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Foreword

This book Interventional Therapies for Essential and Secondary Hypertension, co-
edited by Costas Tsioufis from the University of Athens, Rolland Schmieder from
the University of Erlangen, and Giuseppe Mancia from the University of Milan, is
part of the series on Hypertension and related sequelae published by Springer with
the official endorsement and collaboration of the European Society of Hypertension.

The identification of secondary forms of hypertension in everyday clinical prac-
tice is essential but troublesome; thus, a significant portion of such patients remains
undiagnosed. Furthermore, therapies that are successfully targeted towards these
secondary forms can improve, apart from blood pressure control, cardiovascular
and renal outcomes. During the last years, interventions for essential hypertension
have been introduced and evolved, and currently the status regarding their safety
and efficacy draws research and clinical interest.

In this publication, a significant effort was made to integrate all available infor-
mation for the pathophysiology, diagnosis, and treatment for secondary hyperten-
sion. This is not an easy task due to the wealth of data in this setting rendering expert
analysis and critical approach for delivering best care to these patients. Regarding
the other important pillar of this book, the innovative therapeutic modalities of neu-
rohumoral modulation, they are presented in a comprehensive and up-to-date man-
ner disseminating current evidence and providing in-depth approach to this lively
area of research and clinical management of essential hypertension.

On behalf of the European Society of Hypertension, we would like to thank
Springer for this important effort to improve information and education on hyper-
tension. Also, our special thanks go to Professors Costas Tsioufis, Rolland Schmieder,
and Giuseppe Mancia who have provided us this excellent work on the major topic
of interventional therapies for essential and secondary hypertension. We hope that
the readers will find this European Society of Hypertension/Springer scientific
cooperation rewarding and useful in clinical practice.

Brescia, Italy Enrico Agabiti Rosei






Preface

Blood pressure lowering is the main and most important mechanism of cardiovas-
cular protection in hypertension. For more than half a century, antihypertensive
drugs of different classes demonstrated their safety and efficacy to achieve blood
pressure control in numerous randomized clinical trials. However, in the usual clini-
cal practice, blood pressure control by applying the traditional antihypertensive
treatment added on top of lifestyle changes resulted quite poor, and only 35% of
hypertensive patients remain within the target. Also, among patients with uncon-
trolled hypertension, secondary forms of the disease are increasingly being diag-
nosed because of both more accurate clinical approach being pursued and more
refined diagnostic procedures being applied.

In this book Interventional Therapies for Essential and Secondary Hypertension,
as editors, we sought to integrate evidence and critically review treatment modali-
ties in such a diverse spectrum of disease entities. In the first four chapters of this
publication, the reader can find answers to “when and how” best therapies in
secondary forms of hypertension can be provided by experts in the field.

In the latter years, novel interventional techniques have been introduced either to
reduce the burden of uncontrolled essential hypertension despite optimal ongoing
pharmacological treatment (e.g., renal sympathetic denervation, carotid barorecep-
tor stimulation, etc.) or to reduce the additional cardiovascular risk of conditions
strongly associated with essential hypertension (e.g., continuous positive airway
pressure in sleep apnea).

Given the scientific debate on the effectiveness of interventional approaches to
uncontrolled hypertension in the relevant 18 chapters of this book, the available data
are presented with veracity and clarity in order to form the modern concept for
these promising therapies.

Our primary goal was to provide the updated clinical context of interventional
therapies for secondary and essential hypertension hoping that the readership can
grasp and place in perspective their potential applications. Each chapter was written
by experts in hypertension, and a clinical orientation to tackle the stated problems
was largely aimed. All aspects are addressed in a comprehensive and practical
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viii Preface

manner trying to answer current questions of treating physicians. We would like to
thank all contributors of this book for their intellectual work inspired by their high-
level professional skills. However, we believe that the success of each book, as always
happens, is based on the judgment of the readers.

Athens, Greece Costas Tsioufis
Erlangen, Germany Roland E. Schmieder
Milano, Italy Giuseppe Mancia
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Interventions for Renovascular 1
Hypertension

Thomas Zeller, Ulrich Beschorner, and Elias Noory

Abbreviations

BP Blood pressure

DUS Duplex ultrasound

e-GFR  Estimated glomerular filtration rate

FMD Fibromuscular dysplasia

PTRA  Percutaneous transluminal renal angioplasty
RAS Renal artery stenosis

RI Resistive index

1.1 Introduction

The term renal artery stenosis (RAS) summarizes different causes of vascular
lesions resulting in impaired blood flow to the kidney. Accounting for approxi-
mately 90 % of RAS atherosclerosis is the most common etiology and is most often
caused by plaque progression from the aortic wall into the renal artery origin result-
ing in the typical appearance of the ostial atherosclerotic RAS with additional dif-
fuse atheroma of the abdominal aortic wall (Figs. 1.1 and 1.3). The prevalence of
atherosclerotic RAS increases with age, risk factors, and concomitant diseases like
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Fig.1.1 Tight ostial stenosis of the left renal artery prior (a) and after 7-mm stent placement (b).
Note: poststenotic enlarged vessel diameter, stent diameter matches to the diameter of the distal
renal artery segment

diabetes mellitus, hyperlipidemia, hypertension, and aorto-iliac type of peripheral
occlusive disease, and coronary artery disease [1, 2]. Atherosclerotic RAS is a pro-
gressive disease; even if more current literature suggests lower rates due to a more
widespread use of statins progression, total occlusion was reported in the DRASTIC
trial in 18 % within 1 year [3-6]. There is a close association between severity of
RAS and kidney atrophy that may lead to ischemic nephropathy [7, 8]. The exact
etiology of ischemic nephropathy is still unknown, the loss of kidney filtration
capacity in RAS is not only due to hypoperfusion, but also because of recurrent
micro-embolism and other not yet completely understood mechanisms [9, 10].

Fibromuscular dysplasia (FMD), as the second frequent etiology of RAS, is a
collection of vascular diseases that affects all the three layers of the arterial vessel
wall and is of unknown etiology. FMD accounts for less than 10 % of cases of RAS
and rarely leads to vessel occlusion or ischemic nephropathy [11-13]. FMD tends
to affect mainly younger women, is most commonly located at the distal half of the
renal artery trunk or the side branches, and is characterized by a beaded, aneurysm-
like appearance on angiography (medial dysplastic type, Figs. 1.2a and 1.9¢c, d).
Less frequently seen are ostial locations, angiographically hard to distinguish from
atherosclerotic disease. Intravascular ultrasound shows a marked reduction of over-
all vessel diameter, the affected vessel segment is shrunken, and the lesion is of
fibrotic nature (intimal fibroplasia, Fig. 1.2b). Other potential causes of RAS are, in
particular in Asia, vascular inflammatory disease, e.g., Takayasu’s arteritis [12] and
RAS following implantation of an abdominal endoprosthesis for the treatment of
abdominal aortic aneurysm.

1.2 Indications for Intervention

Patient’s individual characteristics, such as life expectancy, comorbidities,
quality of blood pressure (BP) control, and renal function are key aspects for
indicating a revascularization procedure. However, evidence supporting benefit
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Fig.1.2 (a) Left renal artery with characteristic angiographic “string of beads” appearance repre-
senting the most common type of fibromuscular dysplasia, the medial type; (b) left caudal renal
artery angiogram showing the more rare type of intimal fibrodysplasia located close to the renal
artery origin

of aggressive diagnosis and timing of renal revascularization still remains sparse.
Among patients receiving medical therapy alone, there is the risk for deteriora-
tion of kidney function with worsening morbidity and mortality in particular in
bilateral severe RAS. Under dedicated conditions, renal artery revascularization
can provide immediate improvement in kidney function and BP; however, as
with all invasive interventions, renal artery revascularization may result in mor-
tality or substantial morbidity in a small percentage of patients
[14, 15]. Due to outcome of the latest randomized controlled trials [14—16], gen-
eral consensus exists that renal revascularization should be reserved for patients
with anatomically significant RAS who present with particular clinical scenarios
such as recent onset of hypertension or “flash” pulmonary edema or congestive
heart failure with preserved left ventricular function or acute oligo-anuric renal
failure with global kidney ischemia [17]. However, no consensus exists about the
definition anatomically significant RAS. None of the randomized controlled tri-
als including ASTRAL and CORAL did include diagnostic methods for evalua-
tion of the significance of RAS before randomization [14-16]. Verification of
significance of RAS should be performed either by duplex ultrasound and/or by
invasive pressure gradient measurement even if this diagnostic step is not reim-
bursed in all health-care systems.

Potential benefits of RAS renal revascularization Reperfusion of the isch-
emic kidney results in a reduction of renin secretion, which decreases angioten-
sin and aldosterone production, thereby decreasing peripheral arterial
vasoconstriction and promoting hypervolemia. Improvement in renal perfusion
enhances glomerular filtration and therefore promotes natriuresis. Moreover,
reduction of humoral activation might result in reduction of left ventricular mass
and improvement of diastolic dysfunction [18, 19]. Lastly, BP control should
become improved.
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1.3  How Do the Study Results Look Like?
1.3.1 Impact of Revascularization on BP Control

Until 2007, 21 uncontrolled cohort studies of stenting/angioplasty were
published in a total of 3,368 patients. Cure, improvement, or worsening of
arterial hypertension was documented to range from 4 to 18 %, 35 to 79 %, and
0 to 13 %, respectively [5, 6]. Two studies reported a statistically significant
reduction in the New York Heart Association Functional Class of congestive
heart failure after stent placement in patients with global kidney ischemia —
either bilateral disease or stenosis to a solitary functioning kidney. These
patients with congestive heart failure not associated to coronary artery disease
and repeated admissions for pulmonary edema had improved volume manage-
ment, restored sensitivity to diuretics, and lowered rehospitalization rates, sug-
gesting that some individualized patient categories benefit substantially from
renal revascularization [17, 18, 20-22].

Three randomized controlled trials compared plain balloon percutaneous trans-
luminal renal angioplasty (PTRA) to medical treatment with >6 months of follow-
up. Notably, these trials were small and had no adequate power for clinical outcomes.
All three studies concluded that PTRA in unilateral atherosclerotic RAS has some
drug-sparing potential [4, 23, 24], but previous uncontrolled studies overestimated
the potential for lowering BP. However, significantly improved diastolic and sys-
tolic BP in the angioplasty cohort was the result of a meta-analysis of those three
trials [25].

The three recent randomized trials comparing stent angioplasty combined with
medical therapy compared to medical therapy alone (“The angioplasty and stenting
for renal artery lesions trial” (ASTRAL [15]), the “Stent placement in patients with
atherosclerotic renal artery stenosis and impaired renal function trial” (STAR [14]),
and the “Cardiovascular Outcomes in Renal Atherosclerotic Lesions” (CORAL
[16])) did not result in significant differences in BP outcomes, whereas the daily
drug dose was reduced in the ASTRAL trial.

1.3.2 Impact of Revascularization on Renal Function

In the ASTRAL trial, 806 of initially planned 1000 patients with atherosclerotic
RAS, in whom the need for revascularization was uncertain, were enrolled. Fifty-
nine percent of patients were reported by the investigators to have RAS > 70%, and
60 % had a serum creatinine of >150 pmol/L. At a mean follow-up of 34 months,
differences in renal function, kidney, and cardiovascular events were insignificant
including all subgroups such as patients with global ischemia or impaired or rapidly
decreasing kidney function. The primary study endpoint, the decline in renal func-
tion over time (mean slope of the reciprocal of the serum creatinine level over time),
was significantly slower in the revascularization group (-0.07x107 wvs.
—0.13x 1073 L/pumol/year, P=0.06 [15]).
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The STAR multicenter trial enrolled 140 patients to detect a 20% or greater
decrease in creatinine clearance [14]. At 2 years, the primary endpoint was reached
in 16 % of patients in the stented group and 22 % of patients in the medical treatment
group without statistical significant. Noteworthy, more than 50 % of the patients
randomized to stenting had a less than 70 % diameter stenosis and 28 % of patients
did not receive a stent mainly because of the false diagnosis of RAS by MRA. This
largely underpowered trial showed that deterioration of renal function may progress
despite successful revascularization, underscoring the complex cause of ischemic
nephropathy with an important parenchymal component affected by risk factors for
atherosclerosis. It also showed that if technical skills are insufficient, a considerable
number of stent-related complications including two procedure-related deaths can
occur.

The CORAL trial included 947 patients with an angiographic >60 % RAS taking
at least 2 antihypertensive drugs. There was similar decrease in estimated glomeru-
lar filtration rate (eGFR) over time [16]. Over a median follow-up period of 43
months, the rate of the primary composite endpoint (death from cardiovascular or
renal causes, myocardial infarction, stroke, hospitalization for congestive heart fail-
ure, progressive renal insufficiency, or the need for renal-replacement therapy) did
not differ significantly between stented patients and those who received medical
therapy alone (35.1 % and 35.8 %, respectively; hazard ratio with stenting, 0.94;
P=0.58). During follow-up, there was a consistent modest difference in systolic BP
favoring the stent group (—2.3 mmHg; 95 % CI, —4.4 to —-0.2; P=0.03) despite an
increase in the mean number of antihypertensive drugs from 2.1 to 3.5 in the control
cohort. The study was flawed by including a high percentage of patients who have
been enrolled with moderate degree of RAS only; the corelab adjudicated mean
percentage diameter stenosis was 67 % only.

1.3.3 Impact of Revascularization on Survival

In the ASTRAL, STAR, and CORAL trials no difference was seen in the secondary
endpoints cardiovascular and renal morbidity and death [14-16]. A recent compari-
son of two consecutive registries comparing conservative treatment with revascular-
ization resulted in a 45 % reduction of mortality for the revascularization cohort
[21]. To date, no major differences in survival are evident between patients undergo-
ing either surgical or endovascular procedures, although only a few studies addressed
this issue directly.

Predictors of Clinical Success of Endovascular Revascularization

* Global renal ischemia defined as significant bilateral RAS or RAS of a solitary
kidney was identified in several studies as an independent predictor for improved
BP control [20, 26-28].

