseline and at six months follow-up. For the RDN procedure, the
EnligHTN system (St. Jude Medical, MN, USA) was employed in 33.3% of the cases and the
Symplicity Spyral catheter (Medtronic Inc., Santa Rosa, CA, USA) in 66.7%. All patients received
conscious sedation and analgesia, and femoral artery hemostasis was achieved using a vascular
closing device. Before MIBG-S, patients were pre-treated with Lugol’s solution for thyroid
blockade (equivalent to 130 mg of iodine for adults) or 500mg of potassium perchlorate if the
patient was allergic to iodine. Afterwards, an intravenous injection of 185 MBq of [1231] MIBG
was administered, and planar images of the thorax were acquired with a dual-headed gamma
camera, fifteen minutes (early imaging) and four hours (late imaging) after the
radiopharmaceutical administration. MIBG uptake was semiquantified by calculating HMR, after
drawing ROIs over the heart (including the cavity) and the upper mediastinum (avoiding the
thyroid gland) in the planar anterior view. Average counts per pixel in the myocardium were
divided by average counts per pixel in the mediastinum. The myocardial WR from initial to late
images was also calculated, and expressed as a percentage, being the rate of reduction in
myocardial counts over time, between early and late imaging (normalized to mediastinal
activity). None of the prescribed medications were stopped for the performance of MIBG-S, due
to high probability of adverse events and hence ethical issues. Response to RDN was defined if
a drop in mean ABPM systolic BP 2 5mmHg was observed at six months and patients were

divided into two groups accordingly.

Categorical variables were characterized by determining the absolute and relative frequencies,

and numerical variables the means and standard deviations. Normality of distribution was
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checked and a p value of <0.05 was considered significant. Statistical analyses were conducted
using SPSS 19.0°, at a 5% significance level for hypothesis-testing. This study was approved by
the Coimbra’s Faculty of Medicine Ethics Committee and all patients signed an informed

consent.

Results

Eighteen patients (mean age 56 + 10 years old, 27.8% female) were included in this study. Twelve
patients were ‘responders’ (R, 66.7%) and six ‘non-responders’ (NR, 33.3%). No significant
differences were observed between groups regarding baseline characteristics. RDN was well
tolerated by all patients and no peri-procedural complications were detected. Fluoroscopy time
was significantly higher in the R group (16.3 £ 5.5 vs 16.5 £ 18.6 minutes, p<0.04). At 6-month
follow-up, one patient had an acute pulmonary edema, being diagnosed with renal stenosis,
successfully treated with angioplasty. A drop of 20.6 £ 14.5mmHg in mean ABPM systolic BP was
observed in the R group (vs -8 + 11.6mmHg in NR, p=0.001). Even though office systolic BP was
not considered for response, due to possible ‘white-coat effect’, a drop was also observed in the
R group (29.2 + 8.4mmHg) vs the NR group (13 + 13.4mmHg) (p=0.09). No side effects such as
orthostatic hypotension, electrolyte disturbances or renal failure were noticed in the medium-
term follow-up. Findings in transthoracic echocardiography (regarding diastolic function, wall
thickness or biventricular systolic function) did not differ significantly between the two groups,
either at baseline or after 6 months assessment. Baseline and procedural-related characteristics

of the overall, ‘responders’ and ‘non-responders’ groups, are shown in table 1.

Early HMR was significantly lower at baseline in the R group (1.6 £ 0.1 vs 1.72 + 0.1, p<0.02) but
was not statistically different from the NR group at six months. Putting together both time
periods, the R group had lower early HMR values than the NR group (p<0.05). Regarding late
HMR and WR, differences before and after RDN were not significant between groups. No
significant correlation between response to RDN or any [1231] MIBG imaging index was found,

either at baseline or at follow-up (table 1, figure 1 and supplementary table 1).
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Table 1: Baseline and procedural-related characteristics, ABPM baseline and 6 months evolution

and MIBG scintigraphy parameters at baseline and 6-month follow-up, in overall, ‘responder’

and ‘non-responder’ groups.

General baseline features
Mean age (Y)

Female sex (%)

Diagnosis of HT (Y)
Dyslipidemia (%)
Diabetes (%)

Active smoking (%)

BMI (Kg/m2)

Sleep apnea (%)

Number of HT drugs (n+SD)

Baseline Creatinine (mg/dl)

Baseline and 6M Echo
Baseline ejection fraction (%)
6M ejection fraction (%)
Baseline IVS thickness (mm)
6M IVS thickness (mm)
Baseline PW thickness (mm)
6M PW thickness (mm)
Baseline LA volume (ml/m?)
6M LA volume (ml/m?)
Baseline E/E’

6M E/E’

Baseline and 6M ABPM
Baseline mean SBP (mmHg)
Drop in SBP 6M (mmHg)
Baseline mean DBP (mmHg)
Drop in DBP 6M (mmHg)
Baseline heart rate (bpm)
6M heart rate

Renal denervation
Number ablations (n + SD)

Fluoroscopy time (min)

Cardiac MIBG scintigraphy
Baseline HMR 15 min

6M HMR 15 min

Baseline HMR 4 hours

6M HMR 4 hours

Baseline WR

6M WR

Overall R (n=12) NR (n=6) p value

56+ 10 584+9.8 51.3+10.3 d

19+7.9 19.8+8.7 17.5+62 “
A A =
29.7+ 4.1 29.5+4 30+4.7 “
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Y: years; HT: hypertension; BMI; body mass index; M: months; IVS: intraventricular septum,; PW: posterior wall; LA:

left atrium; ABPM: ambulatory blood pressure monitoring; SBP: systolic blood pressure; DBP: diastolic blood pressure;

bpm: beats per minute; MIBG: 123I-labelled meta-iodobenzylguanidine; HMR: heart-mediastinum ratio; WR: washout

rate. Results are displayed in mean * standard deviation (SD).

Supplementary table 1: Descriptive results of myocardial MIBG scintigraphy, performed in the

renal denervation cohort at baseline and 6 months after the procedure.

Age | Gender
)

Patient 1 68 M
Patient 2

Patient 3 62 M
Patient 4

Patient 5 74 F
Patient 6

Patient 7 45 F
Patient 8

Patient 9 54 M
Patient 10

Patient 11 | 49 M
Patient 12

Patient 13 | 54 M
Patient 14

Patient 15 | 73 M
Patient 16

Patient 17 | 48 F
Patient 18

HMR 15 min
1,80 1,73
1,75 1,71
1,56 1,55
1,58 1,63
1,67 1,71
1,66 1,74
1,52 1,57
1,43 1,45
1,74 1,54

1,81

1,67

1,63

1,52

1,56

1,56

1,52

1,48

1,57

HMR 4h

1,7

1,64

1,73

1,47

1,51

1,61

1,43

1,46

1,49

Washout rate

13,28

23,81

4,11

83,54

29,78

27,99

25,06

11,24

40,28

24,96

70,93

40,84

39,12

32,54

37,86

19,85

31,12

Response to RDN

Y: years; M: male; F: female; HMR: heart-mediastinum ratio; RDN: renal denervation; NR: non-responder; R:

responder.
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Figure 1: Myocardial MIBG scintigraphy in patients submitted to renal denervation (RDN). (A)

Early (15 minutes) and late (4 hours) heart-mediastinum ratio (HMR) at baseline and six-months

(6M) after RDN, in ‘responders’ (R) vs ‘non-responders’ (NR) — early HMR was significantly lower

in R, at baseline; (B) Washout rate at baseline and six-months after RDN in R vs NR; (C) and (D)

MIBG scintigraphy, thorax anterior projection, at baseline, in a responder, at 15 minutes (C) and

at four hours (D).
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Discussion

The aim of our study was to determine whether RDN had any impact in myocardial sympathetic
activity, and also to assess safety of the procedure, as a significant decrease in HMR afterwards,
could signify disruption of the sympathetic pathway. We verified a significant reduction of BP,
six months after RDN, in 66.7% of the patients, which is aligned with the reported efficacy of the
technique. No safety issues were reported, except for one patient who was diagnosed with renal
artery stenosis six months after RDN, probably due to radiofrequency delivery next to a non-
significant atherosclerotic plaque. We determined that responders had a significantly lower
baseline early HMR, which could be due to decreased neuronal integrity, but no significant

changes were observed after six months.

Late HMR was similar in both groups but reduced in comparison to values reported in normal
subjects (normal reported values 2.2 £ 0.3 5, local reference values 1.9-2.8), both at baseline
and at six-month follow-up, translating a maintained sympathetic hyperactivity even after RDN,
and probably being associated with a higher risk of events. WR was also statistically similar in
both groups. However, WR was significantly increased overall, in comparison to normal
individuals (normal reported mean values 10 + 9% >, local reference values 8.5-9.6%), with this
discrepancy being more evident in non-responders at baseline, due to a possible sympathetic

overdrive.

The SNS is an extremely complex system, with clinical implications in both physiologic and
pathological states. It is characterized by multiple levels of action that involve central regulation,
ganglionic transmission, release and reuptake of norepinephrine and the response of adrenergic
receptors. ’ As such, a precise method to evaluate global and regional sympathetic activity does

not exist, with each technique having its strengths and limitations.

The effect of RND on sympathetic activity has been described previously. Krum et al & reported
a 47% decrease in the release of noradrenaline from the renal sympathetic nerves bilaterally,
after RDN, using the isotope dilution renal noradrenaline spillover method. MIBG-S has been
performed in small cohorts of RDN patients in order to assess sympathetic activity, but results
have been rather divergent, reporting decreases in WR 5, increases in late HMR ° or no change

at all. 1° This imaging method has also been considered useful to evaluate cardiac sympathetic
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activity in the context of heart failure, being able to estimate both prognosis and response to
treatment. Indeed, in the ADMIRE-HF trial, a significant lower event and cardiac death rate was

observed in patients with a late HMR > 1.6. 1

What is not clear in our study is, given that non-responders had evidence of increased SNS
activity, why did they not clinically respond to RDN? Were there other factors/systems
superseding the contribution of the SNS in the pathophysiology of HT? Furthermore, none of
the evaluated rates altered significantly at follow-up, translating an absence of deleterious
sympathetic nerves disruption and, none of the evaluated MIBG parameters were useful to

predict response to RDN.

Limitations

Our study has some limitations. First, the number of patients enrolled is small. Second, there
was no control group. Third, the study was not randomized and, even though the nuclear
medicine specialist was highly experienced, there was no internal or external validation of the

results.

Conclusions

In this study we demonstrate that renal denervation significantly reduced blood pressure in a
significant percentage of patients, but there was no evidence of reduced cardiac sympathetic
activity visible by myocardial [123]] meta-iodobenzylguanidine scintigraphy. None of the
imaging parameters were useful to predict response to renal denervation. However, both early
and late heart-mediastinum ratio were found reduced/lower, compared to the general
population, probably putting this population at a higher risk of events. Large-scale studies are
needed to determine the validity of this method in the evaluation of cardiac renal denervation

effects.
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Abstract

Aims: Vitamin D deficiency is a common finding and has been suggested to be associated with
hypertension. Resistant hypertension is a clinical problem seen in 5% to 30% of hypertensive
patients. Renal denervation has been used for patients with resistant hypertension and has been
proven to lower blood pressure. Our primary goal was to assess the serum vitamin D serum

concentration as a predictor of blood pressure response to RDN in highly selected patients.

Methods: This prospective, nonrandomized, single-centre study included 24 patients treated
with renal denervation (RDN). Based on their 1-year response after RDN, patients were classified
as responders or non-responders. Based on their 1-year response after RDN, patients were

classified as responders or non-responders at 6 months or at 12 months.

Results: The median follow-up was 52 months (range, 14-91 months). After RDN, 17 patients
(70.8%) had a reduction >5 mmHg in the mean systolic blood pressure, at the first 6 months of
follow-up. At 12 months, 20 patients (83.3%) were responders. Vitamin D levels at baseline
(15.1%4.8 vs 24.2+8.8 ng/ml) and at 6 months (16.6%7.2 vs 25+9.2 ng/ml) were lower in early
non-responders as compared to early responders (p = 0.008), without significant variation
during the follow-up. Even though Vitamin D levels were lower in the total responder’s group,

no statistically significant differences were found (p=ns).

Conclusion: In patients with resistant hypertension, low vitamin D concentrations were

associated with an absence of early response to RDN.

Keywords: Renal denervation; Resistant hypertension; Vitamin D.

Abbreviations: ABPM - Ambulatory Blood Pressure Monitoring;, BP — Blood Pressure; DBP —
Diastolic Blood Pressure; SBP — Systolic Blood Pressure; HTN — Hypertension;, RDN — Renal

denervation.
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Introduction

Vitamin D deficiency is a common finding in 30-50% of the general population. ! Although
vitamin D deficiency consequences usually involve pathologies of musculoskeletal system,
increasing evidence shows an association with cardiovascular risk factors, including
hypertension (HTN). 2 Hypertension (HTN) is a major risk factor affecting the global burden of
cardiovascular disease. 2 Despite the facts that lifestyle changes and pharmacological
treatments reduce blood pressure (BP) and cardiovascular complications in hypertensive
patients, the treatment of HTN remains suboptimal worldwide, and is insufficiently controlled
in many patients. 3 It is now common knowledge that BP reduction has a favourable impact on
prognosis through the reduction of major cardiovascular events such as myocardial infarction,

stroke, and cardiovascular death; and hence, the total burden of cardiovascular risk. #°

The true prevalence of so-called ‘resistant HTN’ is remains unknown, but is reported to range
from 5% to 30%. &° According to the current guidelines of the European Society of Cardiology
and European Society of Hypertension, resistant hypertension is defined as the HTN of patients
for whom the targeted BP values are not achieved despite triple antihypertensive therapy that
includes a diuretic administered at the maximum tolerated dosage. 1° Catheter-based renal
denervation (RDN) is one of the most frequently used invasive method for the treatment of
resistant HTN. Some initial non-randomized studies revealed significant reductions of BP.
Nevertheless, the controversial double-blind Symplicity HTN-3 trial did not confirm the
superiority of renal denervation compared to a sham procedure and medical therapy. 1! This
could be explained by several confounding factors, such as variations in the procedural methods

12-

as well as changes in drug regimens after randomization. 1>2* Therefore, the recently published

Spyral HTN-OFF MED, and the ongoing Spyral HTN-ON MED could address these issues and show

that RDN could be an effective approach to manage resistant HTN. 1>16

Despite some epidemiological data describing the relationship between vitamin D deficiency
and arterial HTN %7, evidence investigating the effect of vitamin D is conflicting. It is still under

debate whether vitamin D status has an influence on therapeutical blood reduction. 8

Here, our group reports the results of a single-centre study of percutaneous RDN applied to

patients affected by resistant HTN in daily clinical practice. Our primary goal was to assess the
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serum vitamin D serum concentration as a predictor of blood pressure response to RDN in highly
selected patients. The secondary goals were to evaluate the safety and long-term effectiveness

of RDN for reducing BP, as well as the echocardiographic response to RDN.

Methods

Study Design and Patients

This was a prospective, non-randomized, single-centre study that included 24 patients aged 38

to 77 years with resistant HTN, who were treated by RDN between May 2014 and October 2017.

A comprehensive medical history and a thorough revision of the medication was undertaken.
The initial evaluation included 97 hypertensive patients, and 73 were excluded from the study
because they did not satisfy the inclusion criteria (Figure 1). The inclusion criteria were as
follows: > 18 years of age, presence of idiopathic resistant HTN confirmed by ambulatory blood
pressure monitoring (ABPM) (mean BP > 135/85 mm Hg despite a stable medication regimen of
maximum tolerated doses of 3 or more anti-hypertensive drugs, including a diuretic), glomerular
filtration rate > 45 mL/min/1.73m2 (Modification of Diet in Renal Disease Formula), and
compatible renal anatomy (atherosclerotic stenosis < 50%, prior renal artery revascularization,
fiboromuscular dysplasia, or accessory renal arteries as evaluated by either computed

tomography angiography or duplex ultrasonographic scanning of renal arteries).

The exclusion criteria were as follows: HTN due to secondary causes (screening by biochemical
and imaging assessments and polysomnography), hemodynamically significant valvular disease,
history of stroke or acute coronary syndrome over the past 6 months, refusal to sign informed

consent, life expectancy < 1 year, pregnancy, or presence of pseudo-resistant HTN.

All patients were admitted to the hospital 2 days prior to the procedure in order to confirm the
presence of ‘true’ resistant HTN by assessing adherence to prescribed medications by witnessed
intake of agents. Baseline evaluations included routine blood testing, including Vitamin D
concentration, electrocardiography, transthoracic echocardiography, and 24-h Holter

monitoring.
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The study was approved by the Faculty of Medicine of the University of Coimbra and the
Coimbra Hospital and University Centre Ethics Committees (reference CE-031/2014. Every study

patient signed an informed consent.

Procedure

All RDN procedures were performed by a cardiologist with expertise in endovascular
procedures. The standard percutaneous technique used a 6/8 F introducer sheath to enter the
femoral artery. A standard JR catheter was used for a selective bilateral renal angiogram that
was performed before and after the procedure. The following 3 treatment catheters were used
(ordered according chronological use): Symplicity Flex™ catheter (Medtronic Inc, Santa Rosa, CA,
USA [2 patients]), EnligHTN™ (St. Jude Medical, MN, USA [8 patients]) and Symplicity Spyral™
(Medtronic Inc, Santa Rosa, CA, USA [14 patients]) an. A minimum of 4 and a maximum of 24
ablations, that were separated both longitudinally and rotationally, were performed in each
renal artery. During the ablation, the catheter system monitored the tip temperature and
impedance, and altered the radiofrequency energy in response to a predetermined algorithm.
An anaesthesiologist was present for all patients. Conscious sedation (via propofol, midazolam,
and/or remifentanil) was commonly induced to prevent and manage visceral pain. Intra-arterial
heparin and pre- and post-procedure nitrates were administered during the procedure.

Haemostasis was achieved by a vascular closure device.

Follow-up

The patients were discharged from the hospital the day after the procedure unless there were
immediate complications requiring medical attention. All patients underwent follow-up
evaluations at 1 week, 1 month, and 3, 6, 12 months, followed by annual visits. The follow-up
evaluations consisted of a clinical examination, BP measurements in both arms, and medication
adjustment if deemed necessary. Information on adverse events and treatment compliance was
recorded. Additionally, follow-up ABPM, electrocardiography, biochemical analysis, including
Vitamin D levels, and transthoracic echocardiography were performed at 6 and 12 months. A

renal angiogram was performed at 6 months in every patient to assess safety. The median



162 Costa G and Delgado Silva J. 2021 Revista Portuguesa de Cardiologia

duration of follow-up was 52 (range, 14 to 91) months. According to the response to RDN, the
patients were classified as responders or non-responders. A responder to RDN was defined as a

patient who obtained > 5 mm Hg decrease in the mean systolic BP values determined by ABPM.

Sample calculation and statistical analysis

We planned a study of a continuous response variable, systolic blood pressure (mmHg), from
matched pairs of study subjects. Prior data indicate that the difference in the response of
matched pairs is normally distributed with standard deviation. If the true difference in the mean
response of matched pairs is 13, we will need to study 22 pairs of subjects to be able to reject
the null hypothesis that this response difference is zero with probability (power) 0.8. The Type |
error probability associated with this test of this null hypothesis is 0.05. Categorical variables
were characterized by determining the absolute and relative frequencies, and numerical
variables the means and standard deviations. Comparisons between groups with regard to the
categorical variables were conducted using the Chi-Square Test. Regarding the continuous
variables, MannWhitney U Test was used to compare two groups, and Kruskal-Wallis Test
between more than two groups. A general linear model for repeated measures was applied to
analyse variance of each laboratorial parameter, measured several times on each subject from
two different groups, ‘responder’ and ‘non-responder’. Two different group definitions were
considered, responders at six months (early) and at one year. Statistical analysis was conducted

using SPSS 19.0®, at a 5% significance level for hypothesis-testing.
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Figure 1: Flowchart of study design.
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Results

Patients’ characteristics

A total of 24 patients underwent RDN in our department between May 2014 and October 2017.
Based on BP values following the procedure, 20 patients (80.3%) were found to be responders
to RDN, of whom 17 (70.8%) were responders at 6 months. Table 1 shows the baseline
demographics and clinical characteristics of the responders and non-responders at 6 and 12

months.

Parameters characterizing the RDN procedures

Analysis of the catheter systems used for RDN show that differences between the systems were
not significant. The mean number of ablations performed per each RDN was 25.3 + 9.10
ablations (a minimum of 10 ablations and a maximum of 41 ablations). Table 2 shows the
procedure-related parameters. The differences between procedure-related parameters such as
the diameters and lengths of renal arteries, number of renal artery branches, and number of

ablations in the responders and non-responders at 6 and 12 months were not significant.

Vitamin D Concentration and BP response

The patients who responded by 6 months after RDN had a significantly higher baseline vitamin
D concentration than the baseline concentration of patients who were nonresponders at 6
months after RDN (15.1+4.8 vs 24.2%8.8 ng/mL, respectively), which was also observed at the
6-month follow-up (16.6+7.2 vs 25+9.2 ng/mL, respectively; p = 0.008). The differences between
the vitamin D concentrations of responders vs. non-responders at the 12-month follow-up were
not significant. However, the responders at 12 months had higher mean vitamin D levels than
those of the non-responders at 12 months both at baseline (15.6 + 5.1 vs. 23.0 £ 9.0 ng/mL,
respectively) and at 6 months after RDN (17.3+7.6 vs 23.84£9.5 mL, respectively). The Receiver
Operating Characteristic curve-derived optimal cut-off for determining response to RDN was 2

19.5 ng/mL (sensitivity 63.3%, specificity 81.8%; p=0.011) (Figure 2).
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Renal Denervation Efficacy

We observed a significant decline in the mean 24 h-systolic BP (SBP) (+10.2 mmHg vs -22.3
mmHg; p=0.007) and 24 h-diastolic BP (DBP) (+5.7 mmHg vs. -13.0 mmHg; p=0.026) in the total
responders group, with significantly lower values compared to the non-responders group (Figure
3 and Figure 4). The same findings were detected in both diurnal and nocturnal SBP and DBP
values. The differences between the number of antihypertensive agents used in each group at

baseline and at 6 and 12 months of follow-up were not significant.

Regarding long-term follow-up, for a median period of 52 months, seventeen patients (70,8%)
remained responders after RDN, one patient died (previously non-responder; cause of death
unknown - 4,2%), two responders required a new renal denervation, due to BP severe re-
elevation after 18 months follow-up, with a positive BP response (8,3%) and four patients

remained non-responders (16,7%).

Complications

In terms of safety, there was a new renal artery stenosis reported in one patient at 6-month
follow-up. He was a 46-year-old male patient, who had severe refractory hypertension with
target-organ lesion (hypertensive nephropathy, stage 3 chronic kidney disease) and baseline
atherosclerotic plaques were identified during baseline renal angiography. The Spyral system
was used and a total of 30 ablations were applied (11 on the left renal artery and 19 on the
right). No vasospasm was reported post-procedure. At 6-month follow-up, the patient
presented with flash pulmonary oedema, which was treated with stent angioplasty following
new renal artery stenosis identification (right renal artery, proximal portion, 75% stenosis). The

patient had a significant BP-reduction after treatment. No other complications were observed.

Impact on Echocardiographic Variables

The differences between the variables of the non-responders at baseline and 6 months after
RDN were significant as follows: E/e’ septal (17.7+2.3 vs 13.8+1.2, respectively; p=0.045), E/e’
lateral (13.3+2.4 vs 10.6%1.9, respectively; p=0.044), and E/e’ mean (14.6+2.6 vs 11.8+1.8,
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respectively; p=0.033). No differences between variables were observed between the

responders, vs the non-responders. Furthermore, a non-significant decline was detected in the

non-responders at 12 months group (Table 3).

Table 1: Clinical baseline characteristics of studied patients according to responsiveness to renal

denervation.
&
G-month follow-up 1-venr follow-up
Characteristics Total (N=24) Responders (N=17) N ders (N=T) pvalue Res (=) Non-responders (F=4) pvalue
Az-wr 59211 1210 5513 0247 f0=11 560 0482
Male sex -n (%) 1201 0358 12 (60) {5 1
Tims since arterial hy ion dizmosis-yr 17188 0898 172482 0907
Bady-mass index 19538 302445 0691 30.1x38 0491
Disbetes -n (3) b 0.393 RG] 2(50) 1
1( 1 125 2 (100) 0.133
Smokinz- o %) 521 2(12 0.126 1010y {15} 0018
Hyperchal lemiz-n (%) 12Ey 15 (88) {100y 0569 18 (30 4100 1
Coronary antery disesse —n (3) (3 (1Y 1(14 1 FIAL)] 125 1
Previous myocardial infarction - m (3:) 2(8) (Y a{0 0.569 1010y 0 1
Pravious stroke os TIA - n %) 521) 4004 1(14 1 525 {0 0344
Obstructive slesp apnez - n (%) 15 (53) 11(65) 40 1 13 (65) 10 1
CR4P 10T (8 123 0077 9(69.) 150 1
Chronic Eidney Disease - n () 2(8) 1{6) 14 1 e EL(E) 0312
Atrial fibsillatin -1 (38) 24 (100 7 {100y NA 200100 40100 NA
Pacemaber -1 (%) 24{100 7 {100y 1 20100y 4 (1003 1
| Symptomatic —n {34) 173 0384 1400 {15) 1
Number of antihypentensive medication — o (3 3311 0054 32312 ] 0032
Spiranajael 1458 3043 12 (500 1050
24{100 7 {100y 20100y 4 (1003
Ang! 17¢1) 8 (36) 14(70)
Angiotens 10 (47% 3 (4T ETer) B[40y 750y
Thiaside - no (el 18075) 1307 500 16.(80) 2650%
Loap Diretic - no (e § (15 4004y 230y 4020
Beta-Blacker - no%s) mon 1307 b (86) 16 (80)
Alphal-adrenereic agonis 15 {6 10 {53y 3h 12 {60y
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Table 2: Characteristics of renal denervation procedure, according to blood pressure response.

6-month follow-up 1-year follow-up
Non- Non-
Total Responders |responders Responders responders
Characteristics (N=24) N=1T) N=T) p-value | (N=20) (N=4) p-value
Radio-frequency renal denervation system
EnligHINT™. no(%) 8(33) 6(35) 2(29) 6(30) 2(50)
Spyral™- no(%) 14 (58) 10 (59) 4(57) 12 (60) 2(50)
Symplicity Flex™- no(%) 2(8) 1(6) 1(14) 2(10) 0
Maximal diameter right renal artery (mm) 6.31.5 6.3=1.6 6.2+1.4 0.97516.2=1.5 6.6=1.8 0,51
Minimal diameter right renal artery (mm) 4,91 4 4.8%1,5 5312 0.48414.8=1.4 5541 .4 0,188
Length right renal artery (mm) 49,9220 47,7£18.8 55+23.,6 0.431]50,3215.4 47.4£26,2 0,796
Rightrenal artery ablations — (n) 12,3443 12,8+46 11£3 .5 0374125246 11427 0,538
Maximal diameter left renal artery (mm) 6.3%1.5 6.3=1.6 6.1+1.5 0.6346.1=5.1 6.255.6 0.583
Minimal diameter left renal artery (mm) 5415 4.8%1,5 5.5+13 0,27]4.8x1.4 6.1£1.5 0,113
Length leftrenal artery (mm) 42,317 44117 393178 0,542 |44.5216,9 33.7£16.1 0,254
Leftrenal artery ablations — (n) 13,2456 13,8+5.8 11,7451 0.426]13.8%6.0 10,3£1,5 0,293
Total ablations (n) 25,349.10 26,5+9.67 22 A4E7 35 0,326 | 26,249.61 20,7+4,03 0.088
EnligHTN™ () 211258 [20,726.7 22,5221 20,7267 22,5521
Spyral™ (n) 28.9£7.6 30,7£7.3 257 .8 30,1%6,7 15,8+1,6
Svmplicity Flex™ (n) 11+1 41 10 12 11+1 4 NA

- Figure 2: Early-responders to renal

- 6 months FU after RDN  —— rvreseoreen denervation have significant higher levels of

—s— Early non-responders

- — vitamin D than early non-responders.
i______i Samples were obtained at two timings

31 4
26

15,1400 16,5600

(baseline and at 6-month follow-up). (A)
Estimated marginal means of vitamin D
: ; levels in ‘responders’ at six months (early-
= T responders, blue line) vs ‘early non-
IROCcurve:GmonthsFUafterRDN L responders' (I’Ed Iine). (B) Operating
characteristic curve (ROC): A vitamin D cut-

off value of 219.5 ng/ml showed the best
| overall sensitivity and specificity for
determining renal denervation response.

p=0,008

'ml
~
=

50‘5‘
: =5 (C) Estimated marginal means of vitamin D
) levels in ‘responders’ at one year (blue line)
vs ‘non-responders’ (red line). Statistical
% AUC=0,761 . .
P=0,011 analysis was performed using the Kruskal-
- Wallis Test and a general linear model was
e 1- Specificty applied to analyze variance of each
R — o laboratorial parameter. Data are presented
7 e Nonresponders using mean * standard deviation. FU:
31 A .
| 22875 23,7875 follow-up; RDN: renal denervation; AUC:
Ex } 15,5667 17,3333 area under the curve.
216
11 ‘
o]
‘ p=ns
1
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Figure 3: 24-hour systolic blood pressure (SBP) in 6-month responders and non-responders at

baseline, 6 months and 12 months after renal denervation.
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Figure 4: 24-hour systolic blood pressure (SBP) in 12-month responders and non-responders at

baseline, 6 months and 12 months after renal denervation.
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Table 3: Echocardiogram characteristics, according to responsiveness to renal denervation at

baseline and 6-month follow-up.

Characteristics Early- Responders Early non- St Total Responders | Non-responders valing
~N=17) responders (N="7) | PV "¢ | N=20) ~N=4) P

Ele'septalat | 5 9464 17753 8 ns | 14.0£5.6 16.544.4 ns
baseline
Bosahlats | joope 13.81.2 ns | 13.1£7.0 13543 4 ns
months

p-value ns 0.045 ns ns
Elc'lateralat | g 4,5 9 133224 ns|10.743.6 112226 ns
baseline
Belibenilats: s 10.651.9 ns| 10.3£3.6 92228 ns
months

p-value ns 0.044 ns ns
Ele'meanat | 4139 14,6526 ns| 11,4243 13,8435 ns
baseline
Bomemate | Giiss 11,818 ns| 11,3445 11343 1 ns
months

p-value ns 0,033 ns ns
Discussion

In this study, we performed a prospective analysis of the BP-reducing effect of RDN in our centre,
evaluating the predictor value of vitamin D in RDN response. We observed a reduction in the 24-
h mean SBP and mean DBP in 83% of the 24 patients. The reduction in BP was comparable with
the findings of recent randomized sham-controlled trials. We also observed a significantly higher
baseline vitamin D level in the patients who responded within 6 months after RDN group
compared to the patients who did not respond by 6 months after RDN non-responders. At 12
months after RDN, higher vitamin D values continued to be observed in the patients who
responded to RDN, but the difference between the vitamin D levels of the groups was not

significant.