* Elevated pulse pressure has been shown to be predictive of outcome regarding
stabilization of renal function and improved BP control following renal stent
placement [29]. It seems as if a wide pulse pressure reflects a more advanced
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Table 1.1a Impact of pulse pressure and BP response following renal stenting [29]

BP improved BP unchanged BP worsened P value
Mean pulse pressure 47+15 mmHg 82+10 mmHg 111+14 mmHg <0.05

Table 1.1b Correlation between pulse pressure and renal function response following renal
stenting [29]

Renal function stable/improved  Renal function worsened P value
Mean pulse pressure 53+20 mmHg 107+18 mmHg <0.05

stage of vascular stiffness and renal disease identifying patients less likely to
respond to renal revascularization (Tables 1.1a and 1.1b).

e Irreversible microvascular kidney disease secondary to longstanding (uncon-
trolled) hypertension results in glomerulosclerosis and nephrosclerosis increas-
ing the flow resistance in the affected and unaffected kidneys. An increased
intrarenal resistance serves as a marker of structural alterations of the renal
microvasculature. This increased vascular resistance can be determined by color
duplex ultrasound [30-33]. An increased resistance index exceeding 0.8 was pre-
dictive for a treatment failure [34], whereas another study still resulted in a treat-
ment benefit regarding BP reduction and stabilization of renal function; however,
this effect was less pronounced with a resistance index >0.8 as compared to
below 0.8 [35].

e Preinterventional pressure gradient measurement: This procedure is recom-
mended in particular in uncertain cases and not as routine procedure because a
reliable determination of the gradient requires a dedicated pressure-wire, which
is expensive and extends procedure time and potential complications. While the
measurement of a resting pressure gradient was not predictive for the BP
response, Leesar et al. have found the best correlation with BP response after
successful revascularization with baseline hyperemic translesional pressure gra-
dient [36]. Hypertension improvement at 1 year occurred in 84 % of those with
hyperemic translesional pressure gradient >21 mmHg compared to 36 % with
hyperemic translesional pressure gradient <21 mmHg (P<0.01). These results
need to be confirmed in a larger series of patients including clinical endpoints.
De Bryune et al. found an increase in ipsilateral renal vein renin release starting
with a distal lesion to aortic systolic pressure ratio of 0.9 and below [37].

e Mahmud et al. reported a decreased renal perfusion as measured by renal frame
counts and renal blush grade [38]. Renal frame count is increased in significant
RAS. Clinical responders tended to have higher baseline renal frame counts as
compared to nonresponders and had significantly greater improvement in their
renal frame count values following stenting. Three quarters of the BP responders
had a baseline renal frame count >25, and of those patients with an increase in
renal frame count >4, 79 % were responders to revascularization. Renal frame
count adds a functional assessment to the morphologic assessment of RAS. The
application of renal blush grade as an indicator of microvascular flow might be
helpful for evaluating the efficacy of embolic protection devices.
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Several factors may argue against renal revascularization or predict poorer
outcomes, including the presence of proteinuria >1 g/24 h, renal atrophy, severe
renal parenchymal disease, and severe diffuse intrarenal arteriolar disease.
Moreover, adverse consequences of renal atheroembolization at the time of sur-
gical revascularization have been documented [33, 39]. Similarly, atheroembo-
lization may be provoked by percutaneous revascularization [14, 40].

In summary, based on clinical experience despite the lack of positive randomized
controlled trials, indications and contraindications for renal revascularization are
the following:

1.3.4 Indications for PTRA

Hemodynamically relevant (>70%) unilateral and bilateral RAS with arterial
hypertension and normal or impaired renal function, with a life expectancy of at
least 2 years after the intervention

Hemodynamically relevant unilateral and bilateral RAS or renal artery occlusions
in acute or subacute terminal renal insufficiency

1.3.5 Contraindications Against PTRA

Hemodynamically not relevant RAS <70 % (duplex: no side difference in resistive
index (RI), no increase in acceleration time; angiography: ratio of invasively
measured pressure distal to stenosis; aortic pressure >0.9)

Life expectancy markedly reduced due to concomitant diseases

Chronic dialysis

“Hostile aorta” (relative contraindication, Fig. 1.3)

1.4 How to Diagnose a Hemodynamically Significant RAS

Prior to renal artery revascularization, a proper patient examination is mandatory
including a complete cardiovascular status, the exploration of potential life expec-
tancy limiting concomitant diseases, a 24-h BP monitoring, a renal duplex scan, and
blood and urine chemistry [5]. Key noninvasive diagnostic tool for determination of
the hemodynamic relevance of a RAS is duplex ultrasound.

Color-coded duplex ultrasound (DUS) DUS is a noninvasive frequently
repeatable bed-side examination and is currently the only noninvasive diagnostic
method to reliably determine the significance of a RAS using the side-to-side
difference of the intrarenal resistance index. There is a highly specific correlation
between a side difference of the RI of >0.05 and an at least 70 % angiographic
diameter stenosis [30, 31, 41]. The same holds true for an extended acceleration
time of more than 70 ms. All other duplex parameters like a peak systolic flow
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Fig. 1.3 (a—m) Abdominal and left iliac artery aneurysm with diffuse thrombus and atheroma
(“hostile aorta”, a—f); subtotal ostial occlusions of both renal arteries (b, ¢, g, i); double wire tech-
nique (“no touch”, f); predilatation (3 mm) left renal artery (rigid lesion, balloon waist, j); 6/10-
mm stent placement left renal artery (k); final result after bilateral 6-mm stent placement (h, 1, m).
Note: A 45-cm long sheath is used together with a 6 F renal double curve guiding catheter due to
the tortuous access arteries
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Fig.1.3 (continued)
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Fig.1.3 (continued)

velocity >200 cm/s or a renal aortic flow velocity ratio >3.5 are correlated to a 50
or 60 % angiographic diameter stenosis and offer therefore indeed a high sensi-
tivity in terms of detecting a RAS [30, 42]; however, the specificity detecting a
hemodynamically relevant RAS is low. Provided that DUS is performed by an
experienced physician with an adequate ultrasound machine, it should be the
preferred imaging method.
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1.5  Procedural Aspects

The first renal artery angioplasties were performed by the pioneers Felix Mahler in
Berne and Andreas Griintzig in Zurich in 1977 [43, 44]. Plain balloon PTRA was the
only method of percutaneous treatment for RAS with satisfying acute and long-term
results for angioplasty FMD and atherosclerotic RAS of the renal artery trunk until
the 1990s [45, 46]. However, acute and chronic outcomes of PTRA of ostial athero-
sclerotic RAS were limited due to dissections, elastic recoil, and rigidity of the lesion
[45, 47]. Since stenting became established, percutaneous renal revascularization is
considered first-line therapy for the treatment of atherosclerotic RAS [20, 35, 45,
47-51]. In the era of low-profile premounted renal stent systems, atherosclerotic
RAS can be treated successfully in almost all cases with restenosis rates ranging
from O to 23 % depending on the renal artery diameter [20, 35, 47-50, 52-54].

1.5.1 Techniques and Devices for Endovascular Treatment
of RAS

Patient preparation Part of preprocedure, predischarge, and follow-up visits
should be:

Renal functional parameters (serum creatinine concentration, serum urea, at least an
eGFR, or preferably creatinine clearance measured using 24-h urine; the role of
cystatin C is uncertain).

Ambulatory 24-h BP monitoring.

DUS of the renal arteries with measurement of renal—aortic flow velocity ratios,
intrarenal RI, and kidney size.

Analysis and documentation of antihypertensive medication.

The patient should provide informed consent at least 1 day before the procedure.

Fasting 6 h before the procedure.

Prehydration with intravenous iso-osmotic saline or orally (mineral water, tea) in
patients with advanced renal insufficiency (eGFR <60 mL/min).

Preprocedure computed tomography or magnetic resonance tomography angiogra-
phy might be helpful for interventional access route considerations.

1.5.2 Pre- und Postprocedure Medication

Dual antiplatelet therapy: In case of chronic pretreatment with aspirin, the prescrip-
tion should be continued 100 mg/day for life and oral bolus of 500 mg aspirin
should be given before the procedure; clopidogrel 600 mg given as a loading dose
on the day of the procedure or the day before followed by 75 mg/day for 4 weeks.

After placement of the sheath, administration of a heparin bolus of 5000 IU.

There is controversy regarding the administration of acetylcysteine to capture free
radicals, at a dosage of 2x600 mg (1200 mg) on the day before the procedure
and on the day of the procedure.
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Statins might reduce kidney fibrosis in chronic hypertensive individuals [55] and
should be prescribed as part of the general secondary preventive medical treat-
ment of atherosclerotic RAS.

In a small randomized trial, nebivolol given prior to the intervention has shown
improved renal function outcomes as compared standard drug regimen [56].

1.5.3 Access Route

1.5.3.1 Femoral Access
The femoral access is the standard access route provided patent aorto-iliac access
arteries and the absence of marked tortuosity of the pelvic arteries or an acute cau-
dal angled course of the renal artery. The guiding catheter technique has replaced
the original guidewire technique, as it is easier and safer to use.

The interventional sequence is as follows:

Following local anesthesia, a 6- or 7-F sheath (11 cm long) with a hemostatic valve
is placed in the common femoral artery. If there is tortuosity in the access arteries
(Fig. 1.3g), a 23-cm or even 45-cm long sheath may be helpful.

Introduction of a 0.035” or 0.038” standard J guidewire into the thoracic aorta.

The nonselective diagnostic angiogram can be either performed via a 6-F pigtail
diagnostic catheter or the guiding catheter. Using a diagnostic catheter, the
catheter is advanced to the level of the 12th thoracic vertebral body with a
C-arm position at 20° left anterior oblique projection. Using a guiding cathe-
ter for diagnostic angiography, the guidewire is advanced up to the descending
aorta and the guiding catheter (55 cm in length) is positioned at the level of
the L1/L2 interlumbar space and, with the wire in place keeping the tip of the
guiding catheter away from the aortic wall, the nonselective angiography of
the renal arteries is performed by injecting 10 cc of contrast agent in DSA
technique.

Following identification of the origin of the affected renal artery, the guiding cath-
eter tip is positioned slightly above the renal artery ostium. The guidewire should
still be exposed to the aorta in order to avoid aortic wall contact of the guiding
catheter tip during manipulation. Thereafter the guidewire is removed. The guid-
ing catheter tip usually “falls” into the ostium of the renal artery needing only
mild corrections without significant risk of plaque embolization. Prior to the first
selective dye injection, the guiding catheter should be cleared of any plaque and
thrombus material that may have been collected in its tip during the probing
process. This can be achieved either by aspiration via the Tuohy-Borst valve, or
by simple back bleeding through the open valve (Fig. 1.4; [41]). Depending on
the anatomical conditions, a guiding catheter with an internal mammary artery
(approximately 90 %), renal double curve, hockey stick, or Judkins right configu-
ration is used.

Alternatively, a Vista BriteTip IG™ “guide sheath” (Cordis — Cardinal Health,
Fremont, CA, USA) is available, combining a 55-cm long guide catheter with a
hemostatic valve. This saves 1 F in the outer sheath size.
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Fig. 1.4 Atheroma
originating from the aortic
wall collected after
retrograde bleeding
through the guiding
catheter with opened
hemostatic valve

1.5.3.2 Brachial or Radial Access
Bilateral brachial or radial access routes are feasible, but the left side is preferable
in order to avoid passage across the cerebral arteries. Moreover, the distance to the
renal arteries is shorter from the left arm. In most cases, a 6-F sheath or alternatively
a 7-F guide sheath is placed in the brachial (radial) artery in a retrograde fashion.
After placement of a 0.035” guidewire with hydrophilic coating at the level of L1,
nonselective imaging of the origins of the renal arteries is carried out, followed by
placement of the guiding catheter as described above for the femoral access [41].
Materials required for the brachial access are a 7-F guide sheath, 90 cm long,
with a multipurpose configuration; guiding catheter: 6 F, 100 cm long, with a mul-
tipurpose or right Amplatz configuration; and a Terumo 0.035” stiff J wire. For a
radial access, dedicated 120-cm long guiding catheters are mandatory.

1.5.4 Preprocedural Angiography

Before starting the intervention, the RAS has to be nonselectively and selectively imaged
using angiography. With normal aortic anatomy, the renal artery origins are best assessed
using a 20° left anterior oblique projection. In approximately 15 % of the normal popula-
tion, the kidneys have multiple arteries, and the accessory arteries sometimes have atypi-
cally positioned origins (e.g., the distal infrarenal abdominal aorta, proximal common
iliac artery). Attention should therefore be given to ensure that the renal artery does sup-
ply the entire renal contour; otherwise, accessory arteries should be sought.

1.5.5 Procedure

1.5.5.1 Atherosclerotic RAS

After selective exploration of the renal artery, a 0.014” extra support guidewire with
a nonhydrophilic coated tip is introduced across the RAS as far as the segmental
arteries (caution: the parenchyma should not be damaged).
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Markedly calcified RAS and stenoses >90 % require predilatation with a coro-
nary balloon catheter at least 3 mm in diameter (Fig. 1.5). Otherwise, the pre-
mounted stent systems can also be used for direct stenting.

If there is an ostial stenosis (defined within 10 mm distal from the origin), the
stent should completely cover the renal artery ostium and extend 1-2 mm into the
aortic lumen (Figs. 1.1a and 1.5a).

The ratio of the stent to the diameter of the renal artery should be 1:1-1.0:1.2.
Caution: oversizing can lead to aortic wall rupture or aortic dissection in particular
in eccentrically calcified lesions.

There is controversy regarding the use of distal protection systems, and in the

authors’ view, distal protection should not be done routinely until manufacturers are
able to supply dedicated systems for renal application.
A technique to avoid renal embolism is the “no-touch” technique which is
illustrated in Fig. 1.6a—d [57]. Basically, a 1 F larger guiding catheter has to be
used (7 F) for exposing a second 0.014” guidewire to the suprarenal aortic wall
in order to keep the tip of the guiding catheter away from the renal artery
origin.

The use of covered stents (e.g., Advanta V12, Atrium Medical, Hudson, NH,
USA) and drug-eluting stents is usually limited to the treatment of in-stent resteno-
sis or small arteries with a diameter <4 mm and still investigational.