Low vitamin D levels have been found to be associated with arterial HTN in cross-sectional
studies. % A prospective study found that vitamin D deficiency was associated with an

increased risk of HTN, independent of age, body mass index, and other covariates. # Likewise,
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observational studies have supported the association between low levels of vitamin D and the
presence of resistant HTN. 22* Various underlying mechanisms to explain this relationship have
been discussed. The vitamin D receptor is broadly expressed by cardiovascular tissues that
include endothelial cells, cardiomyocytes, and vascular smooth muscle cells. 2727 Vitamin D also
supresses the expression of the renin gene, inhibits the proliferation of vascular smooth muscle
cells, and is associated with increased endothelial-dependent vasodilation and reduced cytokine
release from lymphocytes. Thus, an association between vitamin D deficiency and HTN may be
plausible. Likewise, a recent cross-sectional study found a statistically significant association
between vitamin D deficiency and resistant HTN. 2 Although there have already been several
randomized controlled trials that have examined the effect of vitamin D supplementation on
HTN 2731 there is only a single randomized controlled trial that has assessed the effects of
vitamin D supplementation on individuals with resistant HTN. The result was negative. 2
However, the study only included 68 patients (34 in each arm), including a few patients with
type 2 diabetes. Previous studies have revealed that patients with type 2 diabetes who were
administered vitamin D obtained reduced BP. Interestingly, in our cohort, the patients who
responded after RDN had lower haemoglobin A1C levels than the patients who did not respond
to RDN. The results of several studies have suggested an association between the lack of vitamin
D and changes in the levels of blood glucose and insulin and the sensitivity of cells to insulin. 32

Moreover, an inverse linear relationship between HbA1C levels and vitamin D levels has been

reported. 3?

In our study, the patients who responded by 6 months after RDN showed a significantly higher
baseline vitamin D level compared to the patients who did not respond by 6 months, which was
not significant 1 year after RDN, although the patients who had responded continued to show a
higher mean concentration of vitamin D at 1 year. The association between low vitamin D
concentrations with a decreased response to RDN was previously reported by Poss et al in a
single retrospective study. 3* Nevertheless, they only reported a follow-up of 6 months, with no
further evaluations. To our best knowledge, ours in the first study to report a lower vitamin D
level in patients responding by 6 months than in patients not responding by 6 months after RDN.
To date, it remains unclear whether vitamin D supplementation of patients with resistant HTN
can affect the magnitude or timing of responsiveness to renal RDN. Our findings were observed

without the potential effects of calcium supplements that were neither introduced nor
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discontinued during this study. Our findings must be considered preliminary only. Additional

prospective studies with a larger population of patients are warranted.

We also reported that the patients who did not respond by 6 months after RDN showed a
decrease in the E/e’ septal, E/e’ lateral, and E/e’ mean values, whereas the patients who did
respond by 6 months after RDN did not show a decrease. Most echocardiographic studies find
evidence of improved diastolic function after RDN, with divergent results in the diastolic
parameters, while others have not been able to find differences between diastolic function over
time. 3* Additionally, some studies have revealed the beneficial impact of sympathetic
modulation on diastolic function without significant association with changes in BP over time.
3536 |nterestingly, these studies only considered the patients who were responders, who
obtained reduced BP 6 months after RDN. A recent multicentre study found significantly
improved ventricular global longitudinal strain, which is a surrogate for diastolic myocardial
function, in patients with heart failure with preserved ejection fraction who underwent RDN. %’
Therefore, additional studies are needed to determine if RDN could be a treatment option for
patients with heart failure with preserved ejection fraction independent of BP response.
Likewise, several studies confirmed reduction in the left ventricular mass after RDN,
independent from changes in BP. 3> Similar beneficial effects are also suspected for glucose
metabolism, obstructive sleep apnoea, heart failure, and cardiac arrhythmias. 3>%° In our cohort,
the LV mass index was not measured. In another Portuguese single centre registry of renal
denervation, which included 65 patients submitted to RDN, de Sousa Almeida et al. reported a
reduction in LV mass evaluated in both responders and non-responders at 1-year follow-up. %
However, in non-responders, no statistical significance was reached most probably due to small
sample size. Regarding diastolic echocardiographic parameters, no significant changes were
reported, specifically mitral E/E’ ratio. Nevertheless, the authors did not differentiate between
responders and non-responders. Therefore, the data presented in our study about RDN impact

on diastolic function should be considered hypothesis generating.
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Limitations

Our study has several limitations. It was a single centre prospective study with a small sample,
there was no control group, and it was not blinded, neither for RDN (no control group) nor for
the physicians performing the follow-up echocardiograms. Additionally, different devices were

used for RDN, and no specific techniques were used to control patient adherence to medication.

Conclusion

This single-centre study of patients with resistant hypertension found that renal denervation
was associated with significant reduction in both the systolic and diastolic 24-h ABPM blood
pressure. There was evidence suggesting a link between vitamin D levels and blood-pressure
response within 6 months after RDN. Randomized trials should further clarify if the
normalisation of low vitamin D levels by vitamin D supplementation could play a role in the

responsiveness of BP to RDN.



Original Article Number 5 173

References

1. McKenna MJ, Murray B. Vitamin D deficiency. In: Endocrinology and Diabetes: A
Problem-Oriented Approach [Internet]. Springer New York; 2014 [cited 2021 Jan 12]. p.
293-304. Available from: https://www.ncbi.nlm.nih.gov/books/NBK532266/

2. Jeong HY, Park KM, Lee MJ, Yang DH, Kim SH, Lee SY. Vitamin D and hypertension
[Internet]. Vol. 15, Electrolyte and Blood Pressure. Korean Society of Electrolyte and
Blood Pressure Research; 2017 [cited 2021 Jan 10]. p. 1-11. Available from:
/pmc/articles/PMC5641496/?report=abstract

3. Forouzanfar MH, Liu P, Roth GA, Ng M, Biryukov S, Marczak L, et al. Global burden of
hypertension and systolic blood pressure of at least 110 to 115mmHg, 1990-2015. JAMA
- J Am Med Assoc [Internet]. 2017 Jan 10 [cited 2020 Sep 6];317(2):165-82. Available
from: https://jamanetwork.com/

4. Bromfield S, Muntner P. High blood pressure: The leading global burden of disease risk
factor and the need for worldwide prevention programs. Curr Hypertens Rep [Internet].
2013 Jun [cited 2020 Sep 6];15(3):134-6. Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3699411/

5. Armas Rojas N, Dobell E, Lacey B, Varona-Pérez P, Burrett JA, Lorenzo-Vazquez E, et al.
Burden of hypertension and associated risks for cardiovascular mortality in Cuba: a
prospective cohort study. Lancet Public Heal [Internet]. 2019 Feb 1 [cited 2020 Sep
6];4(2): €107-15. Available from: www.thelancet.com/

6. Aiyagari V, Gorelick PB. Management of blood pressure for acute and recurrent stroke
[Internet]. Vol. 40, Stroke. Lippincott Williams & Wilkins; 2009 [cited 2020 Sep 6]. p.
2251-6.

7. Verdecchia P, Reboldi G, Angeli F, Trimarco B, Mancia G, Pogue J, et al. Systolic and
diastolic blood pressure changes in relation with myocardial infarction and stroke in
patients with coronary artery disease. Hypertension [Internet]. 2015 Jan 20 [cited 2020
Sep 6];65(1):108-14. Available from: https://www.ahajournals.org/
doi/10.1161/HYPERTENSIONAHA.114.04310

8. Daugherty SL, Powers JD, Magid DJ, Tavel HM, Masoudi FA, Margolis KL, et al. Incidence

and prognosis of resistant hypertension in hypertensive patients. Circulation [Internet].



174

Costa G and Delgado Silva J. 2021 Revista Portuguesa de Cardiologia

10.

11.

12.

13.

14.

15.

16.

2012 Apr 3 [cited 2020 Sep 6];125(13):1635-42. Available from:
https://pubmed.ncbi.nlm.nih.gov/22379110/

Pimenta E, Calhoun DA. Resistant hypertension: Incidence, prevalence, and prognosis
[Internet]. Vol. 125, Circulation. 2012 [cited 2020 Sep 6]. p. 1594-6. Available from:
https://www.ahajournals.org/doi/10.1161/CIRCULATIONAHA.112.097345

Williams B, Mancia G, Spiering W, Rosei EA, Azizi M, Burnier M, et al. 2018 ESC/ESH
Guidelines for the management of arterial hypertension. Vol. 39, European Heart
Journal. Oxford University Press; 2018. p. 3021-104.

Esler MD, Bohm M, Sievert H, Rump CL, Schmieder RE, Krum H, et al. Catheter-based
renal denervation for treatment of patients with treatment-resistant hypertension: 36-
month results from the SYMPLICITY HTN-2 randomized clinical trial. Eur HeartJ. 2014 Jul
7;35(26):1752-9.

Kandzari DE, Bhatt DL, Brar S, Devireddy CM, Esler M, Fahy M, et al. Predictors of blood
pressure response in the SYMPLICITY HTN-3 trial. Eur Heart J. 2015 Jan 21;36(4):219-27.
Mahfoud F, Lischer TF. Renal denervation: Symply trapped by complexity? [Internet].
Vol. 36, European Heart Journal. Oxford University Press; 2015 [cited 2020 Sep 6]. p.
199-202. Available from: https://academic.oup.com/
eurheartj/article/36/4/199/2293419

Silva JD, Costa M, Gersh BJ, Gongalves L. Renal denervation in the era of HTN-3.
Comprehensive review and glimpse into the future [Internet]. Vol. 10, Journal of the
American Society of Hypertension. Elsevier Ireland Ltd; 2016 [cited 2020 Oct 10]. p. 656—
70. Available from: https://pubmed.ncbi.nilm.nih.gov/27319336/

Bohm M, Kario K, Kandzari DE, Mahfoud F, Weber MA, Schmieder RE, et al. Efficacy of
catheter-based renal denervation in the absence of antihypertensive medications
(SPYRAL HTN-OFF MED Pivotal): a multicentre, randomised, sham-controlled trial.
Lancet [Internet]. 2020 May 2 [cited 2021 Jan 12];395(10234):1444-51. Available from:
https://pubmed.ncbi.nlm.nih.gov/32234534/

Kandzari DE, Bohm M, Mahfoud F, Townsend RR, Weber MA, Pocock S, et al. Effect of
renal denervation on blood pressure in the presence of antihypertensive drugs: 6-month
efficacy and safety results from the SPYRAL HTN-ON MED proof-of-concept randomised
trial. Lancet [Internet]. 2018 Jun 9 [cited 2021 Jan 12];391(10137):2346-55. Available
from: https://pubmed.ncbi.nlm.nih.gov/29803589/



Original Article Number 5 175

17.

18.

19.

20.

21.

22.

23.

24,

Alagacone S, Verga E, Verdolini R, Saifullah SM. The association between vitamin D
deficiency and the risk of resistant hypertension. Clin Exp Hypertens [Internet]. 2020 Feb
17 [cited 2021 Jan 11];42(2):177-80. Available from:
https://pubmed.ncbi.nim.nih.gov/30939946/

Legarth C, Grimm D, Wehland M, Bauer J, Kriiger M. The impact of vitamin d in the
treatment of essential hypertension [Internet]. Vol. 19, International Journal of
Molecular Sciences. MDPI AG; 2018 |[cited 2021 Jan 11]. Available from:
/pmc/articles/PMC5855677/?report=abstract

Kristal-Boneh E, Froom P, Harari G, Ribak J. Association of calcitriol and blood pressure
in normotensive men. Hypertension [Internet]. 1997 [cited 2020 Sep 6];30(5):1289-94.
Available from: https://pubmed.ncbi.nlm.nih.gov/9369290/

Lind L, Hanni A, Lithell H, Hvarfner A, Sérensen OH, Ljunghall S. Vitamin d is related to
blood pressure and other cardiovascular risk factors in middle-aged men. Am |
Hypertens [Internet]. 1995 [cited 2020 Sep 6];8(9):894-901. Available from:
https://pubmed.ncbi.nlm.nih.gov/8541004/

Lee JH, O’Keefe JH, Bell D, Hensrud DD, Holick MF. Vitamin D Deficiency. An Important,
Common, and Easily Treatable Cardiovascular Risk Factor? [Internet]. Vol. 52, Journal of
the American College of Cardiology. J Am Coll Cardiol; 2008 [cited 2020 Sep 6]. p. 1949—
56. Available from: https://pubmed.ncbi.nlm.nih.gov/19055985/

Forman JP, Giovannucci E, Holmes MD, Bischoff-Ferrari HA, Tworoger SS, Willett WC, et
al. Plasma 25-hydroxyvitamin D levels and risk of incident hypertension. Hypertension
[Internet]. 2007 May [cited 2020 Sep 6];49(5):1063—9. Available from:
https://pubmed.ncbi.nlm.nih.gov/17372031/

P6ss J, Mahfoud F, Ukena C, Esler MD, Schlaich M, Hering D, et al. Association of vitamin
D status and blood pressure response after renal denervation. Clin Res Cardiol
[Internet]. 2014 Jan [cited 2020 Sep 6];103(1):41-7. Available from:
https://pubmed.ncbi.nlm.nih.gov/24173883/

Alagacone S, Verga E, Verdolini R, Saifullah SM. The association between vitamin D
deficiency and the risk of resistant hypertension. Clin Exp Hypertens [Internet]. 2020 Feb
17 [cited 2020 Sep 6];42(2):177-80. Available from:
https://www.tandfonline.com/doi/full/10.1080/10641963.2019.1601204



176

Costa G and Delgado Silva J. 2021 Revista Portuguesa de Cardiologia

25.

26.

27.

28.

29.

30.

31.

Merke J, Hofmann W, Goldschmidt D, Ritz E. Demonstration of 1,25(0OH)2 vitamin D3
receptors and actions in vascular smooth muscle cells In vitro. Calcif Tissue Int [Internet].
1987 Mar [cited 2020 Sep 6];41(2):112-4. Available from:
https://pubmed.ncbi.nim.nih.gov/2820558/

Holick MF. High prevalence of vitamin D inadequacy and implications for health
[Internet]. Vol. 81, Mayo Clinic Proceedings. Elsevier Ltd; 2006 [cited 2020 Sep 6]. p.
353-73. Available from: https://pubmed.ncbi.nlm.nih.gov/16529140/

Merke J, Milde P, Lewicka S, Hugel U, Klaus G, Mangelsdorf DJ, et al. Identification and
regulation of 1,25-dihydroxyvitamin D3 receptor activity and biosynthesis of 1,25-
dihydroxyvitamin D3. Studies in cultured bovine aortic endothelial cells and human
dermal capillaries. J Clin Invest [Internet]. 1989 [cited 2020 Sep 6];83(6):1903—15.
Available from: /pmc/articles/PMC303911/?report=abstract

Witham MD, Ireland S, Graeme Houston J, Gandy SJ, Waugh S, Macdonald TM, et al.
Vitamin D therapy to reduce blood pressure and left ventricular hypertrophy in resistant
hypertension: Randomized, controlled trial. Hypertension [Internet]. 2014 Apr [cited
2020 Sep 6];63(4):706-12. Available from:
https://www.ahajournals.org/doi/10.1161/HYPERTENSIONAHA.113.02177

Arora P, Song Y, Dusek J, Plotnikoff G, Sabatine MS, Cheng S, et al. Vitamin D therapy in
individuals with prehypertension or hypertension the DAYLIGHT trial. Circulation
[Internet]. 2015 [cited 2020 Sep 6];131(3):254-62. Available from:
https://pubmed.ncbi.nim.nih.gov/25359163/

Pilz S, Gaksch M, Kienreich K, Griibler M, Verheyen N, Fahrleitner-Pammer A, et al.
Effects of Vitamin D on Blood Pressure and Cardiovascular Risk Factors: A Randomized
Controlled Trial. Hypertension [Internet]. 2015 Jun 20 [cited 2020 Sep 6];65(6):1195—
201. Available from: https://www.ahajournals.org/
doi/10.1161/HYPERTENSIONAHA.115.05319

Forman JP, Scott JB, Ng K, Drake BF, Suarez E, Hayden DL, et al. Effect of vitamin d
supplementation on blood pressure in blacks. Hypertension [Internet]. 2013 Apr [cited
2020 Sep 6];61(4):779-85. Available from: https://www.ahajournals.org/
doi/10.1161/HYPERTENSIONAHA.111.00659



Original Article Number 5 177

32.

33.

34.

35.

36.

37.

38.

39.