“Hostile aorta” The term “hostile aorta” describes a rare condition of a diffuse soft
atheroma in the aortic wall in particular around the renal artery origins which can be
present in normal aortic diameters but preferably in ecstatic or aneurysmatic abdomi-
nal aortas (Fig. 1.3). This high soft plaque burden dramatically increases the peri-
interventional embolic risk. Proper planning of the interventional strategy is
mandatory including a preinterventional computed tomography — or magnetic reso-
nance angiography (Fig. 1.3a—c, [58]) is mandatory in order to limit guiding catheter
manipulations to a minimum. A “no-touch” technique is highly recommended and
such procedures should be performed only by experienced operators and in desperate
clinical conditions.

1.5.5.2 Dedicated Interventional Tools

“Non-flip-tip” technology In bended arteries, dedicated renal stent devices
with a long so-called anti-flip tip of the stent carrying balloon catheter facilitates
the introduction of the stent into the lesion even without predilation. The
Hippocampus™ 0.014 Balloon Expanding Rapid Exchange Renal Stent System
(Medtronic Corp., Concesio Brescia, Italy [59]) device consists of a long “non-
flip-tip” with minimal entry profile. Since the system shows a progressive flexi-
bility, the guidewire will not be straightened and possibly flipped out of the
origin. As soon as the balloon segment with the crimped stent is advanced through
the curve of the guiding catheter or introducer sheath, the long balloon catheter
tip is already inserted in the renal artery trunk reducing the risk of flipping the
guidewire back into the aorta.
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! Subtotal occlusion

Fig.1.5 Subtotal calcified ostial right renal artery stenosis (a); native calcium (aortic wall calcium)
at the renal artery origin (b); step-wise predilatation with 2.5 mm (c¢) and 4-mm coronary low profile
balloons; placement of a 6/12-mm stent, low pressure with remaining waist (d, e) in order to avoid
renal artery rupture or dissection at the stent edge due to stent oversizing; full stent expansion with
slightly removed balloon catheter (f); final result, stent reaching into the aortic lumen (g)
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guidewire

| stent system

2nd 0.014" guidewire

2nd 0.014" guidewire

Fig. 1.6 (a—d) “No-touch technique”: stenting of left renal artery using a modified “no-touch”
technique. (a) One 0.014” guidewire each in the renal artery and the suprarenal aorta. (b) Placement
of the stent, aortic guidewire still in place. (¢) Release of the stent, aortic wire still in place.

(d) Final result [41, 57]
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a ' b
Stent Marker Bands

! !

Catheter Marker Bands Guide cathet
| balloon

Fig.1.7 (a—d) The dual-balloon delivery system (a) enables rapid, precise placement of the stent with
the initially inflated locator balloon, which physically stops at the ostium and visually confirms the right
position (b). Inflating the second balloon results in stent placement and further increasing the pressure
in the locator balloon results in a flaring of the proximal stent end (c). The flared stent conforms ana-
tomically to the aorto-ostial junction resulting in increased proximal scaffolding and ostial coverage (d)

In ostial atherosclerotic RAS, balloon-expandable stents are mandatory to resist the
acute vessel recoil at the origin. Several stents like the Hippocampus™ show a progres-
sive radial strength towards the proximal end which covers the renal artery origin.

Ostial flared stent technology: A stent device dedicated to ostial stenting rep-
resents the ArchStent® (Eucatech, Rheinfelden, Germany/Ostial Corporation,
Mountain View, CA, USA; Fig. 1.7a-d). The dual-balloon delivery system
enables rapid, precise placement of the stent with the initially inflated locator
balloon, which physically stops at the ostium and visually confirms the right
stent position. Inflating the second balloon results in stent placement and further
increasing the pressure in the locator balloon results in a flaring of the proximal
stent end. The flared stent conforms anatomically to the aorto-ostial junction
resulting in increased proximal scaffolding and ostial coverage. Thus the aorto-
renal plaque is completely attached to the vessel wall and recrossing the stent in
case of restenosis can easily be performed. A pilot study (BOSS-I) showed a
100 % acute technical success rate.

Self-expanding stents: In distally located lesions, low-profile self-expanding
stents fitting through a 6-F guiding catheter (e.g., Xpert™, Abbott Vascular, Diegem,
Belgium or Maris deep™, Medtronic, Fig. 1.8) should be used because of the high
mechanical forces exposed to the renal artery trunk during respiration resulting in
significant vessel kinking imposing the risk of stent fracture with consecutive abrupt
vessel occlusion resulting in functional kidney loss.
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Fig. 1.8 High-grade stenosis of the distal left renal artery trunk (a); result after placement of a
6/20-mm 4-F sheath (6-F guiding catheter) compatible nitinol stent (b, ¢)

1.5.5.3 Nonatherosclerotic RAS

Stenting is usually only indicated in ostial atherosclerotic RAS. In all other loca-
tions and etiologies, balloon angioplasty with provisional stent placement is still
regarded as standard of care [11-13, 60] using a balloon diameter with a 1: 1 to
1: 1.2 ratio compared to the reference vessel diameter for the treatment of trunk
and branch artery lesions. For verifying the appropriate balloon size, the artery
dimension can either be measured using onsite programs or using a background
image (“overlay function”, Fig. 1.9¢, d).

In FMD, stenoses usually result from membranes (Figs. 1.2a and 1.9a, b) or — if
located at the renal artery origin — of a shrunken dysplastic vessel wall with high
rigidity (Fig. 1.2b). In both anatomical conditions, Cutting Balloon (Boston
Scientific, Galway, Ireland) or scoring balloon angioplasty (Spectranetics,
Colorado Springs, CO, USA) with a balloon diameter about 0.5-1.0 mm smaller
than the reference vessel diameter either effectively disrupts the membrane or
increases vessel compliance in ostial lesions. Following Cutting Balloon angio-
plasty, a properly sized regular balloon can be used for further optimization of
the acute angioplasty result (Fig. 1.9d).

Direct stenting of FMD ostial RAS should be avoided because of the risk for
incomplete stent expansion due to the limited vessel wall compliance.

1.5.6 Postprocedural Follow-Up

Monitoring of cardiovascular parameters for 12 h is recommended, as excessive
drops in BP may occur in individual cases, particularly in younger patients (<50 years
of age). Particularly in patients with preprocedural renal insufficiency, function
parameters must be repetitively checked, at least until 48 h after dye exposure.
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Fig.1.9 Right renal artery
with distal high-grade renal
artery stenosis caused by a
membrane (arrow, (a)),
result after 6/20-mm
balloon angioplasty,
balloon shoulders visible
like a foot print (b).

Figure 1.8 shows the same
lesion as Fig. 1.2a,
5/20-mm Cutting Balloon
angioplasty using a
background image for
orientation (“overlay”) (c)
followed by a 6/20-mm
regular balloon angioplasty
with the final result (d)

membrane

After 6/20mm PTA

5/20mm Cutting Balloon

'ib A}‘terSmm Cutting Balloon& 6mm PTA
o dndngr Ry




22 T. Zeller et al.

1.5.7 Potential Risks of the Procedure

General potential interventional risks are:

Renal (cholesterol) embolization with subsequent deterioration in renal function,
potentially progressing to terminal renal insufficiency (“hostile aorta”).

Contrast-induced nephropathy: the risk increases along with the initial degree of
renal dysfunction.

Renal artery and aortic dissection or rupture.

Incorrect stent placement.

Local vascular complications at the puncture site, such as false aneurysm, arteriove-
nous fistula, hematoma requiring transfusion, etc.

1.5.8 Recommended Equipment Checklist

Table 1.2 summarizes access and lesion-specific tools that should be available on
stock for renal interventions.

1.6 Patient Follow-Up

After discharge, we recommend outpatient clinic follow-up examinations at 6 and
12 months post procedure and annually thereafter. Follow-up examinations should
include — besides a physical examination — analysis of the antihypertensive and
secondary preventive medication, ambulatory 24-h BP measurement, office-based
BP measurement, and blood chemistry including serum creatinine, urea, and potas-
sium. DUS has been shown to be a reliable screening method for detection of renal
artery restenosis in particular following stent placement [31, 64—66]. In general,
significant restenosis following renal artery stenting is a rare event ranging from 0
to 23 % depending on the renal artery diameter with highest restenosis rates in small
diameters of 4-5 mm [20, 35, 47-50, 52-54]. Restenosis following balloon angio-
plasty is usually treated with stent placement; for the treatment of in-stent resteno-
sis, a variety of treatment options are recommended including the placement of
either a covered stent or a drug-eluting stent or in recent times using drug-eluting
balloons ([61, 62, 64], Table 1.2). Plain balloon angioplasty or even cutting balloon
angioplasty is associated with high recurrence rates of in-stent restenosis [61, 62].
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Primary Aldosteronism: A Field
on the Move

Michael Doumas and Stella Douma

Abbreviations
ARR Aldosterone-renin ratio
CT Computed tomography

dRHTN  Drug-resistant hypertension
HTN Hypertension
MRI Magnetic resonance imaging

2.1 Introduction

Arterial hypertension (HTN) is a multifactorial disease, and its etiology remains
unknown in the majority of patients, the so-called “essential hypertension” population
[1]. Primary aldosteronism is the most common form of secondary HTN; however, its
exact prevalence remains unknown [2]. It has to be acknowledged however that higher
prevalence rates (up to 30 % of hypertensive patients) are subject to referral bias and
probably overestimate the true prevalence of primary aldosteronism.

Accumulating evidence indicates that primary aldosteronism is highly prevalent
in patients with drug-resistant hypertension (lRHTN). Small clinical studies reported
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prevalence rates of up to 25 % [3-6], while more recent studies point toward lower
prevalence rates of 11-15% [7, 8]. The accurate and prompt detection of primary
aldosteronism in patients with dARHTN has recently gained wide scientific interest,
due to the introduction of interventional methods for the management of dRHTN:
renal sympathetic denervation and carotid baroreceptor stimulation [9-13]. Patients
with primary aldosteronism are not likely to respond to such interventional therapy,
and is thus of utmost importance to exclude such patients in clinical studies evaluat-
ing the effects of interventional therapy.

The diagnosis of primary aldosteronism in real life is time consuming and might
be tricky [14]. Clinical judgment based on appropriate training and long-term experi-
ence is required to evaluate controversial test results, overcome the uncertainty, and
appropriately manage “gray-zone” patients: to offer surgical cure when indicated and
avoid unnecessary and inappropriate operation when it is not indicated [2, 15].

The aim of this chapter is to provide the basis for detecting primary aldosteronism
in dRHTN in the interventional era; to summarize the magnitude of the problem; to
critically discuss available tests for the screening, confirmation, and lateralization of
primary aldosteronism; to present the therapeutic options; and to propose a simple
algorithm for the diagnosis and management of primary aldosteronism.

2.2  Importance of Detecting Primary Aldosteronism
in the Interventional Era

Resistant or difficult to control hypertension is partially attributed to undiagnosed
cases of secondary HTN [16, 17]. Primary aldosteronism is without doubt the most
common form of secondary HTN in this patient population, accounting for up to
25 % in patients with dRHTN [3-6]. We have recently reported a much lower preva-
lence of primary aldosteronism (11 %) in a large sample of more than 2000 patients
with dRHTN [7]. In the RESIST-POL study, primary aldosteronism was detected in
15.7% of patients with dRHTN [8], confirming that although the prevalence of
primary aldosteronism in resistant hypertension is lower than traditionally believed,
primary aldosteronism affects a considerable portion of such patients. This portion
of patients is of paramount clinical importance in the era of interventional manage-
ment, mainly for two reasons: (a) because HTN can be effectively cured in patients
with primary aldosteronism, either with adrenalectomy in unilateral adenomas or
medical therapy in bilateral hyperplasia, avoiding the detrimental cardiovascular
sequelae of primary aldosteronism, and (b) because patients with primary aldoste-
ronism are unlikely to respond to interventional management of dRHTN through
either renal sympathetic denervation or carotid baroreceptor stimulation.

Up to now, secondary dRHTN was an exclusion criterion in all studies evaluat-
ing the effects of renal denervation and baroreceptor stimulation [18-21]. This,
along with the conduction of these studies in highly specialized centers provided
the impression that appropriate exclusion of primary aldosteronism has been per-
formed before intervention. However, no study has reported either the diagnostic
algorithm (screening and confirmation) used for primary aldosteronism or the



2 Primary Aldosteronism: A Field on the Move 31

percentage of patients diagnosed and subsequently excluded from the study, rais-
ing doubts about the appropriate exclusion of patients with primary aldosteronism
in conducted studies. The potential inappropriate inclusion of patients with pri-
mary aldosteronism in previous studies would have blurred the findings of the
studies, due to the anticipated inefficacy of interventional techniques to lower
blood pressure in these patients.

Future studies should incorporate a simple diagnostic work-up, specifically for
the exclusion of primary aldosteronism. Such a diagnostic algorithm could include
the conduction of aldosterone-renin ratio (ARR) in all patients deemed potentially
eligible for the study, and a confirmatory test (intravenous saline load or captopril)
for the accurate diagnosis of primary aldosteronism. The appropriate exclusion of
primary aldosteronism, a condition found in 10-25 % of patients with dRHTN, is
expected to uncover the true effect of interventional therapies.

Another issue that needs to be highlighted is the effect of mineralocorticoid recep-
tor antagonists in patients with dRHTN and primary aldosteronism. Based on studies
reporting a similar efficacy of spironolactone in patients with dRHTN both with and
without primary aldosteronism [22], many primary care physicians are confused, and
therefore screening for primary aldosteronism is of minimal clinical value. The truth
however is different. Spironolactone is effective in dRHTN when added on top of a
multidrug regime, including renin-angiotensin system blockers, calcium antagonists,
and diuretics. In contrast, spironolactone is highly effective in primary aldosteronism
as monotherapy in most cases or combined with a second drug in the minority of the
cases [7]. It is not uncommon for patients with uncontrolled HTN using 5-7 antihy-
pertensive drugs, to withdraw all prior medication and have their blood pressure
controlled with small doses of spironolactone alone. Moreover, the identification of
aldosterone-producing adenomas can be followed by adrenalectomy, and subsequent
surgical cure, avoiding excessive target organ damage and cardiovascular morbidity
and mortality associated with primary aldosteronism.