Ghavam S, Ahmadi MH, Panah A, Kazeminezhad B. Evaluation of HbA1C and serum
levels of vitamin D in diabetic patients. ] Fam Med Prim Care [Internet]. 2018 [cited 2020
Sep 27];7(6):1314. Available from: /pmc/articles/PMC6293952/?report=abstract

Pdss J, Mahfoud F, Ukena C, Esler MD, Schlaich M, Hering D, et al. Association of vitamin
D status and blood pressure response after renal denervation. Clin Res Cardiol
[Internet]. 2014 Jan 31 |[cited 2020 Sep 6];103(1):41-7. Available from:
https://link.springer.com/article/10.1007/s00392-013-0621-y

Wang S, Yang S, Zhao X, Shi J. Effects of renal denervation on cardiac structural and
functional abnormalities in patients with resistant hypertension or diastolic dysfunction.
Sci Rep [Internet]. 2018 Dec 1 |[cited 2020 Sep 6];8(1). Available from:
/pmc/articles/PMC5775308/?report=abstract

Brandt MC, Mahfoud F, Reda S, Schirmer SH, Erdmann E, Bohm M, et al. Renal
sympathetic denervation reduces left ventricular hypertrophy and improves cardiac
function in patients with resistant hypertension. J Am Coll Cardiol [Internet]. 2012 Mar
6 [cited 2020 Sep 6];59(10):901-9. Available from: https://pubmed.ncbi.nim.nih.gov/
22381425/

Schirmer SH, Sayed MMYA, Reil JC, Ukena C, Linz D, Kindermann M, et al. Improvements
in left ventricular hypertrophy and diastolic function following renal denervation: Effects
beyond blood pressure and heart rate reduction. J Am Coll Cardiol [Internet]. 2014 May
13 [cited 2020 Sep 6];63(18):1916-23. Available from:
https://pubmed.ncbi.nim.nih.gov/24315919/

Zamani S, Mahfoud F, Stoiber L, Boehm M, Pieske B, Gebker R, et al. P5266Renal
denervation improves diastolic dysfunction in patients with HFpEF - initial results of a
multicenter CMR study. Eur Heart J [Internet]. 2019 Oct 1 [cited 2020 Sep
6];40(Supplement_1).  Available  from: https://academic.oup.com/eurheart;j/
article/40/Supplement_1/ehz746.0237/5597623

Mahfoud F, Urban D, Teller D, Linz D, Stawowy P, Hassel JH, et al. Effect of renal
denervation on left ventricular mass and function in patients with resistant
hypertension: Data from a multi-centre cardiovascular magnetic resonance imaging
trial. Eur Heart J [Internet]. 2014 Sep 1 [cited 2020 Sep 6];35(33):2224-31.

Witkowski A, Prejbisz A, Florczak E, Kadziela J, Sliwiniski P, Bielen P, et al. Effects of renal

sympathetic denervation on blood pressure, sleep apnea course, and glycemic control



178

Costa G and Delgado Silva J. 2021 Revista Portuguesa de Cardiologia

40.

41.

in patients with resistant hypertension and sleep apnea. Hypertension [Internet]. 2011
Oct [cited 2020 Sep 6];58(4):559-65.

De Sousa Almeida M, De Araujo Gongalves P, Infante De Oliveira E, Cyrne De Carvalho
H. Renal denervation for resistant hypertension. Vol. 34, Revista Portuguesa de
Cardiologia. Sociedade Portuguesa de Cardiologia; 2015. p. 125-35.

de Sousa Almeida M, de Arautjo Gongalves P, Branco P, Mesquita J, Carvalho MS, Dores
H, et al. Impact of Renal Sympathetic Denervation on Left Ventricular Structure and
Function at 1-Year Follow-Up. Joles JA, editor. PLoS One [Internet]. 2016 Mar 2 [cited
2021  Jan 9];11(3): e0149855. Available  from: https://dx.plos.org/
10.1371/journal.pone.0149855



Part lll: Discussion and Future Perspectives




180 Discussion and Future Perspectives

Abbreviation List

HT: Hypertension

SNS: Sympathetic nervous system

BP: Blood pressure

RDN: renal denervation

ABPM: Ambulatory blood pressure monitoring

RF: Radiofrequency

OCT: Optical coherence tomography

MIBG: 2|-labelled meta-iodobenzylguanidine scintigraphy
WR: Washout rate

HMR: Heart-mediastinum ratio

DN: Double-negative

RANTES: Regulated on activation, normal T cell expressed and secreted
RAAS: Renin-angiotensin-aldosterone system

ATR1: Angiotensin type 1 receptor

RNA: Ribonucleic acid
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Discussion

Hypertension (HT) is one of the most prevalent cardiovascular risk factors and has been the focus
of many researchers is the last century, in order to elucidate its pathophysiologic background.
The vasoconstrictor effects of the sympathetic nervous system (SNS) and its implication in the
pathogenesis of HT have long been known and were the basis to develop surgical techniques in
the early 20" century , as malignant HT, if left untreated, was associated with near 100% 5-year
mortality. However, these aggressive procedures were discontinued due to severe side effects
(severe orthosthatic hypotension, intestinal disturbances, urinary incontinence, anydrosis and

erectile dysfunction) and high mortality.

Elevated blood pressure (BP) is a known cause for cerebrovascular disease, coronary artery
disease, heart failure, chronic kidney disease and peripheral artery disease. Despite the wide
availability of anti-hypertension medication and significant advances in the management of HT,
many patients, without an evident secondary cause, have persistent uncontrolled HT with
consequent end-organ damage. The development of device-based interventional therapies,
such as renal denervation (RDN), was based on the same pathophysiological concept as the
abandoned surgical sympathectomy, and consists on the ablation of afferent and efferent renal
nerves that conglomerate around the renal vasculature. Stimulation of renal nerves raises BP
through vasoconstriction and volume/sodium mechanisms 2 and thus, the disruption of this

nervous network has been shown to reduce BP and assessed in several randomized trials. 3

However, in 2014, the clinical development of RDN was interrupted due to the unexpected
findings of the SYMPLICITY HTN-3 trial. ® This sham-controlled trial included 535 patients with
resistant HT who were randomly assigned to undergo RDN with a single-tip electrode catheter
or a sham procedure. Six-month results showed no significant differences between RDN and the
sham groups regarding both systolic office BP and mean systolic ambulatory BP monitoring
(ABPM). Several pitfalls were identified in the trial which included the Hawthorne effect, non-
adherence to medication, inadequate patient selection, unidentified secondary HT, insufficient
interventionist experience and lack of a standardized treatment procedure leading to
incomplete denervation. In the following year, the DENERHTN trial was published and revealed

opposite results. 7 This French randomized study included 106 patients and added a
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standardized stepped-care antihypertensive treatment to RDN, which was performed with a
single electrode catheter. At 6 months, patients in the RDN group had a modest but significant
decrease in daytime systolic ABPM with a mean baseline-adjusted difference between the two
groups of -5.9 mm Hg, p =.0329. Similar results were observed for nocturnal and 24-hour mean
BP (without reaching statistical significance). Multivariate analysis was performed and revealed
that male gender, high adherence to medication, high baseline daytime systolic ABPM, large
changes in daytime ambulatory heart rate from baseline to 6 months, but not race, were
independently and significantly associated with greater changes in daytime systolic ABPM.

Interestingly, the number of ablations was not a predictor of response.

Current scientific and clinical evidence

We published in 2016, in the Journal of the American Society Hypertension, a Review Article
which gave an overview of the status of RDN at the time and summarized available results of
randomized trials. Since then, important randomized and non-randomized data have been

published.

The RDN technique has been revised due to anatomical considerations. The penetration depth
of commercially available RDN devices ranges from 2-5mm. Human anatomical findings showed
that that the mean distance from renal artery lumen to nerve location is least in the distal
segments compared to proximal and middle segments of the artery, even though nerve density
is higher at this location. ® Additionally, the renal ganglionic plexus is anatomically
interconnected with the superior mesenteric ganglion, the contralateral aorticorenal ganglion,
the lumbar sympathetic chain, and the thoracic splanchnic nerves,® which may lead to
undesirable side effects if the radiofrequency (RF) energy is applied solely at this region.
According to this knowledge, several preclinical studies identified RDN distal targeting to be

superior when comparing to main artery treatment only. 1°

Recently, three carefully designed second generation randomized trials found a meaningfull
reduction both in office and ABPM after device-based RDN. The Spyral HTN Global Clinical trial
program was a series of studies designed to investigate the multielectrode Spyral catheter
(Medtronic) in hypertensive patients with (SPYRAL HTN-ON MED 1!) and without (SPYRAL HTN-

OFF MED *?) anti-hypertensive medication. Both studies included patients with mild to moderate
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HT (patients with office systolic BP > 180mmHg and systolic ABPM > 170mmHg were excluded).
A toxicology analysis was performed to monitor drug adherence and BP-lowering efficacy was
based on ABPM. The first 80 patients enrolled in the SPYRAL HTN OFF-MED trial had a significant
3-month reduction in systolic ABPM (5.5mmHg, p= 0.0031), when compared to the sham group.
Furthermore, a higher 24-hour heart rate at baseline was a predictor of a greater BP reduction
after RDN, potentially being a predictor of response in untreated individuals. In the SPYRAL HTN
ON-MED trial, 80 patients treated with one to three anti-hypertensive drugs were randomly
assigned to receive RDN vs a sham procedure. The RDN group had a significant reduction of
systolic ABPM and an interesting finding, similar to the DENERHTN trial 7, was that only 60% of
the patients was fully adherent to the prescribed anti-hypertensive therapy. The RADIANCE-HTN
trial investigated the superiority of an ultrasound-based RDN device and found a significant
daytime systolic ABPM reduction in the RDN group, vs the sham group, in the absence and

presence of anti-hypertensive therapy, both at 6 and 12-month follow-up. 13

The Global Symplicity Registry is the largest prospective, open-label, single-arm, observational
registry to date and includes patients with uncontrolled HT and/or conditions associated with
SNS activation. At 3-year follow-up, 2237 patients had been enrolled at 196 active sites in 45
countries worldwide. Systolic BP reduction after 3 years was sustained both regarding office BP
(-16.5 + 28.6mmHg, p<0.001) and ABPM (-8 £ 20mmHg, p<0.001). The impact on BP reduction
after RDN was more pronounced in patients with severe resistant HT (with baseline systolic
office BP 2 160mmHg and systolic ABPM > 135mmHg, on three or more antihypertensive drugs).
In multivariate analysis, a higher baseline systolic BP was consistently associated with BP
decrease at 12, 24 and 36 months after RDN. Regarding safety, at 3 years, mortality was 4% (2%
cardiovascular death), 3.2 % of the patients had a stroke, 2.6% were hospitalized due to a
hypertensive crisis and 1.6% developed end-stage renal disease. At one year, 3 patients (0.1%)

were diagnosed with renal artery stenosis and two of them were treated with stent angioplasty.

14

Heart failure is characterized by a chronically active SNS. In the early stages of the disease, SNS
activation increases sodium and volume retention in the kidneys, activates renin-angiotensin-
aldosteron system (renal efferent sympathetic pathways) and causes peripheral
vasoconstriction, in order to increase stroke volume and maintain mean arterial pressure.

However, these compensatory mechanisms progressively lead to a downregulation of cardiac
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beta-adrenoreceptors and myocardial injury and therefore contribute to the development of
cardiac dysfunction. By interfering with both efferent and afferent sympathetic signals, RDN may
be beneficial in heart failure, through the suppression of sympathetic outflow to the heart,
kidneys and vessels. A recent metanalysis studied the effect of RDN on heart failure and
comprised 5 single-center, open-label, randomized studies which included 177 patients with
reduced ejection fraction and receiving standard heart failure therapy. A significant
improvement in NYHA class, left ventricular function and exercise capacity was noted in the RDN
arm, vs control, without significant impact on BP or renal function. The fact that BP was not
significantly reduced is benefical as most heart failure patients have normal/low BP and

hypotension may adversely affect prognosis. *°

Renal nerves distribution and anatomical considerations

Post-hoc analysis of the procedural data of HTN-3 trial revealed that only a small fraction of renal
arteries showed evidence of fully circunferencial 4-quadrant ablations. ¢ Early investigations
revealed that sympathetic fibers are mainly located in the adventitia of renal vessels with larger
bundles in the proximal segment, compared to the thinner fibers found distally. ¥ However,
more recent research on renal nerve distribution showed that even though sympathetic nerve
fibers are concentrated in the proximal and middle arterial segments, the distance from the
lumen is significantly higher than that of distal fibers, which are fewer but probably more
vulnerable to RF injury. & Second-generation systems use multiple electrodes to simultaneously
ablate multiple areas along the renal artery. Each of these devices provide unique ablation
patterns, different from that of single-electrode first generation systems, and offer a more

controlled and effective ablation of renal fibers.

We first performed RDN, using a multielectrode device, in a swine model, in order to evaluate
the effect of RF energy application on the proximal/middle segment of the renal artery
(prebifurcation), through histological analysis of the arterial wall and periadventitial tissue. We
compared the levels of fibrosis with the untreated contralateral side (control) and assessed the
disruption of the arterial wall acutely (pre procedure/post procedure/one month follow-up)
using intrarenal optical coherence tomography (OCT). Levels of renal tissue epinephrine and

norepinephrine were quantified at both sides. Our study demonstrated several main findings:
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(1) RDN causes acute vessel wall changes, visualized by OCT, such as intimal disruption
(edema/spasm) and intraluminal thrombus formation. (2) RDN was safe in the medium term, as
OCT revealed a completely healed vessel and the absence of de novo stenosis at one month
follow-up. (3) The histological analysis revealed nearly absent tyrosine hydroxylase
immunostaining and a statistically significant increase in the amount of collagen fibers in the
denervated artery, compatible with a decrease in nerve terminals and an increase in fibrosis,
compared to the control, suggesting an efficacious delivery of RF energy to the vessel wall. No
differences were found in the norepinephrine or epinephrine renal tissue levels between the
treated and contralateral kidney, which could be due to contralateral adaptive mechanisms and
the renorenal reflex. This finding validates the need to denervate both sides systematically. In
accordance to our study, Mahfoud et al ¥ demonstrated that delivering RF to the branches
resulted in greater norepinephrine reductions than treating the main renal artery alone and that
the greatest decline in norepinephrine concentrations was obtained from a combined treatment
of the main artery and branches. Our results provided imaging and histopathological evidence

of the effect of unilateral RDN, perfomed with a multielectrode device, in a swine model.

Assessing the effects of renal denervation with myocardial 123]-labelled meta-

iodobenzylguanidine scintigraphy

The function of several organs, like the heart, vasculature, and the kidneys, is controlled by the
SNS, through an efferent nerve stream. The SNS activity is not constant or predictable and is
modulated by an afferent sympathetic outflow and also by the contralateral kidney. The SNS is
involved in the pathogenesis of multiple clinical entities associated with marked sympathetic
cardiovascular drive, such as advanced heart failure, obesity, and sleep apnea syndrome, and
increases the risk of life-threatening cardiac arrhythmias and sudden death. %2 Sympathetic
activity is highly complex as it functions at several levels of the body. Therefore, there is no single

method to obtain an overall activity assessment.

In the second part of our investigation, we assessed cardiac sympathetic activity in eighteen
patients with resistant HT and submitted to RDN, using myocardial ?’|-labelled meta-
iodobenzylguanidine scintigraphy (MIBG-S). Cardiac MIBG-S has been performed in small

cohorts of RDN patients with resistat HT but results have been rather divergent. Donazzan et al
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evaluated eleven RDN patients and reported a borderline decrease in the washout rate (WR)
both in responders and non-responders, a parameter which is independent of the number of
neurons avalilable and in close relation with sympathetic activity. 2! Berukstis et al 22 investigated
sixteen RDN patients and observed a significant increase in the delayed heart-mediastinum ratio
(HMR), indicating a reduction in the sympathetic overdrive. Ziakas et al 2 performed myocardial
MIBG-S in seven RDN patients and observed that none of the imaging indexes (HMR and WR)
were different between responders and non-responders. MIBG-S has been employed to evaluate
patients with heart failure undergoing cardiac ressynchronization therapy and has shown that
HMR is both an independent predictor of response ** and a predictor of clinical outcomes, in this

cohort of patients. %

The aim of our study was to determine whether RDN had any impact in myocardial sympathetic
activity and also to assess safety of the procedure, as a significant decrease in HMR afterwards,
could signify disruption of the sympathetic pathway. We determined that responders had a
significantly lower baseline early HMR, which could be due to decreased neuronal integrity, but
no significant changes were observed after six months. Late HMR was statistically similar in both
groups but reduced in comparison to values reported in normal subjects (normal mean values
2.2 + 0.3), both at baseline and at six-month follow-up, translating a maintained sympathetic
hyperactivity even after RDN and a probable higher risk of events. The WR was also statistically
similar in both groups. However, WR was significantly increased, in comparison to normal
individuals (normal reported mean values 10 £ 9%), with this discrepancy being more evident in
non-responders at baseline, due to a possible sympathetic overdrive. What is not clear is, given
that non-responders had evidence of increased SNS activity, why did they not clinically respond
to RDN? Are there other factors/systems superseding the contribution of the SNS in the
pathophysiology of HT? The fact is that the sympathetic network is only a part of the SNS and
there may be sympathetic compensatory mechanisms which could prevent a clinical response
in particular patients. Furthermore, none of the evaluated rates altered significantly at follow-
up, suggesting an absence of deleterious sympathetic nerves disruption. We concluded that
none of the evaluated MIBG-S parameters were useful to anticipate clinical outcomes after RDN
and, up to current day, there is no single method sensitive and specific enough to predict

response to this technique.
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Immune response in renal denervation

Patient selection, technical aspects and operator experience have been thoroughly discussed in
the literature in order to determine which factors could potentially identify the responder to
RDN, aspect that would help redefine the indications to this therapy and improve efficacy. A
blood-circulating biomarker could be of particular interest to identify the responders and could

be a marker of renal function, hemodynamics, vascular stiffness or inflammation.

In the third part of our research, we aimed to evaluate the cellularimmune response in a cohort
of 23 patients with resistant HT and submitted to RDN. The participation of inflammation and,
in particular, adaptive immunity, in the elevation of BP is known to be an elaborate interaction
between activated immune cells, oxidative stress and angiotensin Il activity, promoting an
inflammatory status in the kidney, arteries and central nervous system. 262’ T lymphocytes are
one of the most important effector cells of the adaptive immune system and are known to be
directly involved in the pathogenesis of angiotensin Il induced HT. 2 Adrenergic stimulation may
induce renal immune cell infiltration and the production of noradrenaline and proinflammatory
cytokines by T lymphocytes, macrophages and dendritic cells. 2° A potential effect of RDN is the
reduction of renal inflammation through the modulation of the SNS but the true impact of this

technique on the immunological response of patients with resistant HT is unclear.

To study the behavior of immune cells, venous blood samples were obtained at six timings (pre
and post procedure). We performed a preliminary assay including samples of four responders
and three non-responders, and executed an extended analysis of T, B and natural killer cells,
monocytes and dendritic cells. These results guided the forthcoming study in order to select T
cells (CD4 and CD8, memory and activated subsets) as possible biomarkers of response in RDN.
We included twenty-three patients and response at six months and one year was determined,

in order to include late-responders.

Our research identified, for the first time, a potential immunological cellular biomarker and a
set of parameters that may be the jump-start to the characterization of the immunological
behavior of the responder to RDN. So far as we know, this is the first study to assess the immune
cell population in patients with resistant HT submitted to RDN. There were several main findings:
(1) Non-responders at one year showed significantly elevated levels of activated double-negative

(DN) T cells at all timings, when compared to responders, a difference not observed when
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response was evaluated at six months, eventually because late-responders show a similar
immunological pattern to earlier responders, and were part of the non-responder group at that
time. The mechanisms leading to an early vs. a late response are not clarified. Several studies
report the involvement of self-reactive, pro-inflammatory DN T cells in systemic inflammation
and tissue damage, and their role in the pathogenesis, symptom onset and disease activity in
autoimmune diseases is established; (2) Non-responders presented with much higher baseline
levels of activated DN T cells, a finding that could be related to a much more exuberant
inflammatory systemic response and a major contribution of other mechanisms, other than the
SNS, to the perpetuation of HT; (3) DN T cells levels were reduced after RDN overall, with the
levels in responders being significantly lower. Several studies report that DN T cells secret several
cytokines and chemokines such as IL-10 and IFN-y, which may exhibit both regulatory and pro-
inflammatory effects, and also IL-1, IL-3 and IL-17, which are pro-inflammatory. ¥ As the SNS is
a major intercommunicating pathway between the central nervous system and the
immunological system, and adrenergic stimulation leads to an increased pro-inflammatory
cytokine production by several immune cells, one possible explanation for the observed
decrease in activated DN T cells after RDN is the blunted sympathetic activity, much more
significant in responders but most certainly also present in non-responders, leading to a decrease
in the stimulation of DN T cells and therefore their absolute levels; (4) Finally, there was a
tendency for non-responders to exhibit higher and more variable values in some T cell subsets
such as CD4 and CD8 T cells and naive CD8 T cells, suggesting the presence of an active

inflammatory milieu.

To continue our analysis of the immune response in the same cohort of patients, we
subsequently quantified a subset of cytokines, chemokynes and growth factors in a subgroup of
21 RDN patients. Venous blood samples were obtained at four timings, one before the
procedure and three after RDN, up to 30 days. A broad human factor panel was used, which
consisted of 45 protein targets. We demonstrated that responders presented with significantly
lower levels of regulated on activation, normal T cell expressed and secreted (RANTES), both at
baseline and at six months follow-up. Even though responders continued to present with lower
levels of RANTES when response was evaluated at one year, this difference was not statiscally
significant, probably due to the reduced number of non-responders at this time. Data regarding
the role of RANTES in atherosclerosis and plague vulnerability is controversial. This chemokyne

is known to be a very potent chemo-attractant of T-cells, monocytes and macrophages and is
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possible that its higher levels may be associated with cellular infiltration and hence end-organ
damage. However, a protective role of RANTES over the kidney, that appears tissue specific, has
been described by Rudemiller et al 3!, whose findings showed that RANTES deficiency led to
severe hypertensive renal damage. In our study, even though responders had lower levels of
RANTES, they were not suppressed, in fact, were above 10.000pg/ml. We could hypothesize
RANTES continued to exert its protective role in the kidney, in both responders and non-

responders, as renal function was within normal values in the overall cohort.

Another interesting finding in our study was that IL-15, IL-27, IL-17A and leukemia inhibitory
factor (LIF) peaked 24 hours after RDN, constituting an intriguing pattern. The fact that both
pro- and anti-inflammatory cytokines reached its highest value immediately after RDN suggest
that the induced numbness of the SNS allowed for anti-inflammatory pathways to fight the acute
inflammatory process provoked by RDN. This is in line with the findings by Lee et al 2, who
observed an increase in inflammatory cytokines IL-1B, IL-18, IL-6 and TNF-a and anti-
inflammatory cytokine IL-10, immediately after RDN, and then a decrease in week 2 of the
follow-up. Additionally, several biochemical parameters were evaluated and were similar
between groups, except for glycated hemoglobin which was significantly higher in non-

responders, even though the number of diabetic patients did not differ in responders vs non-

responders, implying that poorly controlled glycaemia may adversely affect response to RDN.

Several research groups have aimed to identify a specific biomarker able to anticipate response
to RDN and potential predictors are endothelial adhesion molecules, 3* brain-derived
neurotrophic factor 3* and, potentially, IL-6. 3>3® The cytokine RANTES is a soluble pro-
inflammatory chemokine secreted by several cell types such as activated T cells, fibroblasts,
endothelial cells, smooth muscle cells, glial cells, mesangial cells and platelets, which is highly
expressed in the atheroma. Activated platelets are thought to have a crucial role in the
pathogenesis of atherosclerosis and there is evidence linking RANTES with metabolic syndrome
and IL-6, which is an activator of platelets. 3" Our research was able to link RANTES to a potencial
response to RDN and therefore contribute significantly to the ongoing search for a selective

biomarker, which would help to a better selection of patients referred to RDN.
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Overrall response to renal denervation, long-term follow-up and impact of

Vitamin-D levels

In the final stage of our investigation, we aimed to evaluate overall efficacy and safety of RDN,
the echocardiographic evolution and the predictor value of vitamin D. Vitamin D was selected
as a potential target of response as its deficiency is described as being present in 30 to 50% of
the general population, and increasing evidence shows an association with cardiovascular risk
factors, including HT, even though it is conflicting whether vitamin D status has any influence in

BP variation. 38

Ninety-seven patients were screened for our study and thoroughly evaluated in the outpatient
clinic. Seventy-three patients were excluded due to nonconformity with the inclusion criteria
(undertreatment, pseudo-resistant HT, secondary HT, non-adherence to medication). Twenty-
four patients were diagnosed with true resistant HT and submitted to RDN. 70.8% of the patients
were responders at six-months and 83.3% at one year, with a significant drop in mean systolic
ABPM being observed in responders, vs non-responders. Our results are consistent with the

latest trials published in the field of RDN.

Regarding the long-term follow-up of our study, for a mean period of 52 months (14-91 months),
seventeen patients (70,8%) remained responders to RDN, one patient died (non-responder,
severe HT with target-organ damage, cause of death unknown), two patients who were
responders up to 18 months required a re-RDN, due to severe re-elevation of BP, and presented

with a positive BP response (8,3%), and four patients remained non-responders (16.7%).

In terms of safety, there was a new renal artery stenosis reported in one patient at six-
month follow-up. He was a 47-year-old male patient, who had severe refractoty HT with target-
organ lesion and non-significant atherosclerotic plaques were identified during baseline renal
angiography. The RF energy was applied at least 5 mm distant from the atherosclerotic plaque.
At 6-month follow-up, the patient presented with flash pulmonary oedema, which was treated
with stent angioplasty following new renal artery stenosis identification. The patient had a
significant BP-reduction after treatment. No other complications were observed. Three cases of
renal artery stenosis were reported in the Global Symplicity Registry but were considered not to
be a direct consequence of RDN but rather the progression of atherosclerotic disease 3°, which

could be the case of our patient. A recent meta-analysis of 50 RDN trials including over 5700
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patients with a median follow-up of 11 months estimated the incidence of new renal artery
stenosis leading to revascularization to be 0.2% per year, a value lower than previous reports of

the natural history incidence rate in a hypertensive population. 4°

Responders at six-months showed significantly higher baseline vitamin D levels, compared to
non-responders, a difference also observed at 6 months follow-up. After one year, no significant
differences were found between responders, vs non-responders, even though higher mean
vitamin D levels, both at baseline and at 6 months, continued to be observed in the responders
group. Vitamin D deficiency has been shown to be associated with increased cardiovascular risk,
specifically risk of sudden death, HT and dysfunction of the cardiac autonomic system. **** Mann
et al % demonstrated that vitamin D deficiency may be associated with a decline in
cardioprotective vagal tone in response to an acute vascular stressor (angiotensin Il challenge)

4 verified that vitamin D

in healthy individuals. In another study, Tgnnesen et al
supplementation in young healthy individuals with low serum vitamin D modulates the SNS, with
the insufficient group having significantly higher mean heart rate and systolic BP at rest. Vitamin
D receptor is known to be broadly expressed by cardiovascular tissues such as endothelial cells,
cardiomyocytes and vascular smooth muscle cells, also suppressing renin gene expression,
inhibiting proliferation of vascular smooth muscle cells and being associated with an increase of
endothelial-dependent vasodilation and reduction of cytokine release from lymphocytes. Thus,

association of vitamin D deficiency and an absent response to RDN may be plausible and directly

related to a global autonomic dysfunction.

Limitations

In this thesis, we conducted an extensive translational research to better understand the effects

and the benefits of RDN. However, there are several limitations that ought to be acknowledged.

Regarding the animal study, RDN was performed in a small number of animals. The levels of
fibrosis in the denervated artery were quantified and compared to the contralateral side but the
distance between nerve fascicles to the arterial lumen was not evaluated. Norepinephrine
spillover was not assessed but could have been useful to compliment renal tissue

measurements. Regarding safety, even though intra-renal OCT was performed, the impact of
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RDN on renal function is unknown, as it was not assessed. Our study was performed in healthy,

normotensive pigs, and hence, clinical outcomes were not analyzed.

Regarding the human study, it is a single-center, prospective, non-randomized analysis. Given
that true resistant HT is uncommon and even rarer is the indication for RDN, 97 patients were
sreened but only 24 were submitted to RDN and included in the final study. Also, there was no
control group (sham procedure was not performed) and there was no blinding neither for the
physicians nor the patients. Additionally, even though drug-intake was observed at baseline in
all patients, to confirm adherence to medication, no specific tecnhiques were used to assess
adherence at the follow-up. With respect to the procedure itself, every technique was
performed by the same interventional cardiologist. However, three different RDN devices were
used and notwithstanding that most of the procedures were performed with a multielectrode
device, which allows for a circumferential and more predictive ablation pattern, in the two first

procedures a single-electrode catheter was employed.
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Future Perspectives

The variability of individual response to RDN remains considerable. Future research should
continue to focus on identifying patients with a high likelihood to derive benefit from the
treatment. Until the present day, there is no marker of technical success, neither
intraprocedurally or afterwards. Our research identified two potential predictors of response
but given the reduced number of patients, these findings should be corroborated by other
groups of investigators for feasibility and reference values. Our group will pursue research in
this field and one future plan is to engage in collaboration with another Portuguese center with

high volume in RDN, to confirm our findings and mantain investigation in this area.

Non-adherence to pharmacological treatment is another complex problem in patients with HT.
When performing RDN, it is of the utmost importance to identify individuals who do not comply
with prescribed drugs, in order to better understand the clinical response to the technique.
Overall patient non-adherence to medication in resistant HT trials is around 50% “® and
additionally, individual behavior in the follow-up is completely unpredictable, with studies
showing different levels of adherence in various timings of the follow-up. As such, offering the
choice of a device-based therapy to individuals not willing to be medically treated may be an
option in the future, based on shared-decision making and on weighing the risks, vs the benefits

of devices.

It is well known that the renin-angiotensin-aldosterone system (RAAS) interacts with the
autonomic nervous system at both central and peripheral levels, and has a role in the regulation
of both the cardiac function and the BP. Angiotensin I, which is a potent vasopressor and
aldosterone-stimulating, is involved in the augmentation of the sympathetic tone and increases
the release of cathecolamines from the cardiac sympathetic nerve terminals, via the angiotensin
type 1 receptor (ATR1). This SNS hyperactivation is present in several pathological conditions
such as resistant HT, chronic heart failure and obstructive sleep apnea. Genetic polimorphisms
in the RAAS components (angiotensinogen, angiotensin converting enzyme and AT1R genes)
have been investigated in the last decades for their etiological role in cardiovascular disease and
HT. As such, a future line of investigation from our group would be to search for mutations

directly linked to the RAAS and the SNS, both retrospectively, as ribonucleic acid (RNA) isolation
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kits were obtained from each patient for a posterior gene expression analysis, and prospectively,

in patients submitted to RDN in the future.

Finally, the autonomic nervous system in involved in the pathophysiology of several
cardiovascular diseases, such as heart failure, atrial fibrillation and ventricular arrhythmias.
Moreover, proven therapies are based on autonomic modulation with beta-blocker therapy. The
mechanisms underlying the potential favorable effects of RND in these patients is not clear and

further research is needed in the field.
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Supplement 1 — Protocol Approval: Faculdade de Medicina Veterindria de Lisboa

FACULDADE DE .

| J LisBoA | s wadesin SO

- . . . I~ =
Comssao de Efea ¢ Bem-Esfar

: i T
Animal (CEBEA) 4 ‘-;;

Exma. Senhora
Cra. Joana Delgado Siva

Lisboa, 28 de Abril de 2014
Aszumto: Avafiacdo projecto de investigarso

Vimos pela presente informar V. Exa. que a CEBEA, apos ter avaliado as actividades gue
envolvem manipulagdo de animais, no dmbite do projecto de investigagdo “Seguranca €
eficicia da desnervagic renal no frataments da hipertensdo: avaliagdo cliniea,
imagicldgica, imunoldgica e histologica”™ considerou que estio salvaguardados os
principios £ficos & de bem-estar animal exigidos pela legislagae vigente e pelo codigo de
boas praticas. pelo que aprovou a execucio do protocolo experimental nas instalagbes e
sernvicos da FMV, conforme requerido por WV Exa.