2.3  The Magnitude and the Consequences of the Problem

Primary aldosteronism is the most common form of secondary hypertension; how-
ever, the exact prevalence rates of this condition remain controversial. Whatever the
prevalence, there is no doubt that primary aldosteronism is associated with increased
cardiovascular morbidity and mortality, partly due to the effects of elevated aldoste-
rone levels on the human vasculature.

2.3.1 Prevalence

Jerome Conn described primary aldosteronism in 1955 and speculated that this clini-
cal entity might account for as much as 20 % of hypertensive patients [23]. However,
several observational studies dampened the initial enthusiasm pointing toward a
much lower prevalence of less than 1% [24-27], establishing a general belief that
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prevailed for almost four decades [28]. A second epidemic of primary aldosteronism
was initiated by the Brisbane group, which reported a prevalence of 8.5 % in a sam-
ple of almost 200 hypertensive patients [29], and leaded to prevalence rates of up to
39 % [30]. A recent survey of 18 studies revealed a wide variation in prevalence rates,
ranging from 1.4 to 32 %, for a median of 8.8 % of studied hypertensive patients [31].
The US guidelines for primary aldosteronism estimate the overall prevalence of pri-
mary aldosteronism at 6.1 % in the general hypertensive population, acknowledging
that the prevalence is higher than 10 % in specialty settings [32].

Up to now, the largest study specifically aimed to evaluate the prevalence of primary
aldosteronism in the general hypertensive population comes from Italy. The Primary
Aldosteronism Prevalence in Hypertensives (PAPY) study included 1125 hypertensive
patients and reported a prevalence of 11.2% [33]. However, study participants were
referred to specialized centers by general practitioners, raising the possibility of selec-
tion bias. Indeed, a marked heterogeneity in prevalence rates across participating cen-
ters was observed, and exclusion of two centers with the highest prevalence rates
resulted in a significant drop of prevalence from 11.2 to 7.4 %. Two other studies claim-
ing unselected population reported a prevalence rate of 3.8 % for primary aldosteron-
ism and 1.5 % for aldosterone-producing adenomas, respectively [34, 35].

The wide variation in the prevalence of primary aldosteronism between different
studies is probably ought to differences in patient selection, employed diagnostic
methodology (the tools used to screen and confirm the diagnosis), and the severity
of HTN in study participants. Indeed, the prevalence of primary aldosteronism
depends strongly on the latter parameter. Primary aldosteronism was found in 2%
of patients with Stage I hypertension, while the corresponding rates in Stage II and
Stage III hypertension were 8.5 and 13.5 %, respectively [36]. The PAPY study
confirmed these findings, reporting a prevalence of 7.2 % in patients with Stage I
HTN and 19.5 % in patients with Stage IIl HTN [33].

2.3.2 Cardiovascular Consequences

Accumulating evidence strongly indicates that primary aldosteronism is associated
with greater target organ damage and increased rates of cardiovascular morbidity
and mortality compared to patients with essential HTN and similar blood pressure
levels [37, 38], suggesting an additive effect of aldosterone excess on tissue dam-
age, independent of and beyond blood pressure elevation per se. Indeed, primary
aldosteronism is associated with a twofold increase of left ventricular hypertrophy
[39], increased arterial stiffness [40], higher carotid intima-media thickness [41],
microalbuminuria [42], endothelial dysfunction [43], myocardial fibrosis and stiff-
ening [44], prolonged QT interval [45], arrhythmias [46], atrial fibrillation [39],
coronary artery disease and nonfatal myocardial infarction [39], cerebrovascular
disease [46], heart failure [39], metabolic syndrome [47], and altered glucose
homeostasis [46, 48]. It therefore seems of utmost importance to recognize primary
aldosteronism promptly, before the development of target organ damage and the
cardiovascular sequelae.
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Cardiovascular complications seem to be dependent on serum potassium levels.
In the German Conn’s registry, the largest available registry for primary aldosteron-
ism, it was found that patients with hypokalemia had significantly higher cardiovas-
cular morbidity and mortality than patients with normokalemia [38]. Although most
studies report higher mortality rates in patients with primary aldosteronism com-
pared to patients with essential HTN, a recent report from the same registry revealed
that all-cause mortality was not significantly different between patients with pri-
mary aldosteronism and patients with essential HTN, when adjustments for con-
founding factors were made [49].

2.4 Diagnosis

The diagnostic work-up for primary aldosteronism follows the typical diagnostic
flow-chart of an endocrine disorder: screening, confirmation, and localization. What
is specific for primary aldosteronism is that the localization is very important due to
the different management of disease subtypes (bilateral hyperplasia, and adenoma).

2,5 Screening

Arterial HTN is found in one fourth to one third of the adult population, currently
affects more than one billion individuals worldwide, and is expected to affect about
1.5 billion people at the end of next decade [50]. Given the enormous number of
affected individuals, the most important question from the clinical point of view is
who to screen for primary aldosteronism without performing unnecessary and
costly tests in every hypertensive patient (Table 2.1). The obvious question that
comes next is how to screen selected individuals, in order to detect primary aldoste-
ronism without missing diseased patients [14].

2.5.1 Who to Screen

The Japanese guidelines [51] recommend screening for all patients with arterial
HTN, while the US guidelines [32] recommend screening in selected group of
patients: patients with dRHTN, patients with severe and moderate HTN, patients
with hypokalemia (spontaneous or diuretic-induced), and patients with adrenal inci-
dentaloma. Patients with a family history of primary aldosteronism or onset of HTN

Table 2.1 Who to screen for Resistant hypertension

primary aldosteronism Moderate and severe hypertension

Hypokalemia (spontaneous or drug induced)
Adrenal incidentaloma
Family history of primary aldosteronism
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before the age of 40 years have also been proposed as candidates for screening, and
this recommendation seems rational. Further patient populations proposed for
screening include patients with metabolic syndrome, diabetes mellitus, and obstruc-
tive sleep apnea [52]. However, this proposal increases exponentially the number of
patients to be screened, and seems to reach Japanese guidelines that recommend
screening for all hypertensive patients.

Several factors limit the implementation of these recommendations in everyday
clinical practice, including the cost, the manpower, and the hospital amenities [14].
The cost of measuring plasma renin activity and plasma aldosterone is very high in
the US ($420); although the cost is lower in Europe, it still remains considerably
high if ARR is going to be performed in all hypertensive patients.

2.5.2 Aldosterone to Renin Ratio (ARR)

The ratio of plasma aldosterone to plasma renin activity (ARR) was introduced
35 years ago as a screening test for primary aldosteronism [53]. The subsequent
wide application of this screening test led to an almost tenfold increase of disease
detection [54]. This test unveils the autonomous production of aldosterone, inde-
pendent from the renin-angiotensin system, which characterizes primary aldoste-
ronism. A ratio of more than 30 (when plasma aldosterone is expressed in ng/dl and
plasma renin activity is expressed in ng/ml/h) is suggestive but not diagnostic of
primary aldosteronism. Some centers use either lower (20) or higher (40-50) ARR
cutoff values, in the effort to minimize either missing cases of primary aldosteron-
ism or false-positive results, respectively.

The use of ARR as a screening test has offered a “great forward thrust” in the
primary aldosteronism field and acted as the driving force for uncovering the mag-
nitude of the problem. However, ARR is not devoid of significant limitations, and
several factors need to be taken into account when performing and evaluating ARR
as a screening test for the diagnosis of the disease.

First, the ARR is a ratio, and its value greatly depends on the denominator, the
plasma renin activity values. Therefore, the ARR might be high (>30) in patients
with low renin hypertension, a condition that accounts for up to 30 % of hyperten-
sive patients, and is much more common in older subjects [55] and patients with
dRHTN [7]. It therefore seems wise to use an elevated serum aldosterone value
(>15 ng/dl in most centers, >12 ng/dl in some centers) as an additional criterion to
high ARR, in order to consider this test indicative of primary aldosteronism [7].

Second, the accuracy of renin determination decreases with decreasing values,
and the measurement of renin becomes less accurate in low and especially in very
low renin levels. Such levels are observed in patients with primary aldosteronism
and low-renin essential hypertension. In order to avoid ARR overestimation in such
cases, one can use the arbitrary value of at least 0.2 ng/ml/h for plasma renin activity
to be used for ARR determination in very low renin levels.

The most common and important parameter affecting ARR determination
regards antihypertensive therapy. Apart from alpha-blockers and non-dihydropyridine
calcium antagonists, all other antihypertensive drugs exert a major effect on ARR
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determination. Beta-blockers and centrally acting agents increase significantly the
ARR by suppressing renin levels and result in false-positive findings. In contrast,
diuretics, ACE inhibitors, and angiotensin receptor blockers decrease the ARR by
increasing renin levels and result in false-negative findings.

Therefore, antihypertensive therapy needs to be — ideally — discontinued for
2-3 weeks (much more for mineralocorticoid receptor antagonists) in order to per-
form accurately the ARR estimation. However, drug discontinuation is not always
feasible in everyday clinical practice, especially in patients with severe HTN, under-
lying cardiovascular disease or acute target organ damage. In such cases, the treating
physician has two options: (a) either to replace prior therapy with alpha-blockers as
monotherapy or combined with non-dihydropyridine calcium antagonists (based on
experience and clinical judgment) or (b) to perform the ARR determination while the
patient continues administered antihypertensive therapy. In the latter case, the physi-
cian should be aware of the abovementioned effects of antihypertensive drugs on
ARR, and evaluate the result taking into account these effects. Some studies report a
minimal effect of antihypertensive drugs on ARR, thus supporting the performance
of ARR without drug withdrawal [56]. However, other studies point toward a signifi-
cant effect of antihypertensive drugs on ARR, thus supporting drug withdrawal
before ARR determination. In a recent study, beta-blocker therapy resulted in false-
positive ARR in 31 % of patients, underlining the need for drug withdrawal before
screening for primary aldosteronism. The optimum time for beta-blocker withdrawal
depends on the method of renin determination and is 2 weeks for direct renin concen-
tration and 3 weeks for plasma renin activity determination [57].

In our experience, drug replacement with alpha-blockers and non-dihydropyridine
calcium antagonists for 2 weeks is feasible and safe in the vast majority of cases,
even in patients with severe HTN and/or history of cardiovascular disease, since the
blood pressure remains practically unaffected by drug replacement and is not fur-
ther elevated during this short time period. Therefore, we perform ARR after appro-
priate drug switching in almost all patients with dRHTN, apart from patients who
are fragile or exhibit acute organ damage.

Plasma aldosterone and renin levels are greatly influenced by the posture of the
patient, exhibiting lower values in the supine position and higher values in the
upright position, while the corresponding values in the seating position lie in
between. Supine ARR, with blood sampling in the morning after an overnight bed
rest or after 1-2 h with the patient at the supine position, was for long time consid-
ered as the most accurate tool. However, many centers have adopted the seated ARR
test during the last decade, with blood sampling in the morning and the patient
seated for 5-15 min after walking for at least 2 h, due to its convenience. Several
studies have shown the reliability of seated ARR, although with a slightly reduced
power compared to the supine ARR [58, 59].

Finally, dietary sodium intake also affects ARR determination. A normal- or
high-sodium diet uncovers the hormonal features of primary aldosteronism, while a
low-sodium diet might mask the diagnosis of primary aldosteronism, by increasing
renin levels and thus reducing ARR. Therefore, a liberal sodium diet (high or at
least normal) should be recommended in all patients undergoing screening for pri-
mary aldosteronism. Of great importance, sodium intake should be checked by the
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measurement of 24 h urinary sodium excretion to exclude sodium depletion. Even
the phase of menstrual cycle may affect renin and aldosterone levels for screening
and confirming primary aldosteronism [60].

2.5.3 Expert Comment

ARR is a crude tool, unable to differentiate primary aldosteronism from low-renin
hypertension. For example, a patient with low renin levels at 0.2 ng/ml/h and normal
aldosterone levels at 7 ng/dl has an elevated ARR of 35, suggesting primary aldo-
steronism based on ARR despite normal aldosterone levels. Even more outrageous,
a patient with renin levels of 0.1 ng/ml/h has an elevated ARR of 40 with aldoste-
rone levels at 4 ng/dl, a supernormal value, which actually excludes, rather than
being indicative of, primary aldosteronism. It therefore seems obvious that raised
aldosterone levels are a sine qua noncriterion when screening for primary aldoste-
ronism; otherwise, clinically unwise paths may be followed.

Assay characteristics strongly affect the screening validity of ARR in primary aldo-
steronism [61]. The rate of positive ARR is lower when plasma renin concentration is
measured instead of plasma renin activity in treated hypertensive patients [62]. The
simultaneous determination of plasma aldosterone and plasma renin concentrations
using automated chemiluminescence immunoassays has been available recently, and
looks like a promising and convenient alternative to traditional assays, in the effort to
facilitate the screening and confirmatory process for primary aldosteronism [63].

Although most specialized centers use plasma renin activity, direct renin activity
seems to prevail among general practitioners in everyday clinical practice, since its
measurement is simpler and less costly and blood can be collected, transferred, and
centrifuged at room temperature. It is obvious that different cutoff ARR levels apply
when direct measurement of active renin is used instead of plasma renin activity.

Collectively, the aforementioned parameters confounding ARR determination
underline the need for improved screening tests, which will act either complimen-
tary or independently to ARR. Recently the N-terminal probrain natriuretic peptide
(NT-proBNP) was proposed as a complimentary screening test. The confirmation of
diagnosis with intravenous saline loading reached 93 % in male patients with high
ARR and high NT-proBNP levels [64].

2.6 Confirmation

The confirmation of diagnosis is of paramount importance, given the high propor-
tion of false-positive findings from screening tests that might be as high as 50 %
[7]. Confirmatory tests aim to uncover the autonomous production of aldosterone,
and thus establish the diagnosis of primary aldosteronism. Several tests are cur-
rently used for the confirmation of the diagnosis, and the main tests (Table 2.2) will
be described in summary, along with a critical presentation of their advantages and
disadvantages.
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Table 2.2 ) Confirmatory Fludrocortisone test
tests for primary Intravenous saline loading
aldosteronism

Captopril test
Oral sodium loading

2.6.1 Oral Sodium Load

The oral sodium load is an old and cheap diagnostic test for the confirmation of
diagnosis, used by the Mayo Clinic group and others. A high sodium diet (300 mmol
per day) is administered to the patient for 3 days. A 24 h urine collection is per-
formed during the third day of the test for the determination of urinary aldosterone
and sodium levels. A 24 h urinary sodium value of more than 200 mEq ensures
sodium loading, whereas a 24 h urinary aldosterone value of more than 12 pg con-
firms the diagnosis (some centers use cutoff 24 h urinary aldosterone levels of
14-17 pg to minimize false-positive tests) [65, 66].

Several factors limit the wide use of this confirmatory test. Apart from the inher-
ent difficulties and uncertainties of accurate 24 h urinary collection, the main limita-
tion of the test is the measurement of 24 h urinary aldosterone. Available assays
often exhibit poor performance and usually measure only the 18-oxo-glucoronide
fraction, a part of total aldosterone excretion that might not be excreted in chronic
kidney disease. Moreover, potassium levels should be assessed daily, and appropri-
ate supplementation is needed, in times large amounts are required.

2.6.2 Intravenous Saline Load

The intravenous saline load is the most widely used confirmatory test in Europe. In
summary, the test starts at 7.00-8.30 am, and the patient has to remain in the supine
position for at least 1 h; then, 2 L of normal saline are infused over a 4 h period, and
serum aldosterone levels are measured before and after saline infusion. Serum aldo-
sterone values higher than 5 ng/dl are considered diagnostic for primary aldosteron-
ism, since saline infusion typically suppresses aldosterone levels to less than 5 ng/dl.

This test has the advantage of being performed under controlled and supervised
conditions and potassium supplementation is usually not required during the test,
due to its short duration (nevertheless, serum potassium levels are measured before
and after the test to ensure that hypokalemia is not evident). On the other hand, the
acute saline loading has its own limitations as well. First of all, safety may be com-
promised in patients with heart failure and/or chronic kidney disease or fragile
patients who cannot tolerate an acute 2 L saline infusion. Then, the test is not very
practical, since the patient needs to be in the hospital for a whole morning and
should stay still in the supine position for about 6 h, experiencing the discomfort of
urinating in a “bedpan.” Another important limitation is the 5 ng/dl cutoff level. In
our opinion, serum aldosterone below this level is definitely excluding the diagnosis
of primary aldosteronism, while values between 5 and 10 ng/dl should be consid-
ered as a “gray zone,” and the acute saline loading should be coupled by another
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confirmatory test (preferably the fludrocortisone test). Serum aldosterone levels
above 10 ng/dl are definitely diagnostic of primary aldosteronism.

Recently, a modified version of the intravenous saline loading was proposed, based
on the posture of the patient. Traditionally, the intravenous saline loading is performed
with the patient in the supine position, potentially missing the diagnosis of posture-
responsive primary aldosteronism. In a small sample of patients (24 participants), it
was found that the intravenous saline loading in the seated position was significantly
superior to the intravenous saline loading in the supine position, and similar to the
fludrocortisone test [67]. Larger studies are needed to validate these findings, and such
a larger study is currently ongoing and the results are eagerly awaited.

2.6.3 Fludrocortisone Test

The fludrocortisone test is considered the “gold standard” confirmatory test for the
diagnosis of primary aldosteronism and is widely used in Australia and other spe-
cialized centers worldwide. In summary, fludrocortisone (0.1 mg four times daily)
is administered for 4 days along with sodium and potassium supplementation, while
patients are on a high-sodium diet. At the conclusion of the test, blood is drawn at
10 am, and the diagnosis of primary aldosteronism is confirmed when (a) serum
aldosterone levels are over 6 ng/dl, (b) plasma renin activity is lower than 1 mg/
ml/h, and potassium levels are within normal range [68].

This test requires close attention when performed in patients with heart failure
and/or chronic kidney disease, just as with the acute saline loading. Moreover, it has
to be acknowledged that it is time consuming, and requires hospitalization (recom-
mended by many centers, including the Brisbane center with the larger experience).
In our practice, hospitalization is not mandatory, provided that hypokalemia has been
corrected (which is anyway a prerequisite for the proper conduction of the test along
with adequate sodium intake). In our experience of more than 600 tests, no adverse
events have been observed, and hospitalization was selected in a minority of cases.

Recently, a modified form of the fludrocortisone suppression test was proposed,
using dexamethasone administration on the last day of the test to eliminate the
potential stimulation of aldosterone by endogenous stress-induced ACTH [69]. The
validity of this test needs to be confirmed in large studies from more centers, before
gaining wider application.

2.6.4 Captopril Test

The captopril test is an old test, traditionally used for the diagnosis of renovascular
HTN and later applied for the confirmation of primary aldosteronism. This test
gained wider application after the publication of the PAPY study [33] and the sup-
port of several Italian groups and others. Captopril (25-50 mg) is administered with
the patient seated for at least 1 h; serum aldosterone and plasma renin activity are
measured 2 h post-captopril ingestion. The diagnosis of primary aldosteronism is
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confirmed when serum aldosterone is over 8.5 mg/dl (other centers use higher cutoff
levels up to 15 ng/dl) or the ARR is over 30 (other centers use higher cutoff levels
up to 50) [70-72]. The captopril test is cheap, very easy to perform, and devoid of
risks in patients with heart failure and chronic kidney disease. However, some stud-
ies support a substantial portion of false-negative and false-positive findings [73].
Moreover, this test was reported to have a poor discriminatory ability for the diag-
nosis of primary aldosteronism in patients with HTN and high ARR [74], as well as
in patients with 24 h urinary sodium excretion of less than 130 mEq [33], casting
doubts about the use of this test as a first-line confirmatory test for the diagnosis of
primary aldosteronism.

Recently, an alternative test was introduced, using valsartan or losartan instead of
captopril, measuring ARR 2 h and 4 h post-valsartan ingestion, and using ARR
cutoff levels of 35 or 40 [75-77]. Available data regarding the valsartan test is con-
tradictory, and the test requires further evaluation before gaining wide application.

2.6.5 Expert Comment

The fludrocortisone suppression test is considered the “gold standard” by most
experts in this field. However, head-to-head comparisons between confirmatory
tests are limited, are usually post hoc and monocentric, and often are performed
under different sampling conditions, and the number of participants is small [78—
80]. Current data do not establish beyond any doubt that any confirmatory test is
much better than another for the confirmation of the diagnosis of primary
aldosteronism.

The fludrocortisone and the intravenous saline tests seem preferable, but have
technical difficulties and carry potential risks, while the captopril test is devoid of
these limitations but seems to underperform compared to the former tests and needs
further validation in head-to-head studies with the fludrocortisone test. The choice
of the confirmatory test is mainly based upon habit and the familiarity of each expert
with the test and hospital amenities at each center. We prefer saline loading (intra-
venous and fludrocortisone) testing and perform both tests in all patients with high
ARR and/or suspicion of primary aldosteronism.

Both screening and confirmatory tests, as well as disease lateralization by adre-
nal venous sampling depend (rely) on the accurate measurement of hormones (aldo-
sterone, renin, cortisol). Immunoassays of aldosterone require expertise and present
some problems. Mass spectrometry is much more preferred. Similarly, renin mea-
surements have many problems, and plasma angiotensin seems preferable. Currently,
automated platforms and immunometric methods are widely used in everyday clini-
cal practice for the estimation of aldosterone and renin, in the effort to provide
results more rapidly and at a lower cost.

An alternative method of aldosterone determination using high performance lig-
uid chromatography and tandem mass spectrometry was found to be very accurate
and reproducible [81], and this methodology was confirmed by other groups as well
[82, 83]. The same methodology is used for angiotensin I determination [84], and
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might be used for the determination of angiotensin II in the near future with theo-
retical significant benefits. Chemiluminescence-based methods have been also
introduced recently with promising results [85].

2.7 Localization

Although many forms of primary aldosteronism have been described in the litera-
ture, from the clinical point of view of primary care physicians, cardiologists, and
internists should be able to make the distinction between bilateral adrenal hyperpla-
sia that is managed medically and unilateral aldosterone-producing adenomas that
are managed surgically, along with recognizing the rare cases of adrenal carcinoma
and familial syndromes (Table 2.3). Other forms of primary aldosteronism such as
congenital aldosteronism, primary unilateral adrenal hyperplasia, bilateral
aldosterone-producing adenomas, and unilateral multinodular adrenal hyperplasia
represent rare and less well-defined forms, whose description (certainly beyond the
scope of this review) blurs the necessary clarity when addressing perplexed issues
to nonspecialists.

2.7.1 Adrenal Venous Sampling

The most accurate and reliable test to differentiate unilateral from bilateral primary
aldosteronism and to lateralize aldosterone-producing adenoma before surgery is
the adrenal venous sampling. Adrenal venous sampling consists of selective blood
sampling from both adrenal veins, while the inferior vena cava serves as peripheral
control site. Serum aldosterone and cortisol levels are determined, in order to dif-
ferentiate unilateral from bilateral disease and ensure successful cannulation of
adrenal veins, respectively. Adrenal hemorrhage, adrenal vein dissection, and groin
hematoma are the main adverse effects of adrenal venous sampling, and are uncom-
mon in experienced centers (0.5-2.5 %) [86].

The successful cannulation of the adrenal veins is difficult, especially the local-
ization of the right adrenal vein, which is more challenging [87, 88]. Successful
cannulation rates as low as 44 % have been reported [89], while a large review of 47
studies found an overall success rate of 74 % [90]. Several ways have been proposed
to overcome this limitation. First, the experience of the radiologist: it is obvious that
the rate of successful cannulation increases with greater experience, and this can be

Table 2.3 Main forms
of primary aldosteronism

1. Bilateral adrenal hyperplasia
2. Unilateral aldosterone-producing adenoma
3. Aldosterone-producing carcinoma
4. Familial hyperaldosteronism
Type I
Type II
Type 11
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achieved by limiting the number of interventional radiologists performing the test at
each institution while increasing the number of the procedures [91, 92]. Retrospective
data from the German Conn’s registry revealed a 31 % successful bilateral cannula-
tion, and more importantly, centers completing less than 20 procedures exhibited
success rates between 8 and 10 %, quite disappointing [92]. Then, the imaging aid:
localization of the right adrenal vein by computed tomography either before adrenal
venous sampling [93] or during angiography with subsequent repositioning of the
catheter in as much as 10% of the cases [94, 95]. Finally, the hormonal aid: the
intra-procedural determination of cortisol by using rapid cortisol assays provides
valuable information regarding successful cannulation, and is extremely helpful in
centers with relatively low success rates [96].

Along with the technical difficulties in adrenal vein cannulation, the interpretation
of the findings might be tricky. Most centers use the lateralization index for the diag-
nosis of aldosterone-producing adenomas, which represents the ratio of aldosterone/
cortisol levels in the ipsilateral/contralateral vein. Values over four are considered
indicative of adenomas, values less than three are considered indicative of bilateral
hyperplasia, and values between three and four represent a “gray zone” [97].

The adrenocorticotropic hormone (ACTH)-stimulating test (infusion of cosyn-
tropin, a synthetic ACTH agent) might be extremely helpful in cases of a transient
lack of cortisol secretion at the moment of blood sampling during adrenal venous
sampling [98]. A potential concern with ACTH stimulation is that ACTH might
stimulate the contralateral gland in patients with unilateral aldosterone-producing
adenoma, perplexing the results and suggesting bilateral instead of unilateral dis-
ease [99]. However, it seems that ACTH stimulation does not affect significantly the
accurate detection of adenomas, and in fact increases the selectivity success, espe-
cially in centers with low success rates of bilateral cannulation [100]. In contrast, in
a recent report of the Monash group, the ACTH stimulation not only failed to
improve successful cannulation rates but tended to mask lateralization [101].

An expert consensus statement on arterial vein sampling for the subtyping of
primary aldosteronism has been published at 2014, in the effort to unify the way of
performing the procedure and interpreting the findings of adrenal venous sampling
[102]. Recently, another group of experts has formed a report addressing the same
issue, with many similarities but also with some differences [97], highlighting the
need for standardization of the performance and interpretation of the test.

A super-selective adrenal venous sampling has been proposed, with blood drawn
from branches of the adrenal vein, in the effort to accurately sub-localize aldosterone-
producing adenomas and subsequently permit for partial, rather than total adrenal-
ectomy [103].

2.7.2 Adrenal Imaging
Computed tomography (CT) scanning has been long used for the lateralization of

primary aldosteronism; however, its use has significant limitations: it cannot accu-
rately recognize microadenomas (less than 25 % of small adenomas are detected by
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CT), it cannot accurately exclude contralateral or bilateral hyperplasia, and it cannot
accurately provide functional information about a nodular finding [104-109].
Magnetic resonance imaging (MRI) has the advantage of avoiding exposure to ion-
izing radiation, but does not seem to offer better sensitivity and specificity for the
diagnosis of primary aldosteronism.

A study of more than 200 patients from Mayo Clinic revealed that accurate lat-
eralization was achieved only in 53 % of cases, while 21.7 % of patients would have
been refused an indicated operation, and 24.7 % of patients would have been unnec-
essarily operated [86]. In another study comparing adrenal imaging with adrenal
venous sampling findings, it was reported that if the decision for adrenalectomy was
based on imaging findings (CT or MRI) then: 14.6 % of patients would have been
operated inappropriately, 19.1 % of patients would not have been operated inappro-
priately, and more dramatically, 3.9 % of patients would have been operated on the
wrong side [109]. A recent systematic review of 950 patients with primary aldoste-
ronism revealed a 37.8 % discrepancy between the findings of adrenal imaging and
adrenal venous sampling [110], underlining the inability of adrenal imaging for
accurate localization, and subsequently, its limited usefulness and validity in clini-
cal practice for the lateralization of primary aldosteronism. Another recent report
evaluating the localizing validity of newest imaging technology revealed that multi-
detector CT performed even with the latest generation multidetector CT scanners
does not offer sufficient accuracy for disease lateralization and cannot replace adre-
nal venous sampling [111].

Recently, two new imaging techniques have been proposed for the localization of
primary aldosteronism, the ''C-metodimate PET/CT and the semi-quantification of
NP-59 SPECT/CT with promising results [112, 113]; however, further studies in
larger number of patients are needed to validate its use for disease localization in
everyday clinical practice.