Agrasecemos que nos nforme com a masor brevidade se o projecto (3 25t3 concluido ou
2 teve continuidade.
Com os melhores cumprmentas,

Luis Tela da Gama .
Presidente da Comiss3o de Etica e Bem-Estar Animal

Aysen i da Universidade TEmioa — Polio Universtdeio: oo Ao da Ajuds — 1300-477 — FORTUGAL
W 351213652 8003 351) 213 B2 BE
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u fE’?';:".: i FHUC  FACIALTADE DE HEDICING
! T LIk s s O OE OOH-Eas,

COMISSAD DE ETICA DA FMUC

Of. e B35-CE-2044

Cata _'_".;d.n'_:_éfmu

Ciconhedments ao aluno Exm:o Senhor
Frof, Coutor Joadquim Neto Muors

Fresidente do Carsaing Sentifon

Assunts: Projecto de Investigacio no Bmbito do Programa de Doutoramento em
Cidnciat da Sadde [refd CE-03172014} :

Candidatafa): Xeana Delgade Sikva
Titulo do Projecto: ™Segurangs & eficécia da desnervacio renal no trotamento da
hipertensdo resistenter avaliagio clinica, imagialdgica ¢ imunoldghca®.

A Comigssdo de Etica da Facullade de Madicna, apds andlise do projects de
investigagio supra identificado, decidiv emitr o paracer gque a Seguir se
transcreve:; “Parecer Favordwel!™,

Queira aceitar os meus melhores cumpeimeantos,

¥ nte, L

Prof r Joda Manmusl Pedroso de Lirmea

TEAVICCS TRCRESS BE APCHD B SBTTED - ATAD - COMISIAD DE EMCA
Pl dan Cher o fa Sulede - Llesdads Codtral

Acxin baga £ lemes Combey, Cehe 3000250 COIMERA, - POSTLGAL
Tk +250 200 Q57 TOF (. $42300) | P +350 1R E23 104

Eorais pomissonetiaiidred ucpi | wenedmodas g
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1]

@ﬂHUC Unidade de Inovagio e Desenvolvimento

o ey Candro de Ensaios Chinfcos L= 2

Exm.* Seanhor i
Dr. José Marins Munas |

F‘Q‘"h
.ﬁ, ; ¥ e .
ir. Jusg MAFAIC e P b‘ﬂ'fyf
Fragidents '!Pc. . - BT { ot
Ref® CHUC-D85-14 Qo204

A pedido de Dr." Joana Silvia Deigado Sifva, recabay asta LUnidada um pedido da

L] aulorizagdo de um Projecto de Invesiigagho sobre "SEGURANCA E EFICACIA DA
DESNERVACAD RENAL NO TRATAMENTD DA HIPERTENSAD RESISTENTE: AVALIAGAD

CLINICA, IMAGIOLOGICA E IMUNOLOGICA™ 80 qual nao & aphicam as nofmas pravistas
na Lai n® 46/2004 de 19 de Agosto e colheu parecer favordvel da Comisséo de
Efica da Faculdade de Medicina de Colmbra e o parecer em anexo da CES deste
hospital,

Informa-se V. Ex® que este projecto ndo acarreta gualquer encargo financeiro
adicional para 0 CHULC,

Solicita-se assim a autorizaglo do Conselnod @ Administragio para este Frojecto.

Com oS mais respeitosos cumprnmeantos,

PI' O Director da Unidade de Inovagio e Desanvolvimenta

EsiLnt

feg, 1 SO Q{P‘
i.té’“r Jo gav
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g ,,;; CHUC Centro Hospitalar e Universitario de Coimbra, EP.E

L Unidade de inovagio e Desenvolvimento

b ey

Centro de Ensaios Cllnicos

AUTORIZACAD DE PROJECTO DE INVESTIGAGAD

[ [ | v ]

NOME DO PROJECTO:

SEGURANCA E EFICACIA DA DESNERVACAQ RENAL NO TRATAMENTO DA
HIPERTENSAQ RESISTENTE: AVALIACAO cLiNCA, MAGIOLOGICA E

IMUNOLOGICA
h INVESTIGADOR PRINCIPAL:
Dr.* Joans Silvia Defgado Silva ‘l
Tendo por base o parecer da Gomissic de Etica, & aulorizada a realizagso, no
Cerntro Hospitalar @ Universitirio de Coimbra, do Projeco de Investigagio
supracilado.
]

onta OB A1 s2atY

@I Presi

Iho de Administragéo

Pedro Roldao
Yegal Exicutive do Caraelho de Adrimatmgss
=« Epl

{Dr. José Martins Nunes)
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0

CARDMHOLOGERA

CILED-HiG

FORMULARIO DE INFORMACAOE
CONSENTIMENTO INFORMADO

TITULO DO PROJECTO DE INVESTIGACAQ: SEGURAMCA E EFICACIA DA DESNERVAQAD
REMAL WO TRATAMENTO 0 HIFERTENHAD RESISTENTE. -'l.'-.'.-.L1.1.|;:.ll.‘.l CLDC A, DAAGIILONGICA E
ML A

PEOTOCOLO N
PROMOTOR: Joara Delpado Silva (Faculdade de Medicing da Universidade de Cofmbra)

INVESTICADOR COORDENATMOE:  Toans Deleade Silva

CENTRO DE ESTUDM: Servigo de Cardielogia B, CHUC-HG
INVESTICADOR PETNCTPAT.  Foana Deleado Silva
CONTACTO TELEFONICO 230 E00003

NOME DO DOENTE
(LETEA DE MUPRENSA)

E comvidadodz) a participar voluntaniamente neste esudo parque tem hipertensio arterial resistente
2 medicacdo gue se enconma A fazer & podera benefeciar da realizacdo de um tatamento
percuanss infirniade desnervacio renal.

Ese documente & chamado Consentimento Informado & descreve a fnalidade do estudo, os
procedEmentos, o5 possivels beneficios e mscos. A sua pamicipaao poderd comtnbrir para
melhorar o conhecimento sobre esia patologis & idenfificar parameros que nos PeTMItam
idenfificar miais faciimente o5 doentes que beneficiarde desta téchica e gue, consaquentemente,
Terdo uma reducdo significativa do msco de mortalidade cardiovascular.

Fecebera uma copia deste Conseptimente Informado para rever e solictar acomselhamento de
famifiares & amizos. O Iovestizador ou oumo mensbro da sua eguipa im esclarecer mualquer dirvida
que tenka sobre o termo de consentiments & tambem algama palavma ou informagdo que possa 030
cnrendar.

20140508 QUTHTA DD WALEE - . MARTTINAD 1711
D0 BISPD - 300 ODPRAER A,
Tk TG-S0 » Fas 173845757
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Diepois de compreender o estade & de nao ter gualguer dovida acerca do mesme, devera tomar a
decisdo de participar ou ndo. Caso gueira participar, ser-the-3 soficitade que aszine e date este
formulamio. Apos 2 sua assiramma e 3 do Imvestizador, ser-The-3 enfregae uma copéa. Caso 3o
quira pamicipar, ndo havera qualguer penalizacio nos cuidades que ira receber.

L DTGRHA.;APG CERAL E OBJECTIVOS DO ESTUDD

Este estado ir2 decorrer po Cemdro Hospitalar & Upiversizro de Colmb, Hospital Geral em
colabaragao com a Faculdade de Medicina da Universidade de Cofmbra

Trata-s2 de 1w estade ohservacional pelo gue ndo sera feita nenframa alteracio na sua medicag 3o
ou tratamentos hahitusis, Tera 3 duragio maxima de 4 anos

Ezte =sradn fol aprovado pela Comezsae de Edca da Facuiade de Medicina da Universidade de
Cotnibra (FMUC) de modo a garanfir a proteccdo dos dirsices, seguranca e bem-star de todes os
doentes gu cutres participantes inchiidos & garantr prova pablica dessa protecrao.

Como pamicipants pests estudo beneficiara da vigilancia e apoto do seu medice, garantndo assim
2 53 SEEIAnGa.

Ma Furopa, aproximadamente 24 milbées de pessoas mommem, amalmepte, de doenca
cardiovasoalar, sende a hiperters3o arerial (HTA) um facter d= nisco muite importants. Apesar da
existéncia de varios medicamentos antibipertenzores, 5-30%; dos doentes ndo estdo controlados. 4
hipertensio resistents 2sia associada 2 um alto Hsco de eventos cardiovasculares e renais.

A despervacio renal & uma nova opcdo oo TaRmento da hinerfensdo arterial resistents. O nervos
que exislen [0S HEs (Derves SEEparicos renais) confripusm para a HTA Os estados demomsman
que A interrupgdo destes simais nervosos Tedur a pressio arterial A desmervacio remal @ m
procedimento que mismomps de nwode eficaz o5 mpalsos gerado: pelo: nervos renais. Fealiza-se
muma sala de hempdimdmica, por um medico especializade em procedimentos cardiovasculares,
Artes do tratamerio irdo ser-the admimizrados sedatives para o ajudar a manter-se relazado e
anaipesicos a fim de aliviar gualouer desconforio que possa sentir. O mbo para a despernvacio sera
infroduzide pela virilha ou pelo beaco (zona que sera anestesiada). Depois, com o saxlio de BX &
2 admiristracio de contraste, o catéler serd infroduzide pa arteéria renal omde serdo aplicades
impuizos de energia a0s pervos. () matamento sera repetido na cuma aréma renal Depois da
conchaida a despervacdo, o medice removera coidosamsante todo o materal da ua viritha brage @
encermard o ponto de insercdo com um ampde cinrgice (viriha) ou sera feita apenas Compress3o

20140578 QUINTA TH) WALES - § MARTINERD L
D30 BISPO - 30 OORERA
Tl TH0EN00Y + Fax: 17445757




216 Supplement 4 — Informed Consent: Final version

@3 CHUC @

CARDFLONGRA
ZobpC-lHG

{brago). Devera permanecer deitado durante wm pertodo de §-24h para evitar complicacdes como
hemorragias;, poder-sea levantar de acordo com a5 indicacoes das equipas medica e de
enfermarem A maioria dos doentes tera alia oo dia seguinte ao procedimento, podendo regressar a
5@ wids normal em poucos dias.

Este ssudo tem por objectivos a avaliagio da sepuranca e eficacia da despervagdo remal mo
trarmento de doentes com hipertens 3o resistenta,

Serag inchuidos carca de 60 doemtes.

2 PREOCEDIMENTOS E Eﬂﬂ'ﬂﬁgﬂ‘;ﬂ DO ESTIIDND

1. Procedimentos

Ma primeira copsulta a Medica responsavel pelo estodo reafizars wma revizdo da sua historia
clmica, regisiard a sua medicacdo e avaliard o5 seus exames complementare: de dapnostios mais
recentes. Serdo avaliados a sua pressio amerial, pulsacdo, peso, alfura & permetro abdominal.

As colheitas de sanpue serdo feits previaments ao procedimento, apos 24h ao 17 meés e apos §
m=ses,

Previamente 20 mocedimento realizara o5 seguintes ewamss: Holter das b e Monitorizacio
Ambulataria da Dressdo Arerial (MAPA) duranse 24k

Doder-lhe-a ser pedide que realize uma ciefiprafia cardiaca (ppenas wm subgrupo de doentes
selecionados alestoriaments a i3 realizar) aptes da desmervacdo renal @ apos § messs, para avaliar
05 merves 4o comgan; ser-lhe-a admiristrado um marcador inocun & 35 meApens serdo obtidas
atraves de B {8 um exame nao mvasive). Tera uma durag 3o de 4-3 horas.

Sery admiddeda} Do itemamenty 45k ante: da desmervacdo remal & realizara electrocardiopransy,
ecocardioprama manstoracico, ssiedo do sono & analiss da unina

Sera afectuada uma tecmica de imagem intravascular imtitalada comeprafia de cosréncia optica
(0CT) pum subprapo de 30 dosntes; o objective prncipal da mua realizacio @ a avalisgao da
seguranga da desnervacio renal e avaliar svenaais preditores de sucesso,

Fealizara uma angiografia remal & meses apos 3 desmervacdo remal para avaliar o estado das
aTferias Tenais; 58 pertencer 30 Zrups gue realizon OCT, esia fecnica sera repetida pessa altara

2| 45TR UTHTA TH) VALES - . MAR TIHERD kT[]
D0y RISPO = 2080 CORAERA
Tl T3-R000T « Fua: T¥-445757
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Descricio dos Procedimento (resuma):

Serdo realizados o5 seFumtes procedimentos/exames ndo invasivos:
« MAPA previaments 3o procedimente 2 305 § mases
= Holter das 12 horas previamenis ao procedimenta 2 aos § messs
= Eleciocardiozrama previamente ao procedimentn (duranie o infernamenta) @ 205 § messs
« Ecocardiograma mranstaracice previaments 30 procedimento (durarnts o infemamenta) @ ans §
mesas
= Esmudo do son0 previamente 3o procedimeno (dranie o miemamenio} @ acs § mases
« Analises a0 sangue previaments 20 procedimento, apos 24h 20 1% més e apos § meses. Estas
amalizes inchum3e a realizacdo de um estudo ao seu sistema mmitars. Sera guardada uma
amasta de sansue (pare o caso de haver mecessidade de esclarecer pormencres) dumanfe o
tempa de duracdo do estudo.
» Analices 3 umina previaments 20 procedimento |fumante o infermamento) & 205 § messs
« Cinfiprafia cardca com IN3MIBG {subgrupo de doemies selecionados aleatoriamsente)
[rEvinments 30 procedimento & apes § meses.

Serdo realizados oo SEFUMies procedimentos/ exames imvasives:
+ Ansioprafia renal” adminizracdo de conirasts nas arérias remais par avaliar a anatomis das
mesmas, previaments 2 desnervacso @ apas 6 meses,
» Diesmaryag 3o rznal
= OCT (zubgnipo de dosnees selecionados alsatpriamenie), previaments ag procedimenta, logo
apes a desnervagdo & aos § maesss,

1.1 Calendario das visitay' Diaracan

Sery realizads wra primein consulia para avaliar e cumpre o crtérios para a realizacio da
desnervacio renal Apos o procedimerto serdo realizadas consultas a0 1°, 3° e §° meses. Terdo a
duragde de cerca da 20 mimgos.

201458 QUINT A DO WALEE - B RARTTINAD &1
D0 HISPD = 3080 CORIER A,
Tk TEAS000N0 + Fax. 133045757
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1.3, Tratamento de dados’ Eandomizacio

Serdio incluzdos nests estudo todos oc dosntes smbmetidos a despervagdo renal per HTA resistents,
que Cumpram o5 criterios de inclusdo e aszsinem o Comsentimento Informade. O matamentn de
dados ficard a carzo da Investizadera Primcipal

J. BRISCOS E POTENCIALIS INCONVENTENTES PARA O DOENTE

As copmplicactes da despervacdo renal :30 muito ramas mas podem ocomer. Pods obsarvar uma
equimoss pa regide da wirlhs perna oo abdomen ou oo brace (depends do local da pumgde).
Podem tambem ocormer lesdes das artérias renais, aorta ou das arterias da repido da virithabraco.
Podera acarrar lesdo renal que paralments & mansiteria, devide 3 adminismacao de confraste.