2.7.3 Nuclear Imaging

Nuclear scintigraphy has been used for disease lateralization for quite some time,
and it is available since the 1970s. Scintigraphy with '*'I-6p-iodomethyl-19-
norcholesterol (NP-59) offers the potential advantage of linking anatomical with
functional abnormalities. However, the diagnostic accuracy of NP-59 scintigraphy
is size-dependent, and this method lacks sensitivity in small adenomas (less than
1.5 cm). Therefore, nuclear scintigraphy is of limited value for small adenomas, a
common finding in primary aldosteronism.

2.7.4 Expert Comment

Adrenal venous sampling is considered the method of choice for the lateralization
of primary aldosteronism, but is currently unavailable in large parts of the world.
Alternative localization approaches aim to overcome the main disadvantages of
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adrenal venous sampling, mainly the technical difficulties, its invasive nature, the
necessity of highly expertise radiologists, and the “gray-zone” results that are
inconclusive for differentiating between unilateral and bilateral disease. Newer
imaging techniques might be of help as well as genetic testing. During the past
5 years, several somatic mutations in genes encoding potassium, sodium, and cal-
cium ATPases have been described in more than half of aldosterone-producing
adenomas [114—119]. In the case that cells with such mutations can be identified in
peripheral blood and an adrenal mass is found in CT scanning, then it could be
rational to assume that adrenal lateralization might be skipped in the near future in
such patients. Extensive basic and clinical research is needed in this field, and many
efforts are currently underway.

2.8 Management and Follow-Up

Adrenalectomy is considered the method of choice for the management of
aldosterone-producing adenomas, while mineralocorticoid receptor antagonists are
recommended for the management of bilateral hyperplasia.

2.8.1 Adrenalectomy

Hypertension “cure” with adrenalectomy has been reported in 17-85 % of patients
[106, 120], a wide variation that might be ought to differences in studied popula-
tions (indications for adrenalectomy, patient selection, work-up algorithms). A
recent review found “cure” of HTN in 42 % of patients undergoing adrenalectomy
[121], meaning that the majority of patients will still require antihypertensive drugs
to achieve blood pressure control [122]. Blood pressure reduction following adre-
nalectomy is usually observed within the first semester, but may be even more
delayed in some cases. Serum potassium and ARR become normal in most patients
following adrenalectomy.

Expectations for 100 % “cure” of hypertension seem naive. First, essential HTN
is expected to coexist frequently with primary aldosteronism and subsequently con-
tribute to HTN maintenance post-adrenalectomy. Then, vascular changes induced
by long-standing elevated blood pressure levels may also contribute to HTN persis-
tence. Nevertheless, a smaller number of drugs are usually required for blood pres-
sure control even in these patients. Very recently, another potential mechanism of
HTN persistence has been described: the identification of activating autoantibodies
against angiotensin II type I receptors in patients with primary aldosteronism
[123-125].

Predictors of poor blood pressure response post-adrenalectomy include long-
standing HTN, obesity, preoperative ARR, and advanced age, while predictors of a
favorable response include younger age, short duration and absence of familial his-
tory of HTN, normal renal function, response to spironolactone, and blood pressure
control with less than three antihypertensive drugs [126, 127]. A prediction scoring



44 M. Doumas and S. Douma

system based on 100 patients who underwent adrenalectomy identified body mass
index >25 kg/m?, female sex, HTN duration <6 years, and the use of less than three
antihypertensive drugs as the main predictors of blood pressure response to adrenal-
ectomy [128]. High aldosterone levels post-intravenous saline testing have been
associated with better outcome following either adrenalectomy or medical therapy,
as indicated [129].

The choice between open and laparoscopic adrenalectomy is mainly based on
the familiarity and the experience of the surgeon. Laparoscopic adrenalectomy
seems to be preferred due to lower complication rates and shorter duration of hospi-
talization [130]. Partial adrenalectomy has also been proposed and used, with obvi-
ous advantages, but seems to carry the risk for disease recurrence [131, 132].
Recently, a single incision laparoscopic adrenalectomy has been reported with obvi-
ous cosmetic superiority [133, 134]; however, further studies are needed to evaluate
the efficacy and safety of this approach.

2.8.2 Mineralocorticoid Receptor Antagonists

Mineralocorticoid receptor antagonists are recommended for the management of
bilateral hyperplasia. These drugs may also be used as alternatives to surgery for
the management of aldosterone-producing adenoma in patients who are either at
high risk for operation, or they do not prefer to be operated and opt for drug
therapy.

The use of mineralocorticoid receptor antagonists in primary aldosteronism may
follow two directions: (a) initiation with low doses (25-50 mg spironolactone) and
up-titration until blood pressure reduction and potassium normalization is achieved
or (b) initiation with high doses (200400 mg spironolactone) and down-titration
until finding the minimum dose of spironolactone that is adequate to maintain blood
pressure control and eukalemia. Most experts prefer the second option (high doses,
down-titration), because eukalemia and blood pressure control are achieved more
rapidly, within a couple of weeks. The disadvantage of this approach is that it carries
a higher risk of renal function deterioration and hyperkalemia, and thus a close
monitoring is required.

Gynecomastia is dose related and reaches almost 50 % with high spironolactone
doses (>150 mg daily), while it is much less common (5-10%) with low doses
(25-50 mg spironolactone daily) [135]. Eplerenone can be used in patients experi-
encing adverse effects with spironolactone. A recent randomized, double-blind trial
comparing the antihypertensive effect of spironolactone and eplerenone (75-225 mg
versus 100-300 mg) in hypertensive patients with evidence of primary aldosteron-
ism revealed that spironolactone was more effective than eplerenone in blood pres-
sure reduction, at the expense of more adverse effects (gynecomastia and female
mastodynia) [136].

Aldosterone synthase inhibitors and nonsteroidal dihydropyridine-based miner-
alocorticoid receptor antagonists represent promising alternative medical therapies.
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In a recent study, eplerenone was better than an aldosterone synthase inhibitor (LCI
699) in terms of blood pressure reduction, as well as potassium and renin normal-
ization in patients with primary aldosteronism [137]. Nonsteroidal mineralocorti-
coid receptor antagonists show similar in vitro potency with spironolactone and
seem devoid of the androgen- and progesterone-induced adverse effects, and clini-
cal studies in primary aldosteronism are eagerly awaited [138].

Spontaneous remission of primary aldosteronism after long-term (>5 years) spi-
ronolactone therapy has been reported in a small portion (5%) of patients in the
German Conn’s registry [139], reaching up to 50 % in other small studies [140].

2.8.3 Adrenalectomy Versus Medical Therapy

Many studies have evaluated the effects of adrenalectomy versus drug therapy with
mineralocorticoid antagonists in primary aldosteronism. The majority of experts in
this field consider adrenalectomy to be superior to medical therapy in patients with
aldosterone-producing adenomas, with more pronounced and more rapid benefits
[141, 142].

Left ventricular mass reduction was comparable with both therapeutic strategies
at the end of a large follow-up period (mean, 6.4 years); however, a significant
reduction in left ventricular mass at the first year was observed only in patients who
underwent adrenalectomy [141]. A recent meta-analysis revealed that there was no
difference in left ventricular mass reduction between patients on medical therapy or
operated patients [143].

A recent large epidemiological study of more than 1700 patients reported that
blood pressure was significantly reduced by surgical but not by medical therapy
[144]. Observational data from the German Conn’s registry of 300 patients with
primary aldosteronism suggest that surgical therapy is associated with improved
survival when compared to medical therapy [49]. However, the lack of large ran-
domized studies comparing adrenalectomy with medical therapy does not permit
for definite conclusions favoring adrenalectomy over the use of mineralocorticoid
receptor antagonists [145].

29 Diagnostic and Therapeutic Algorithm

Existing guidelines and recommendations are prepared by experts and are addressed
to specialists, being far too perplexed to be easily memorized by general physicians
and be widely implemented in everyday clinical practice. A simple and practical
algorithm is needed in order to facilitate primary care physicians, cardiologists, and
internists who manage the vast majority of patients with arterial hypertension, to
raise the suspicion of primary aldosteronism, and then subsequently screen and con-
firm the diagnosis (Fig. 2.1).
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* Resistant hypertension

- -» ¢ Moderate-severe hypertension
* Hypokalemia (spontane ous or induced)
* Adrenal incidentaloma

Patients with clinical suspicion for primary aldosteronism (PA)

Screen (ARR)
ARR<30
ARR>30

and aldosterone>15 ng/dl Exclude PA

Confirmation (Fludrocortisone, 1V saline, Captopril, Oral sodium loading)

Unsuppressed Suppressed aldosterone

aldosterone Exclude PA

Lateralization (AVS, Imaging, Scintigraphy)

Bilateral Unilateral

or

MRAs in patients ineligible for, or unwilling, surgery

Fig. 2.1 Algorithm for the diagnosis and management of primary aldosteronism. ARR aldoste-
rone to renin ratio, AVS adrenal venous sampling, MRAs mineralocorticoid receptor antagonists

2.9.1 Alternative Diagnostic Algorithms

Some groups propose skipping confirmation tests and proceeding directly to lateraliza-
tion with adrenal venous sampling in selected group of patients. In general, in patients
with extremely low renin, marked hypokalemia, and high aldosterone levels, some
experts propose proceeding directly to lateralization and skipping confirmatory tests,
based on the highly likelihood of detecting primary aldosteronism in such patients.

For example, the group of Padua proposes to proceed directly to lateraliza-
tion with adrenal venous sampling in patients with pronouncedly high ARR
(>100), whereas a repeat screening test should be performed in patients with
high ARR (26-100) and proceed directly to lateralization in patients with con-
firmed high ARR in repeat testing. This approach has been adopted by the
Italian Society of Hypertension recommendations for the clinical management
of primary aldosteronism [146]. The group from Calgary proposes skipping
confirmatory tests and proceeding directly to lateralization with adrenal venous
sampling in all patients with high ARR; of note, the cutoff level is set rather low
(550, with aldosterone expressed in pmol/L), in the effort to avoid missing cases
of primary aldosteronism [147].

Another clinical approach regards a prediction score based on imaging findings
(typical adrenal adenoma on CT), and biochemical tests (hypokalemia and normal
renal function), with an acceptable predictive value for diagnosing primary aldoste-
ronism [148]. However, other studies failed to confirm the validity of original find-
ings, when the clinical prediction score was applied in other centers [149, 150].
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The Mayo Clinic group proposed that patients younger than 40 years of age
could potentially proceed to surgery skipping adrenal venous sampling, when a uni-
lateral mass >10 mm and normal contralateral findings are observed in CT scan-
ning, based on the rare frequency of adrenal incidentalomas in young patients [86].
Another example regards patients younger than 35 years of age with a unilateral
nodule greater than 1 cm and normal CT findings of the contralateral gland.
Retrospective data from the German Conn’s registry demonstrates that the clinical
prediction score and the age-imaging combination cannot accurately skip disease
lateralization by adrenal venous sampling [149].

Measurement of peripheral 18-hydroxycortisol and 18-oxo-cortisol has been
proposed as alternative to adrenal venous sampling for disease lateralization [151,
152], reporting up to 60 % discriminatory ability between unilateral and bilateral
disease. Further studies are needed however to confirm these findings and establish
whether these methods may limit the necessity for adrenal sampling, at least in
some cases.

A recent study of 235 patients with primary aldosteronism questions the need for
adrenal imaging in patients undergoing adrenal venous sampling, since when adre-
nal sampling was performed first, imaging could have been avoided in almost half
of the cases [153].

2.9.2 Expert Comment

Although some experts propose skipping a confirmatory test in patients with high
ARR (or at least some subgroups of these patients) and proceeding directly to dis-
ease localization, we believe that confirmatory testing is mandatory in all cases,
mainly for two reasons: (a) the ARR is false positive in a substantial portion of
patients (reaching up to 50 %), and (b) lateralization with adrenal venous sampling
is costly, is difficult to perform, requires highly specialized centers, and is poten-
tially harmful as every interventional approach. It therefore seems wise to avoid
performing unnecessary and potentially harmful lateralization tests in large num-
bers of patients, based solely on a high ARR.

Likewise, skipping lateralization tests and proceeding directly to surgery based
on imaging findings does not seem a wise approach. The findings of imaging tech-
niques (CT, MRI) might be misleading: an adrenal nodule might be an aldosterone-
producing adenoma, the prevailing nodule of bilateral hyperplasia, or an incidental
nonfunctional mass, and vice versa, an aldosterone-producing adenoma might be
small enough to be detected even with the newest imaging techniques.

Conclusion

Primary aldosteronism is highly prevalent in patients with dRHTN, and its detec-
tion is of paramount importance since these patients should not be candidates for
interventional therapy with renal sympathetic denervation. The diagnosis of pri-
mary aldosteronism in real life is time consuming and might be tricky. The
screening for primary aldosteronism (who to screen and how to screen), the
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confirmation of the diagnosis (four tests are currently used), and the lateraliza-
tion of the disease (three tests available) remain controversial topics. Clarification
of these issues is urgently needed, in order to form a simplified algorithm for the
diagnosis and management of primary aldosteronism, which could be easily

implemented in everyday clinical practice.
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Pheochromocytoma/Paragangliomas

Philippe van de Borne

Abbreviations

CT Computed tomography

HTN Hypertension

PET Positron emission tomography

1231-MIBG SPECT  123I-metaiodobenzylguanidine single photon emission
computed tomography
18F-FDG 18F-fluorodeoxyglucose

3.1 Introduction

Pheochromocytomas are rare catecholamine-secreting tumors derived from the chro-
maffin cells of the embryonic neural crest arising directly from the adrenal glands,
first described in 1886 by Frinkel [1]. Most cases of pheochromocytoma are sporadic
in origin [2—4]. Chromaffin tumors arising from extra-adrenal autonomic paraganglia
are called paragangliomas [5]. These paragangliomas derive from extra-adrenal chro-
maffin (noradrenaline-producing) cells that persist postnatally in the pre- or para-aor-
tic regions in relation to sympathetic ganglia. They can occur in locations such as the
carotid body, the kidney, the bladder, the retroperitoneum, as well as in the paragan-
glionic complex named the organ of Zuckerkandl. They consist of paired organs situ-
ated lateral to the abdominal aorta at the level of the inferior mesenteric artery. Smaller
accessory paraganglia, anterior to the aorta or below the aortic bifurcation, have also
been described. The Zuckerkandl organ is the largest accumulation of chromaffin
cells. It regresses after birth by autophagy [6] but remains a site of origin for
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paraganglioma which occurs in association with the succinate dehydrogenase com-
plex, subunit B (SDHB), or less frequently, subunit D (SDHD) gene mutations in
more than 70 % of cases [7]. Paragangliomas of parasympathetic origin develop from
non-chromaffin organs that act as chemoreceptors. They are located in glomus bodies
(carotid body, aortic bodies) or are embedded in several sensory parasympathetic gan-
glia. Those located in the head and neck region are referred to as head and neck para-
gangliomas. The most common location among all parasympathetic paragangliomas
is the carotid body. Next is the glomus jugulare (the jugular bulb in the jugular fora-
men), the glomus tympanicum or hypotympanicum (the middle ear or hypotympa-
num), and then the glomus vagale. Two out of three head and neck paragangliomas do
not produce catecholamine. Some may however produce catecholamine and mostly
dopamine. This is converted inside the tumor into 3-methoxytyramine, currently the
best specific biomarker for these tumors [8—10], and known to be increased in 33 % of
patients with head and neck paragangliomas [8, 9].