4 POTENCIAIS BENEFICIOS

Este estado tem 2 vanfagem de estudar a sua doenca e permior um melhar copberimento da
desnervacio renal, como Tamento pat 3 mesma Actialmerte p3o0 5o sabe 3 razae pela qual o
alzans doentes respondsm ao AEmMenfo @ esfe estode tem como objective esclarecer gsze aspecio.
Alemr @isze, 3 informiacdo gue sera recofida ir2 cootribair pera wpa melhor informacio dos
madices de forma 2 melborar o5 cuidados clnicos a prestar 20s doentes com situagtes idéntas a
I,

Esle tratamento nde & cuadve. o0 seja, fem gas continuar 3 tomar todos o5 medicamentos qus
e5ava 3 tomar antes da despervacdo, devendo samair az infragdes do sen cardiolosista. Este
procedimento vai ajuda-lo a akancar wm valor de tensdo arterial pormal, juptamente com o3
medicamentos {que provavelmente it30 acompanha-lo durante teda a vida), & desta forma dimirir
0 risco complicagtes (acidente vasoular cerebral, insuficiencia renal, etc)

5. NOVAS INFORMACOES
Ser-lhe-3 dado cochecimerto de qualguer pova informacio que possa ser relevarts para A sua
condicao o que pessa influenciar a sua vontade de contimiar a participar no estede.

i TRATAWMENTOS AT TERENATIVOS
Em dosnres com hiperens3o areral resistents, nio existem maramentos alermanves 2 desnervacio

Temal.

A0TSR CAITHT A T WALES - 5. RAARTIHE &
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T.PARTICIF 0 ABANDONO VOLUNTARID

E inteiramernde lvme de aceitas ou recuwsar participar nesie estude. Pods refirar o 320 consentmenta
em quaigasr alira sem qualguer CODSSqUENCI PArd sl sem precisar de explicar as mzdes, sem
qualuer penalidade ou perda de beneficios 2 sem comprometar a sua relacac com o Iovestizador
que the prepde a participacio meste estado. Ser-lhe-a pedido pam mformar o Imvestigador ze
decidir retirar o 380 consenimento.

O Inwestzador do estude pode decidic fermimar a sua participaco neste estudo & enrendar que Lo
& do melbor inferesse pama a ;A saude contimer mele A sua paricipacio pode ser fmmbem
tarminada s= pdo estver a seguir o plano do esmade, por decisio adnunisrabva ou decisan da
Comissdo de Erica. O medico do esmdo notifica-lo-a se surgir uma dessas circunstincias, e falar
CODSIED 3 Tespeiie da mesma

B CONFIDENCTALTDADE

Sem vialar 25 normas de confidencialidads serdo atribuoides a auditorss e autoridades repuladors
202550 A03 Tegistos medices pam verificacao dos procedimentos realizados e informac3o obtida oo
estudo, de acordo com as lefz & regulamentos aplicawveiz. Os seus regicios mamfer-se-dg
corfidenciais & anonimizadas do acordo com os regulamentos e lsis aplichweiz. Se os resulitades
deste estude forem publxcados a sua identidads manter-se-a confidencial

A assmar este Consentiments Iformado aufarnza este acesso condicionado e resirit.

Pode ainda em gualquer alrara exercer o sea diveito de acesso A informacio. Pode ter fambem
acesse 2 s informacio medica directaments pu atraveés do sen medico neste eshado. Tem fambem
o direito de s opar 3 transmiss3o de dados que ssjam cobertos pela confidencialidade profissional.

s registos madicos gue o identificarem & o formnianio = consentimento informade que assinar
sarda verificados pama fins do eshado pelo promotor &'0U por represenfantes do promofof, @ parm
fins regulamentarss pelo promotor 2ou pelos Iepreserdantes do Dromsotor @ agencizs repuladoas
noutTos paises. A Comissio de Efica responsivel pelo esmdo pode solicitar o acesso aos seus
registos medicos pam asseEurar-52 gue o estudo estd 3 ser realizado de acordo com o protocolo.
Mo pode sor zarantida confidenciabidade absolnia devido 2 pecessidads de pazsar a informacso a
B55E DAITES.

IT4ME0R {AIINT A O WALES - . MARTTHERD &0
DE0 BIEPO - 200 COEWERA,
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An azsmar este e de consenfimento mnformade. penmite que 25 suas Informacdes medicas neste
estudo sejam verificadas, processadas e relatadas conforme for mecessario para fnatidades
etiican hegitianes,

Confidenciabdade e iratamento de dados pessoais

0= dados pessoais dos parbcipantss po esmade, inchinde a informagae medica oo de saude

recoihida ou riada como pare do estude (fals como registos medicos oo resultados d= tesies),

serdo wilizado: pam conducEo do estudo. desipmadamente para fins de mvestipacdo cienrrfica

relacionados com a patalogia em eshado.

Ao dar o seu consepftimernis. 3 participagdc no estude, a3 mfvrmacdo 2 s respeitancs,

desizradamente 2 informagae clinica, sera wilizada da seguinte forma:

1 0 promotor, o Dvestigadores @ 25 Outms pessoas emvolvidas mo esmdo recotherdo e
utilizarda o5 seus dados pessoais pam a:s finalidades acima descrifas

2 (0 dades do esmde. associades as suas imiciaik ou 8 outro codizo qua ndo o (a) idenrifica

directaments (& 030 30 520 DOmME) 32030 conmmicados pelos mvestipadorss & oUmas pessoas

emvolvidas no estado ao promotor do estado, que os uslizara para as Snafidades acima

descTitas,

Oz dados do estude, associados a3 Tuas imiciais ou a ouire codigo que n30 permita identifica-

{2} directamente, poderae ser connmicados 3 mmoridades de sande mAciomais e

(]

Iniermacicnais.

4. A sua identidads ndo sera revelads em quaisquer relatorios oa publicaghes resultantes deste
esmada.

] Todas as pessoas ou eofidades com acesso a0 seus dados pessoais estin sujeifas a sigilo
profssional

4. Ap dar o s=u comsentimenfe para pamicipar mo estudo autoriza o promotor e seus
colaboradores efpn meridadss de saude. a aceder aps dados constamtes doseu pEOCessO
clnio, para conferir a mformacdo recothida e remstda pelos investigadores,
deziznadaments para assepurar o ngor dos dados que the dizem respeiio & para gATAmor qae
o estado se encomTa A ser deservolvido comectamente & qua o5 dados ebtdes sdo fiaveis

20 HUTEGR QUINT A DO VALES - 5. MARTINGD Tili
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Moz termos da ke tem o direite de, amaves de um dos medicos emvoivides po eshde,

solicitar o acesso 205 dados gue lhe dizam respeite, bem como de solicitar a rectificacdo dos

seus dados de identificag 3o,

£ Tem ainda o diretto de refitar sste comsentimento em qualquer altura amaves da notificag 3o
20 imvestigader. o que mmplicara que dxixe de participer 6o esfude. Mo entanto, o5 dados
recathidos oo criados comw pare do estodo ate essa altara que mAo ofa) identfignem
poderdo contmuaar 2 ser wiilizados para o proposiio da estudo, nomeadamente para manter 3
integidade clentifica do esmade. e a sua informacdo medica ndo sera removida do arquive do
gsruda

2 Sz pdo der o seu Conseniimente, assmando sste documerdo, 030 podard participar mest

estado. Se o consentinenie apara prestado nao for retitade e ate que o faca, este sera valido

& MATIST-32-2 B VIEOL.

9. COMPENSACAOD

Esie estado & da miciativa do investisadar e, por isso, se solicia a Sua DAITICIpacao sem 1ma
compensac o financeira para a sua exscagdo, tal como b acontece com o5 imvestizadares & o
Centro de Esmudo.

10 CONTACTOS

52 tiver perpuminas relativas aos ses dirsites comoe parficipante dsste estado, deve comtactar
Presidents da Comissdoe da Etica da FMUC,

Azinhiaga de Santa Comba, Celas — 3000-543 Cojmbra

Telsfome: 230 §37 707

e-mail; comissaoeticaidfmad o pt

Se tiver guestdes sobre esie estudo deve contcar;

{Toana Drelmade Sitlva, 230 E00093)

WAQ ASSINE ESTE FORMULARIO DE CONSENTIMENTO INFORMADO A MENOS QUE
TENHA TIDD A OPORETUNIDADE DE PERGUNTAR E TER. RECEEIM
BESPOSTAS SATISFATORTAS A TODAS AS STUTAS PERGUNTAS.

LAl ER ] OUINTA T WALES - B, MARTREED &0
30 FISPO - 30l CORIER A,
Tedl: V300003 + Fue 139245757
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@@ CHUC @

CARDEDLOGEA
| at ] r]

CONSENTIMENTO INFORMADO
D zcorde com a Daclaracdo de Helsinquia da Asseciacio Medica Mundial e suas acualizagtes:

1. Declaro ter lido esis formmians e aceito de forma vobmiaria pariopar nsste esudn

b

Fui devidaments mformadaia) da natareza. objectives, rscos. doragds mrovavel do esfude,
b como do gue & esperado da minha parz.

i, Tme a opornmidade de fazer perpunias sobwe o estude & percebi as respostas e a5
informagtes que me foram dadas.

A gumiguer momento posso fazer maic perFumtas a0 medico respomsavel do estda,
Thmante o estado e sempre que guiser, posso receber informacio sobre o sen
desenvolvimento, O meédico responsave! dara toda a informacie mportante que suma
durante o esnado gue possa alerr 3 minha vontade de contimor a pardcipar

4. Acsin quetilizem 3 informacao relativa 2 muinha kistoria chnica & 05 meas CaAmentos 0o
psirHo respeito do sepredp medico & anomimate. O meus dade: serd0 manfidos
esmamente confidenciads. Autorizo a comsulta dos meus dados apenas por pessoas
desienadas pelo promator & par represenianies das anondades reguladoras

5. Concordo em gue seja fuardada ama amesma do meu sansoe mansiteriamente (pala
periods de daracdo deste estude) desde gquoe o mess dados sejam estritaments
confidenriais.

6. Aceito sepair tedas as mstagoes que me forem dadas durante o esmdo. Aceito em
celaborar com o medico & informa-lo(a) mmediataments daz alferagdes do men estado de
zands & bam-estar & de todos o3 sintomas mesperades @ 030 U1AE QUe CCOMAM.

wd

Apronize o wso dos resultados do estdo pam fims exchmivamente cienfficos &, em
particular, acefto que esses resultados sejam divulzades 2s autoridades samitarias
Compeienies.

5. Aceiw gue os dades gemdos duranie o estude sejam mformatizades pelo promotor oo
oo par 51 desienade.

Eu posso exarcer o men direite d= rectificacdo af oa oposicda.

2 4N5TE QUTNTA THI VALES - 3. BMARTINGD Wit
DR EISPO = 300 CORAER A,
Tl | ZRSCA0N00T » Fax. INGS45757
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@a CHUC @

CARDMDLOGIA

CLET-HG

9. Tenho conhecimenio que sou livre de desistir do esmudo 3 guabquer momenio, sem ter de
justificar a minha darisdo e sem comprometer 3 qualidade dos meus coidades medices. En
tenby conherimento que o medico tem o direite de decidir sobre 3 minha saida premanis
do estado & gue me informara da causa da mesma

Il Fui informade que o estude pode ser imferrompido per decizdo do investipader, do
promotor o das antordades repuladoras.

Nome do Participanre

Assimarra Dhara: # i

MNome de Testemunha / Representance Legal:
Assimatwra: Data; "l i

Coofirma que expliqoed a0 panicipants acima mencionado 3 nanweza, os abjectives 2 os
patenciais nsces do Esmdo acima mencionada.

MNome do Tmvestigador:
Assmatnra: Dara; ! i

2014508 QUINT A TR WALES - 5 MARTINGD ey [
D0 BISPO - 3] OORER A
Tl THDEO0NE + Fax: 139345757
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ENERD

Declaragdo de Consentimento Informado

Designagio do projsto; Seguranga e =ficacla da desnervagdo renal no fratamento
da Mperensdo regisiente; avallagdo cinica, Imaginidgica @ Imunpidgica

investigador razponsavel: Joana Delgads Siva

Local onde decdTe o esludo: Senvige de Candioiogia, Cenino Hospliaiar e
Univarsitario ge Colmbra, Hospital Geral.

Data do parecar favordvel psla regpativa Comissdo da Eflca: -'

Eu, ,
anos, portador do Bl . compreandl 3 explicagio gue me foi fomeckda
ALCA 00 Meu caso clinico 2 53 Investigacio que se tenclona reallzar, Dem comd 0 estudo

em que serel Inciuidola), Fo-me dada 3 oporunidade de fazer ac pergurias que [ukguel
mecesslas e, de todas, cbive resposta saSTRNa.

Tomsl conhecimento de ques, 08 3000 oM 3 recomendagies 03 Deciaracan oe Helsinguia,
3 Informagao @ a3 expicagdo gue me foEm Wesiadas vessDu 0f ODistivos, o mEndoe, oS
beneficins previsios, 08 rscos polencals € o eventual descoeronn. Alem dissn, fosme afimadn
que tenho 0 direlin 08 MecUSar @ QUalLET momenio 3 Minha partcipacio no esiudo, sem que
1650 POssa e como Sfelin quakuer prejulzn na asskshancia que me @ prestada. O6 registos 00s
resultaons poderdo Se CONSUE00E Deios responEsavals chenificos 2 sor pbisio de publicagdo,
ma3s 0F Semenins 03 Idemidade pesscal sd0 sempre Talaos de modD ssTHameTE
confidenclial. CoNCONdo am que s&j3 quardada uma amosira do meu sangue Fanstodaments
ipelo periodo de duragdo ceste estutn) deste que 50 0 Investigador principal tenna acess0 3
minna ldenddase:

Por isE0, conGNdD &M paridpa nesie estudo 2 redlzar o feEmento & smames
compsmenianes de diagnistico proposios pela equipa.

Coimbra, de de 2D

AzEInaihura dojd) doents

Nome 2 ASETIIEE 43 Medca

Porizgatas v O Slvn
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ARNERD I

FOLHETD INFORMATIVD

(Esta informagdo & complemeniar 3 que |3 e fof fornecida peio seu Medico
cardologlsta, sendp 2518 3 DESE0E Mals Indcada para responder 3 todas As SUAS
guesifies)

& tensdo ariedal 3lta (niperiensdo arteral) & um estado de sadde malto pErigoso qus
atecta mimdes de pess0as em iodo o mumdo. Significa gue o comgao fem gus
rabalhar mals arduamente gue o normal pard DOMODEEr 0 EaNgue Dard o Tesio do
COMpd & 2518 SEOrp0 2Xi3 Exeqce wma pressdo adiclonal nos vasos sanguineos & am
varos orgdos Impostanies, comao oS rins. Se ndo for ratada pode estar assoclada a
varizs patologias como o8 acidentss vasoEares censbrals e neutcenela candiaca.

Mo seu caso, @ hipenensac @ conslderaca resistents, ou e=ja, ndo responce 3
terapdutiza receltada peio seu medico DU A5 MUGANE3s gue | efzchuoy no sew SEi0
de vida (perda de peso, regme almentar culdadp, exerciclo fisico, redugio oo
consemo de alcopl, fear de fumar).

Gual o tratamanto a que me wiu submeter?

Esta nowa oppdo no ratamenio da hipertensdo ansdal chama-ss desnenvacio renal
05 NenoE que 2xisiem nos ring (nervos simpaticos renals) conTbuem para a tensda
arernal alta. 05 esludoes demonsiam que 3 Intemupsdo destes sinals Nervosos reduz a
tensd0 areria & oesnervacdo renal & wm procediments gue Intemomps de modo
eflcaz 06 nenvos renals. Realza-se numa sald o2 hemo@ndmica, poe um medico
espedalizado em procedimentos carmovasculares. Anies do fratamento irdo ser-he
agministrados segativos para o ajudar 3 manter-se relanao @ analgésicos a Im de
alviar quaiquer desconforto que posed s2nlin O tubo para 3 desnenvagdo Eerd
Introduzido. pela vidlha [(zona que s2rd anesteslada). Depois, com o 3wdlo de RX, o
cataber serd Introduzido na arkéria renal onde serdo aplicados Impulsos de energia aos
nervos. O tratamenip serd repefido na outra anéria renal. Depois de concuida a
desnervagdo, 0 medico removerd culdosamenie ipdo o materal da sud viminz e
encedTand o ponto o Insercadn com um fampdo cirengico. Deverd pemmanecer delizdo
ale ap o3 seguinte para eviar complicagies como hemomaglas; poder-se-3 levantar
de acordo com as indicagpes 235 equipas médica e de enfarmagem. A malona dos
doentes terd a3 no dia segquintes ap procedimenio, podendo regressar 3 sua vida
nofmal em poucos dias.