Malignant tumors occur in about 10% pheochromocytomas, the others are benign
[11]. Malignant pheochromocytoma/paragangliomas are defined by the presence of
tumor at sites normally devoid of chromaffin cells or by local invasion by the primary
tumor [12, 13]. The rate of metastatic disease is variable, with reports ranging from 1 out
of 20 to almost a tenfold higher incidence [14-16]. Locoregional or metastatic recur-
rence occurs preferentially within 5 years of initial curative therapy but can also occur
after much longer periods [16]. Tumor recurrence is more common in patients with
hereditary pheochromocytoma. Extra-adrenal pheochromocytomas recur more often
than in the adrenal gland [2—4]. Local lymph nodes, liver, bone, and lung are common
metastatic sites [17, 18]. These malignant tumors secrete often catecholamine, in con-
trast to the head and neck paragangliomas, as already discussed [3, 19]. Patients with
metastatic pheochromocytomas and paragangliomas have a diminished quality of life,
and their overall 5-year survival rate is less than 60 % [15, 20]. Consequences of elevated
catecholamine and side effects from treatments are worrisome [21, 22]. Bone metasta-
ses are painful and may induce bone fractures and hypercalcemia, as well as spinal cord
compression, but seem less aggressive than non-skeletal metastases [23].

Multiple non-anatomic parameters have also been associated with metastatic dis-
ease. Pathologic features more often associated with metastatic disease include pri-
mary tumor size greater than 6 cm, necrosis, hemorrhage, and high mitotic index
[24, 25]. Possible biochemical indicators of malignant disease include dopamine
hypersecretion measured by methoxytyramine and markedly elevated plasma or
urinary metanephrines [10, 25-27]. The most well-defined genetic risk factor for
malignant disease is a mutation in the SDHB gene, which is clinically associated
with an earlier onset of disease and more aggressive malignancy [3, 28, 29].

3.2  Clinical Aspects

On early diagnosis of pheochromocytomas and paragangliomas is critical, and the
signs and symptoms should be recognized as soon as possible. Misdiagnosed or
undiagnosed patients may present severe consequences of hypertensive crises,
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including heart attacks, strokes, and even death [30]. Hypertensive emergencies in
patients with pheochromocytomas and paragangliomas proved lethal in 15% [31].
The incidence of pheochromocytomas and paragangliomas in the general population
is estimated to be less than 1 per 100,000 people per year [32]. The prevalence of
pheochromocytomas is higher in the hypertensive population (between 0.1 and
0.6 %)[32, 33]. Patients with resistant hypertension (HTN) should thus be considered
for evaluation of pheochromocytomas and paragangliomas [34]. The diagnosis takes
often place in patients aged 40-50 years [32]. Importantly, however, it should be
remembered that hereditary variants, such as the pheochromocytoma-paraganglioma
syndrome, multiple endocrine neoplasia type 2, neurofibromatosis type 1, and Von
Hippel-Lindau disease may present earlier [34]. Classically, patients experience
signs of paroxysmal HTN, episodic headache, sweating, and tachycardia [35, 36].
Excessive catecholamine release account for these acute complaints, however,
between these episodes blood pressure can be normal. The clinical presentation can
be affected by the catecholamine-releasing profile of the tumor. Norepinephrine-
secreting tumors are associated with more sustained HTN than epinephrine ones,
which are more often associated with paroxysmal HTN [37, 38]. Autopsy analyses
also show that many tumors remain undiagnosed [3, 13, 15], perhaps because patients
can also present with a variety of nonspecific symptoms that can mimic many other
conditions, such as pallor, anxiety or panic feelings, fever, and nausea or vomiting
[32, 39]. Children can present with exercise-induced nausea and vomiting [40], as
well as an early onset of diabetes in the absence of typical risk factors [41]. Other
features are hypertensive crises caused by catecholamine surges after accidental
tumor manipulation or anesthesia [32], the appearance of suspicious symptoms in
patients with a family history of pheochromocytomas and paragangliomas, or inci-
dentally discovered adrenal masses, even in the absence of symptoms [32, 42, 43].

3.3  Diagnosis

Diagnosis of pheochromocytomas and paragangliomas is based on clinical data,
laboratory findings (plasma or 24-h urinary fractionated metanephrines), anatomi-
cal imaging (computed tomography and magnetic resonance imaging), and func-
tional imaging such as 123I-metaiodobenzylguanidine single photon emission
computed tomography (1231-MIBG SPECT) and 18F-fluorodeoxyglucose (18F-
FDG) positron emission tomography (PET) computed tomography. 18F-FDG PET
computed tomography imaging appears superior to computed tomography only and
to 123I-MIBG SPECT [18, 44].

3.3.1 Laboratory Findings
Pheochromocytoma and paraganglioma tumors produce, synthesize, store, and

metabolize catecholamine. Many tumors have fluctuating levels of catecholamine
release, which can lead to false negatives [32]. Measurement of catecholamine in
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the plasma or urine is, therefore, not always the most effective approach [32, 45,
46]. Fortunately, catecholamine metabolism remains fairly constant in these tumors,
leading to increased metanephrine levels [32, 45]. At the present time, there is no
clear evidence favoring plasma or urine metanephrines.

Importantly, and frequently overlooked, plasma catecholamine and metaneph-
rine levels should be drawn through an indwelling catheter after the patient has
rested supine for at least 20 min in a dark and quiet room to remove any environ-
mental impacts on stress levels. Failure to obtain blood tests under these conditions
will result in false-positive elevations relative to supine reference ranges after a
period of rest [47]. Moreover, patients should have fasted overnight before the blood
draw [47]. Also critical is the use of appropriate age-adjusted reference ranges as
this increases the sensitivity of plasma metanephrine and normetanephrine for the
detection of pheochromocytomas and paragangliomas [48].

Plasma methoxytyramine measurements may also prove useful for dopamine-
secreting tumors [49, 50]. Chromogranin A is often measured in pheochromocy-
toma and paraganglioma patients. This polypeptide is commonly secreted by
chromaffin cells, together with catecholamine. Chromogranin A is a nonspecific
marker of neuroendocrine tumors. However, when combined with catecholamine
measurements, the sensitivity for diagnosing pheochromocytomas and paragan-
gliomas can be close to 100 %. Chromogranin A is significantly higher in patients
with certain hereditary syndromes, and the metabolite of dopamine methoxy-
tyramine may also serve as a predictor of malignancy [10]. In most patients,
especially those presenting with signs and symptoms of pheochromocytomas and
paragangliomas, catecholamine and metanephrines will be elevated to levels
greater than four times the upper reference limit. In these patients, diagnostic
workup can immediately move forward to anatomical and functional imaging.

Other patients will disclose more equivocal results, with values between the
upper reference limit and the diagnostic level, and medication interferences should
be ruled out. Beta-adrenergic blockers, dopamine D2 receptor antagonists, tricyclic
antidepressants, serotonin and norepinephrine reuptake inhibitors, monoamine oxi-
dase inhibitors, sympathicomimetics, chemotherapeutic agents, opiate analgesics,
neuromuscular blocking agents, and peptide and steroid hormones can cause false-
positive elevations [30, 49-52]. Beverage containing caffeine can also cause eleva-
tions in catecholamine and metanephrines and should thus be avoided before repeat
testing [32, 49-51]. Elevated plasma metanephrines are also common in patients
with chronic kidney disease, particularly when on dialysis [53].

For patients with elevated plasma norepinephrine or normetanephrine, when
medication interferences have been ruled out or if drug interferences cannot be dis-
continued, a clonidine suppression test should be performed, with plasma normeta-
nephrine as the biomarker [32,49]. Further workup for suspected pheochromocytoma
and paraganglioma is required when clonidine is unable to reduce plasma normeta-
nephrine below the upper reference limit or by 40 % of the initial value [32]. The
glucagon stimulation test, also used in the past, is no longer recommended [32].

A small percentage of pheochromocytoma and paraganglioma have no abnormal
hormonal activity and are often associated with SDH mutations [54, 55]. In other
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rare cases, pheochromocytoma and paraganglioma can also secrete other hormones,
such as cortisol and adrenocorticotropic hormone (ACTH). These patients often
present with Cushing’s disease in addition to pheochromocytoma and paragangli-
oma [56-58].

3.3.2 Anatomical Imaging

As already mentioned, once the biochemical testing has been completed and is posi-
tive for elevated metanephrine/epinephrine, then imaging can be focused on the
adrenal gland, because this is where the majority of tumors that secrete epinephrine
are found. Computed tomography and magnetic resonance imaging are likely suf-
ficient to detect these tumors [32]. If the pheochromocytoma is less than 3 cm, the
patient is below 40 years of age, and there is no family history of pheochromocy-
toma, no further imaging workup is needed [59]. Should the adrenal imaging be
negative, then imaging of additional body areas must be performed, namely, of the
abdomen, the pelvis, the chest, and the neck. Computed tomography and magnetic
resonance imaging have similar sensitivity for the detection of pheochromocytoma
and paraganglioma [32]. Magnetic resonance imaging is preferred in patients in
whom radiation exposure should be limited (i.e., pregnant or pediatric patients),
subjects with computed tomography-contrast allergies, and perhaps in the presence
of extra-adrenal tumors [32].

On computed tomography, pheochromocytoma and paraganglioma have a het-
erogeneous appearance, often with some cystic areas [60—63]. Attenuation values
are typically greater than 10 Hounsfield units, although fatty components in some
pheochromocytoma may result in an adenoma-like appearance [62]. Calcifications
or hemorrhage may also be present on the computed tomography [62]. Using
contrast-enhanced computed tomography, pheochromocytomas distinguish them-
selves from other adrenal masses because of higher intensities than 110 Hounsfield
units during the arterial phase [63].

On magnetic resonance imaging, pheochromocytoma and paraganglioma typically
appear as T2-bright lesions, sometimes attenuated by necrotic or cystic components
[60-62]. On T1 imaging, pheochromocytoma and paraganglioma enhance similarly
to the muscle but are less intense than the liver [62]. Just as with contrast-enhanced
computed tomography, pheochromocytoma and paraganglioma are enhanced with
gadolinium contrast agents. This can be hindered by necrotic or cystic areas [62].

Ultrasound techniques have a limited utility, unless for metastatic lesion evalua-
tion, in the liver or in the urinary tract [62].

3.3.3 Functional Imaging
This imaging modality is important in the workup of pheochromocytoma and para-

ganglioma because it can detect tumors (primary or metastatic) not seen at the com-
puted tomography or magnetic resonance, and it is able to assess their metabolic
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activity as well. Historically, functional imaging consisted in 123I- or 131I-MIBG
scintigraphy. This is because MIBG resembles norepinephrine and enters through
norepinephrine transporters in the pheochromocytoma and paraganglioma. MIBG
scintigraphy has however several pitfalls: because of less intense or false-negative
results in the presence of extra-adrenal tumors, when tumors are associated with
succinate dehydrogenase subunit B (SDHB) mutations, as well as in the presence of
head and neck paragangliomas or medications such as tricyclic antidepressants, opi-
oids, labetalol, to name a few [59, 66, 67]. In comparison, PET is characterized by
an increased sensitivity, shorter acquisition times, and higher image resolution and
is now widely used for pheochromocytoma and paraganglioma characterization [59,
64]. Most frequently, the glucose analog 18F-fluorodeoxyglucose will be adminis-
tered to the patient and taken up by a glucose transporter in the tumor [62, 65].
Interestingly, PET can quantify tracer uptake through standard uptake value mea-
surements and thereby assess tumor metabolism [59]. Higher standard uptake val-
ues could prove useful to differentiate malignant from benign disease, and this is
important for patients with metastatic disease or SDHB mutations [32]. The main
limitation of 18F-fluorodeoxyglucose is obviously that it is not specific for pheo-
chromocytoma and paraganglioma. It may detect hypermetabolic regions that are
unrelated to the chromaffin tumor [59]. More specific tracers which enter cells via
the L-type amino acid transporter system have been developed, such as
18F-fluorodopa and 18F-fluorodopamine. These tracers are however much less
widely available [62, 65]. Recently, PET/CT imaging using 68Ga-labeled soma-
tostatin was developed [68—72]. 68Ga-based PET imaging has lower spatial resolu-
tion and detection sensitivity than 18F-fluorodeoxyglucose PET imaging [73]. It is
also less specific than 18F-fluorodopa and 18F-fluorodopamine. However, highly
elevated tumor to background uptake ratio of the paraganglioma compensates these
drawbacks. It does also not require a cyclotron to make the radiotracer and might
surpass 18F-fluorodeoxyglucose PET as due to its easier production, availability,
and distribution [74-76].

3.4 Treatment
3.4.1 Medical

Catecholamine-producing pheochromocytoma and paraganglioma should receive
without any delay antihypertensive medications in order to alleviate symptoms and
prevent complications of hypertensive crises. Preoperative management of hyper-
tension is also mandatory since tumor manipulation during surgical treatment
releases important amounts of catecholamines into the circulation. This may result
in potentially life-threatening events such as myocardial ischemia or infarction, car-
diac arrhythmias, and pulmonary edema. Conversely, once the tumor is removed,
the patients may become severely hypotensive [77-79].