O fratamento & saguro?

A5 complcaches sdo muto raras mas podem Dcomes. Pode 0DESIVAr UMa equimoss
na reglas da wirllha, perma ou abdamen. Podem também pocomer iesles das anénas
renals ou das aneras da regldo da vrnha.

Promatn | Framiill g cla o Dmloess S
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AMEED I

Vou Mcar curado ¥

Tem gque continuar 3 fomar todos 05 medicamentos gQue estava 3 lmar anies 4o
procedimento, devendo seguir @& intrucdes do seu cardiologista. Este procedimenta
val @judddo 3 akancar um vaior de tensSo - arteral nommal, junizmente com os
medcamenos (gue provaveiments irdo acompanha-o durante toda 3 Wida).

Tarel que reallzar oUtTos BXaAMas?

Sim. Para garaninmos que O B2U C50 @ adequado, que pode beneficlar dests
ratamenio, que & realzado sem complicaghes & de forma a manfofzar a resposta da
g20 corpd, val necesslitar de reallzar andfses 30 sangue & wina, Holer das 24h,
MAPA [medigan da tensdo anerla durante 24h), elecirocard@iograma, ecocardiograma
e esivdo do song. Val necessitar de conswias de seguiments & g2 repellr esles
Elames 305 § meses.

Podera ter que realizar uma dntigrafia cardlaca (amtes da desnenvagdd @ 306 §
MEEEE| para avallar o5 nenvos do coragdo; ser-lhe-a administrado um marcasor nocus
e 35 Imagens s2rdo obldas airavés de RX (& um sxame ndo Invasheo)l Tera uma
duracdo o2 £-5 horas.

Sera alnda reallzado um estudo do seU SisiEMa Imunfano jgue Impica apenas a
colh2lta de amostras de sangue antes do procedimento, apds 240 e nas consullas oe
seguimenio B0 17 & 6% meses). SE/3 guUariada uma amosTa do Mesmo (para o casd
de haver necessidade de esciarecer poaMmenodes) duranis o tempo o2 dwagdo do
estudo.

Prodtn |romiltgedo Jodim Delges S
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o Exm® Prashderin

Do Conro Hackomal de ©olenda de Dados em Cardinkega (OHG DG,
D Sockedade Pomugaésa de Cardologia,

Or. Jorge Mimaso

O el moirse & Jowna Bikia Delgada Biva e sou lssslars Hosokadar de Cardiclogia
m2 £ di Cardicicgia B do Canlra Hospiafar & Universidng de Combra, Hospiial Gerl
{CHUC-HG|. Eslou staaimenis a feguanis o Pograoma de Dowloramanion o
calncias da Sabde da Facukade de Medicna da UWrsershdade 9o Coimbra (FMIBC) a
eNCOOIrD-Me @ desanvoiver um ojeio de inwestqacda Enskcional indifulado
'Seguranca ¢ elokia da desrsrvaldo ronal noiralamenic da hpeiens S nesisiane:
aralielio cindon, megoligion, Imunoitgka ¢ histoidgica’ Esie vabaiho lem como
oriemador o Prof. Lno Doncaheds. atial Dmoior do 2. de Canfiolsgia B do CHUC-HG,
@ como fistor o Frod. Manual Banlos Rosa [Desamansoendo di imomologia, FRELUC )

Meste pontdo. gosiaria do solicilar & Socededs Poruguess de Cordiabogia o apoio
es@lisioo nooessine, pam 8s goesides G amostagom & 0 anddss eslsilkiica dos
s, o trma gue o Eaaihos ienham a medsdooga ¢ gualdade esparadas

Coimibrg, 28 de Dubiden dic 2014

oo 0% mehras cumnnmenios,

Joana Delgado Shea
[Assslanle Fospialar oe Tandioionia'estodamo do Do ranesiio;

Prof. Lo Somgaines
[Dermceor dio- 5. de Cadinlngas B, CHUC-HG)
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1. Presentations to General Practicioners in Local Health Centers -
Resistant Hypertension and the Role of Renal Denervation

- Centro de Satide Norton de Matos - March 2014
- Centro de Saude de Eiras — April 2014

- Centro de Saude da Anadia - June 2014

- Centro de Saude da Mealhada - September 2014

2. Presentations to Cardiologists - Renal Denervation: final step in the
treatment of Resistant Hypertension

- Department of Cardiology of Centro Hospitalar e Universitdrio de
Coimbra, Hospital Geral - October 2014

- Department of Cardiology of Hospital de Santo André, Leiria -
November 2014

- Department of Cardiology of Centro Hospitalar Baixo Vouga, Aveiro -
March 2015

3. Presentations in National Congresses/Reunions

- ‘Renal Denervation in the Treatment of Arterial Hypertension:

update’ - 212 Congresso Portugués de Cardiopneumologia, Curia,
March 2016

- ‘The Patient with Resistant Hypertension: day to day problems’ -
Jornadas de Cardiologia do Centro, Guarda, October de 2016

- ‘Resistant Arterial Hypertension’ — Encontro Renal, Vilamoura, March
2018
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- ‘Device-based Treatment in Uncontrolled Hypertension: state of the
art’ — Curso de Hypertensdo Resistente, Coimbra, June 2018

- ‘Renal Denervation - Bench to Bedside. Investigation Corner’ - 2VRT
- Vascular and Valvular Restorative Therapy, Lisbon, May 2019
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Abstract

We present two cases of idiopathic resistant hypertension treated with catheter-based renal
denervation with an optimal initial response. Nevertheless, both patients had their blood
pressure back to baseline values at 24 and 18-month follow-up, respectively. Secondary causes
of hypertension were once again excluded. Given the unacceptable high levels of blood pressure
with a poor response to optimal antihypertensive treatment, a new renal denervation was
scheduled. After the second procedure the blood pressure was substantially lowered in both
patients, lasting until the present day (6 months follow-up for patient one and more than 3 years
for patient two). There were no procedural related complications. We intend to raise concern
about the possibility of functional re-innervation and development of supersensitivity to
norepinephrine after renal denervation in humans. It is crucial to know whether re-innervation
occurs, if it influences the long-term results of the intervention and in which subset of patients

this phenomenon is more likely to occur.

Keywords: resistant hypertension; renal denervation; renal re-innervation



238 Supplement 8 — Reinnervation After Denervation — A Myth?

Introduction

Hypertension is a leading risk factor influencing the global burden of cardiovascular disease (1).
In spite of the fact that measures such as lifestyle changes and pharmacological treatment
reduce blood pressure (BP) and cardiovascular complications in hypertensive patients,
worldwide, the treatment of hypertension remains suboptimal with consequent inadequately
controlled BP in many patients (2). The true prevalence of the so-called ‘resistant hypertension’
is still unknown, but apparently revolves around 12% among all hypertensive patients (3).
According to the current guidelines of European Society of Hypertension, it is defined when
target BP values are not reached despite prescription of triple therapy, including a diuretic at
maximum tolerated dose (4). Catheter-based renal denervation (RDN) is one of the most
frequently used invasive methods for the treatment of resistant arterial hypertension (5).
Nevertheless, its role in clinical practice is controversial and there is scarce information about
the different responses to this procedure (4). We report two cases of idiopathic resistant
hypertension treated with RDN. Both patients had a profound initial response to the procedure.
Nevertheless, both patients had their BP back to baseline values at 24 and 18-month follow-up,
respectively. An investigation to detect secondary causes was performed with no findings that
justified the BP changes. Therefore a new RDN procedure was performed, with good results,
lasting until the present day (6 months follow-up for patient one and more than 3 years for
patient two). This is a report about the heterogeneous response to RDN, the possible role of
functional re-innervation and the potential development of supersensitivity to norepinephrine
after RDN. These mechanisms could be responsible for rising the BP back to baseline values

after an optimal initial response.
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Case reports

Case 1

A 49-year-old man with a history of arterial hypertension, presented with episodes of dizziness
and chest pain associated with hypertensive peaks. The patient had a medical history of type 2
diabetes, dyslipidemia, gout and obesity. He was on five antihypertensive drugs: amlodipine 80
mg/valsartan 5 mg bid, spironolactone 100 mg od, nebivolol 5 mg od and chlortalidone 50 mg
od. He was an active smoker (5 pack-units-year) and had no history of alcohol or caffeine excess.
On initial examination his office BP was 195/125mmHg, with no inter-arm disparity. The
remaining physical examination was normal. There was evidence of hypertensive end-organ
damage (left ventricular hypertrophy criteria on ECG and moderate concentric hypertrophy of
left ventricle on transthoracic echocardiography). The patient had done a previous CT coronary
angiogram that revealed no coronary disease. Secondary causes of hypertension were excluded
(screening with full biochemistry and haematology profile, imaging assessment and
polysomnography) and idiopathic resistant hypertension was confirmed by ambulatory blood
pressure monitoring (ABPM). We proposed the patient to be submitted to RDN which was
performed with the multielectrode Spyral catheter, without complications. At the 6 months
follow-up, the patient was asymptomatic, on four antihypertensive drugs and systolic and
diastolic BP in ABPM had dropped 15 and 10 mmHg, respectively (24h average BP 144/96
mmHg). Nevertheless, at 24 month follow-up the patient was back on five hypertensive drugs

and had a 24h average BP of 181/120 mmHg in ABPM.

Case 2

A 74-year-old woman presented with episodes of headache associated with hypertensive peaks
and excessive daytime sleepiness. The patient had a medical history of arterial hypertension and
dyslipidemia. She was medicated with four antihypertensive drugs: nifedipine 60 mg in the
morning and 30 mg at dinner, perindopril 5 md bid, carvedilol 12.5 mg bid and chlortalidone 50

mg od. The patient had no history of smoking, alcohol or caffeine excess. At examination, her
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office BP was 200/90 mmHg, with no inter-arm disparity and no other abnormal findings in the
physical examination. There was no evidence of hypertensive end-organ damage. A previous CT
renal angiogram revealed atheromatous plaques in both renal arteries ostium, but without
hemodynamically significant stenosis. Secondary causes of hypertension were assessed, which
revealed a mild obstructive sleep apnea. Nevertheless, the ABPM values did not improve with
continuous positive airway pressure (CPAP), despite confirmed compliance. RDN was proposed
and performed with the multielectrode Spyral catheter, with no complications. At 6 months
follow-up, the patient had no cardiovascular complaints. She was still on four antihypertensive
drugs, but the ABPM presented a 24h average BP of 110/60 mmHg (systolic and diastolic
reduction of 48 and 19 mmHg, respectively). However, at 18 months follow-up, the patient
presented with new hypertensive crisis with a BP of 190/85 mmHg. A new ABPM was performed
and revealed a 24h average BP of 146/70 mmHg.

Investigations and treatment

The patients were reassessed for secondary causes of hypertension, but none was found. Since
no justifiable cause for the rising of BP was found in both patients, we proposed a new RDN
procedure which they accepted. Both procedures were performed through the femoral artery,

using the multielectrode Spyral catheter, with no procedural related complications.

Outcome and follow-up
Case 1

At 6-month follow-up of the second procedure, average 24h BP registered by ABPM was
159/103mmHg (systolic and diastolic BP drop of 22 and 17 mmHg, respectively). The patient was

asymptomatic and remained with the same antihypertensive medication.
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Case 2

At 6-month follow-up of the second procedure, average 24h BP registered by ABPM was
127/68mmHg (systolic and diastolic BP drop of 19 and 2 mmHg, respectively). The BP remained
stable at 1-year, 2-year and 3-year follow-up. During this period the patient's antihypertensive
medication was progressively reduced due to hypotensive episodes. Overall, the patient general
condition was improved, with no record of hypertensive symptoms or signs until the present

day.

Discussion

The limitations of currently available pharmacological strategies to control the BP in some
patients, defining the so-called resistant hypertension, is thought to reflect the complexity and
multitude of potential mechanisms responsible for the genesis and maintenance of elevated BP.
This led to a renewed interest in invasive strategies to control BP (6, 7). Renal sympathetic nerves
contribute to development and perpetuation of hypertension, and sympathetic outflow to the
kidneys is activated in patients with essential hypertension (8). The chronic activation of the
sympathetic nervous system constitutes a central mechanism in resistant hypertension and has

been a target of percutaneous RDN (7).

There is robust evidence derived from well designed and rigorously conducted sham-controlled
studies (SPYRAL HTN-OFF MED, SPYRAL HTN-ON MED, and RADIANCE-HTN SOLO) supporting
the efficacy and safety of RDN (9-11). Nevertheless the available results are only short term, and
long-term efficacy is still lacking (12). There is still little information regarding the extent of re-
innervation following catheter-based RDN, but studies in animal models show evidence of
functional and anatomical renal nerve re-innervation, along with denervation related
supersensitivity to norepinephrine. A study conducted in sheep assessed the effectiveness of
renal nerve denervation with the Symplicity Flex catheter and the functional and anatomical re-

innervation at 5.5- and 11-months post-denervation. It was found that the procedure effectively
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denervated the afferent and efferent renal nerves, but by 11 months post-RDN there was
functional and anatomical evidence of afferent and efferent renal nerve re-innervation (13).
Similarly, a study conducted in rats indicates that following RDN, functional re-innervation of
the renal vasculature begins to occur between 14 and 24 days after the procedure, and that
complete return of function may occur by 8 weeks. The study also suggested that the response
to renal nerve stimulation during re-innervation could be due to a combination of regeneration
of the nerve fibres and denervation related supersensivity to norepinephrine (14). Although the
final 3-year results of the Symplicity HTN-1 study (15) suggest that no re-innervation or any
counter-regulatory mechanisms develop over time that could lessen the efficacy of the
procedure, these two cases that we report, along with the evidence available on animal models,
seem to indicate that this may not be universally true. We considered the possibility of
incomplete denervation on the initial procedure. Unfortunately, in clinical practice, methods
such as renal norepinephrine spillover are not readily available to objectively measure the
efficacy of the RDN procedure. Nevertheless, we firmly believe that quality procedures were
performed in both cases, since care was taken to achieve an adequate number of ablations,
throughout the ostium, main renal artery and branches. In our opinion, the fact that in both the
described cases there was a marked BP response to the first RDN procedure, followed by re-
elevation of the BP to baseline values at follow up, could indicate that re-innervation plays a
clinically significant role in the long-term efficacy of the procedure. Additionally, both patients

responded to a repeat procedure, fact that seems to further validate our hypothesis.

Taking these aspects together, our goal is to raise concern about the possibility of re-innervation
and development of super-sensitivity to norepinephrine after RDN in humans. It is crucial to
know whether re-innervation occurs, if it influences the long- term results of the intervention

and in which subset of patients this phenomenon is more likely to occur.
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Conclusions

o Hypertension is a leading risk factor influencing the global burden of cardiovascular
disease. Many patients are not able to reach target blood pressure values despite lifestyle

changes and pharmacological treatment.

. Catheter-based renal denervation presents as a safe and effective alternative for this

subset of patients with resistant hypertension.

o Although the final 3-year results of the Symplicity HTN-1 study suggest that no functional
re-innervation or any counter-regulatory mechanisms develop over time that could lessen the
efficacy of the procedure, these two cases that we report, along with the evidence available on

animal models, seem to indicate that this may not be universally true.

o It is therefore crucial to know whether re-innervation occurs, if it influences the long-
term results of the intervention and in which subset of patients this phenomenon is more likely

to occur.
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Figure 1: Panels A-D — case 1 renal arteries pre 1st renal denervation (RDN), immediately post
1st RDN, 6 months follow-up after 1st RDN and immediately post 2nd RDN, respectively; Panels
E-H — case 2 renal arteries pre 1st RDN, immediately post 1st RDN, 6 months follow-up after 1st
RDN and immediately post 2nd RDN, respectively. Only the left renal artery of each patient is

shown. The contralateral renal artery was in similar conditions.
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Figure 2: Case 1 BP evolution registered by ABPM.
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Figure 3: Case 2 BP evolution registered by ABPM.
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