The treatment must begin with an alpha-adrenergic blocker, followed by a beta-
adrenergic blocker, if needed. The reason for this is that if the treatment starts with
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a beta-adrenergic blocker, beta-adrenoceptor vasodilation elicited by the elevated
adrenalin levels is inhibited, but it leaves alpha-adrenergic stimulation induced by
the heightened catecholamine levels unopposed, with, as a result, a hypertensive
crisis [32, 39, 49]. Importantly, it should be remembered that labetalol, a combined
alpha- and beta-adrenoceptor antagonists, is not recommended for patients with
pheochromocytoma and paraganglioma. This is because the beta-blocking activity
of labetalol is by far more pronounced than its alpha-adrenoceptor blocking activity
[30, 39]. Furthermore, labetalol interferes with MIBG scintigraphy [59, 66, 67].

Different alpha-adrenergic blockers can be used to treat hypertension, according
to local practice and drug availability. The long-lasting alpha blocker phenoxybenza-
mine is frequently used in the United States [80, 81], but shorter acting alpha
blockers, such as prazosin, doxazosin, and terazosin, can also be used when phenoxy-
benzamine is not available or hypertension is not sufficiently severe [39, 82]. Because
these medications can elicit a severe orthostatic hypotension upon treatment initia-
tion, medication should be taken at bedtime. The risk of an acute severe orthostatic
hypotension, as well as the countermeasures which must be taken, should be care-
fully explained to the patient [39, 82]. Next, doses are progressively increased until
the patient becomes normotensive or remains slightly hypertensive [30].

Phenoxybenzamine is a long-acting, noncompetitive, alpha-1- and alpha-2-
adrenoceptor antagonist [81, 83, 84]. The usual starting dose is 10 mg twice daily
per os and is increased until blood pressure is controlled or orthostatic hypotension
arises [32, 81, 83]. Because of its noncompetitive action, alpha blockade will remain
effective even when tremendous amounts of catecholamine are released in the cir-
culation. Presynaptic alpha-2 adrenoceptor inhibition suppresses the negative feed-
back on norepinephrine release, with, as a result, a reflex tachycardia [38, 81].
Phenoxybenzamine passes the blood-brain barrier and induces central sedation and
headaches and has long-acting properties that can lead to a prolonged postoperative
hypotension. Doxazosin is a short-acting, competitive, and selective alpha-1-
adrenoceptor antagonist [81, 83, 84]. Because of its competitive inhibition proper-
ties, it has a relatively short duration of action which reduces the risk of postoperative
hypotension. Doxazosin may however become ineffective when plasma concentra-
tions of catecholamine become very elevated. Doxazosin does also not induce a
reflex tachycardia and, unlike phenoxybenzamine, does not induce central signs.
The starting dose is usually 1 mg per os, with a recommended maximum of 16 mg
a day [84, 85].

Beta blockers can be added subsequently, in order to relieve symptomatic
tachyarrhythmia. The cardioselective metoprolol and atenolol, and even the noncar-
dioselective propranolol, can be used in this indication. Labetalol should not be
used, because its alpha-blocking activity is not sufficient to control blood pressure
in such patients [30, 39].

Calcium channel blockers such as amlodipine, nicardipine, nifedipine, and
verapamil can also be used. These agents are useful when alpha blockers are unable
to achieve sufficient blood pressure reductions, when alpha blockers are not well
tolerated or result in excessive hypotension because blood pressure is only mildly
elevated or, conversely, when supramaximal doses of alpha blocker monotherapy
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are required to achieve a satisfactory blood pressure control [30, 39]. Calcium chan-
nel blockers can also be used for additional blood pressure and symptom control
[30]. Patients with persistent hypertension after alpha blockers may benefit from the
addition of a calcium channel blocker, rather than supramaximal doses of the alpha
blocker. In addition, some patients may be unable to tolerate alpha blockers, in
which case calcium channel blockers should be used. Calcium channel blockers are
also valuable in the management of patients with very mild hypertension, in whom
alpha blockade would cause hypotension [84].

3.4.2 Surgical

Surgical resection is the only potentially curative treatment for pheochromocytomas
and paragangliomas [78]. In both patients with adrenal pheochromocytomas and
extra-adrenal paragangliomas, laparoscopic surgery can be successfully performed
with similar outcomes to open surgery. Thus, when feasible, laparoscopy is the pre-
ferred technique [32, 86-94]. Laparoscopy may still be used for tumors >6 cm,
although these are frequently converted intraoperatively to open procedures [86,
93]. Open resection is preferable to ensure complete removal of multiple, meta-
static, or recurrent tumors, although laparoscopic tumor removal can also be tried
by experienced surgeons [20, 84, 94]. Robotic assistance or robotic procedures are
alternative solutions with similar success rates, lower morbidity, less postoperative
pain, and shorter hospitalization [95]. In patients with bilateral tumors or a high risk
of bilateral tumors, cortex-sparing surgery may be sufficient if the tumor is small
enough, in order to reduce the need for steroid replacement [32, 84, 96—102]. For
patients with adrenal pheochromocytomas, full adrenalectomies should be per-
formed in the absence of a genetic background, if patients are at a low risk of bilat-
eral disease, or if they disclose larger tumors. Operative mortality is very low if the
experienced surgical team is accompanied by an anesthesiologist capable to sup-
press the intraoperative hypertensive crises and administer fluid replacement to pre-
vent any postoperative hypotension for the reasons already mentioned [32]. Surgery
is a curative treatment for primary, recurrent, or limited metastatic tumors. In
patients with extensive metastatic disease, surgery can also be used as a debulking
technique to alleviate symptoms and complications from tumor size; however, long-
term benefits are often elusive [15, 45, 84, 103].

3.4.3 Palliative Therapy

Surgical removal of a pheochromocytoma and abdominal paraganglioma can be
difficult due to their anatomical locations [98]. Moreover, paragangliomas can
appear in unusual and surgically inaccessible locations which will not allow com-
plete tumor resection or may result in tumor spillage [104]. Some of these tumors
can benefit of radiofrequency ablation. This has been reported in small series of
patients for liver and bone metastases [84, 105-108]. Radiofrequency ablation
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releases catecholamine during the procedure, and an experienced anesthesiologist is
required during the procedure to prevent hypertensive crises [105]. External pallia-
tive beam radiation can be used for symptom relief, bone lesion treatment, and non-
removable head and neck paraganglioma [15, 20]. For patients with positive MIBG
scintigraphy, 1311-MIBG treatment therapy is another palliative treatment modality.
Beta particles emission by the radioactive compound taken into tumor cells lead to
their destruction [32]. Novel therapies targeting somatostatin receptors are currently
also under investigation [84]. Last, some chemotherapy regimens may prolong
patient survival and improve quality of life. Traditional chemotherapy with cyclo-
phosphamide, vincristine, and dacarbazine is an effective treatment for widespread
metastatic disease [15, 20]. The tyrosine kinase inhibitor sunitinib is currently
investigated in this indication [84].

3.5 Follow-Up

For patients with small tumors, surgical resection can be curative, although hyper-
tension may persist [32, 84, 109]. In the absence of genetic background, with com-
plete tumor removal, rates of metastases and recurrence can be very low. In a large
study of patients who underwent successful removals of pheochromocytoma and
paraganglioma, only 14 % developed recurrent or metastatic disease [109]. The
risk of recurrence with cortical-sparing adrenalectomies was small (approximately
7 %), as long as the whole tumor is removed [98]. Repeat subtotal adrenalectomies
can be successfully performed if tumors recur [84, 96, 97]. Patients with hereditary
pheochromocytoma and extra-adrenal pheochromocytoma recur more often and
require a closer follow-up [2—4]. Increased rates of adrenal recurrence have also
been demonstrated in laparoscopic interventions, in contrast to open procedure
[98]. There is also an increased risk of recurrence in younger patients and in case
of larger tumors [34, 84, 110]. Surgical removal is the first-line treatment if there
is a recurrence. Because there is no clear method for distinguishing benign from
malignant tumors, patients should always undergo close clinical follow-up after
surgery, at least annually, regardless of the pathological features of the tumor [32,
84, 109]. Current guidelines suggest that all patients with a pheochromocytoma
should be followed during at least 10 years after surgery [111]. In case of an extra-
adrenal tumor or genetic pheochromocytoma, the patient should be followed life-
long [84].
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Abbreviations

CoA  Coarctation of the aorta

CT Computed tomography

ECG Electrocardiography

LV Left ventricular

MRI  Magnetic resonance imaging

Coarctation of the aorta (CoA) is a congenital malformation of the aorta, first
described by Morgagni in 1760 [1]. The overall incidence of CoA is 5-8 % of all
congenital heart disease, and the condition is 1.7 times more frequent in white males
than white females [2]. Aortic coarctation can present as a localised discrete steno-
sis of the aortic isthmus, but segmental tubular hypoplasia of the aortic arch is also
commonly associated. The usual site of CoA is distal to the left subclavian artery.

The aetiology of CoA has not yet been clearly identified. Potential pathogenic
mechanisms include abnormalities of blood flow in the aorta during fetal life or
excessive distribution of aberrant ductal tissue around the aortic isthmus [3, 4]. An
increase in collagen production with reduced smooth muscle content has also been
found in the CoA segment [5, 6].
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Aortic coarctation may occur as an isolated lesion but may also coexist with
other cardiac lesions, most commonly with a bicuspid aortic valve (in up to 50 %
of the cases), ventricular septal defects or mitral valve abnormalities. It can also
be part of complex congenital anomalies such as transposition of the great arter-
ies, Taussig—Bing anomaly, double-inlet left ventricle or hypoplastic left heart
syndrome. It is also commonly found in genetic syndromes such as Turner,
Williams and Noonan [7].

4.1 Clinical Presentation and Diagnosis

Early diagnosis of CoA is of paramount importance. Diagnosis in fetal life may be
based on indirect signs such as ventricular disproportion (right ventricular dilata-
tion) and great vessel disproportion (pulmonary artery dilatation). Direct imaging of
the coarctation site with fetal echocardiography is challenging [8].

Postnatal presentation may vary according to the severity of CoA. In cases with
prenatal suspicion of CoA, neonates should be kept under close monitoring with
echocardiography after delivery. Once the diagnosis of significant CoA with duct-
dependent perfusion of the descending aorta is confirmed, administration of prosta-
glandins is maintained from birth until repair [8].

Neonates with severe CoA present with signs and symptoms of heart failure or
even cardiogenic shock after duct closure. Untreated high-grade CoA that presents
with signs of heart failure and complicated cases have a mortality rate of up to 90 %
during the first year of life [7, 8].

Diagnosis of CoA in adulthood is often incidental. Adult patients usually present
with upper limb hypertension. The femoral pulses are weak and delayed or absent.
A continuous systolic—diastolic murmur between the scapulae is typical for signifi-
cant CoA with blood flow through collateral vessels. Auscultation may also reveal
a suprasternal thrill and a systolic ejection murmur in the aortic area in cases with
concomitant aortic valve disease.

Some of the patients present with leg fatigue and claudication. Other typical
symptoms in adults with untreated CoA may include headache, epistaxis, dizziness
and cold feet. Complications include intracranial aneurysms, intracranial haemor-
rhage, left ventricular (LV) failure, infective endocarditis, aortic rupture/dissection
and premature coronary artery disease [9, 10].

The eletrocardiography (ECG) may show signs of LV hypertrophy and
dilatation.

Chest X-ray in adults may show a normal cardiac contour. Double contouring of
the descending aorta known as the ‘3 sign’ beneath the aortic notch is characteristic
and represents narrowing of the aorta at the level of CoA and dilatation of the aorta
before and after CoA. Rib notching caused by the intercostal collateral arteries can
be visible in older patients with severe CoA (Fig. 4.1).

Echocardiography is essential to image and evaluate the severity of CoA. The
site of CoA is best visualised from the suprasternal view. Colour Doppler demon-
strates turbulent flow at the CoA site, while spectral Doppler provides information
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Fig.4.1 Chest X-ray of a
patient with CoA. The
typical findings of the ‘3
sign’ beneath the aortic
notch (marked by asterisk)
and the rib notching
(arrow) are visible

on the severity of stenosis. Through continuous wave Doppler, the maximum veloc-
ity and the peak and mean pressure gradients across the CoA site can be estimated
using the modified Bernoulli equation. Continuous wave Doppler typically shows
continuous forward flow through the CoA site with continuous high-velocity flow
during diastole (‘sawtooth flow pattern’, Fig. 4.2). Echocardiography also provides
valuable information on LV size, systolic and diastolic function and hypertrophy
and associated lesions.

The exact anatomy of the entire aorta in the adolescent and adult is best assessed
by cardiac magnetic resonance imaging (MRI) and computed tomography (CT)
(Fig. 4.3). MRI also provides information on the size and function of the LV and the
structure and function of the aortic valve. Using phase contrast flow imaging, the
blood flow and the pressure gradients through the coarctation site can also be esti-
mated [11].

Three-dimensional reconstructions with CT or MRI angiography detect compli-
cations from CoA treatment such as residual stenosis, pseudoaneurysm formation
or dissection. Since CT requires radiation exposure, MRI is the preferable imaging
modality in cases where repeat imaging is required. However, CT is superior in
patients with previously implanted CoA stents as it is less susceptible to artefacts
caused by the stent material. CT is also the preferred three-dimensional imaging
modality of the aorta for patients with pacemaker devices and patients with previous
clipping of intracranial aneurysms. It is also superior to cardiac MRI in cases where
the coronary anatomy shall also be studied.

Cardiac catheterisation with pressure measurement and angiography determines
the pressure gradient across the CoA site and delineates the anatomy of the aorta
and its branches. The coronary anatomy and LV function and pressures can also be
assessed.



74 M. Boutsikou et al.

+ Vel 309 cmis
PG 38 mmHg

Fig.4.2 ‘Sawtooth flow pattern’ on continuous wave Doppler in a patient with native CoA

Fig.4.3 MR angiography
in a case of severe CoA
distal to the left common
carotid artery. Extensive
collateral arteries are
present
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4.2 Indications for Intervention

The most recent ESC recommendations for management of CoA are presented in
Table 4.1 [12, 13]. Interventional therapy is indicated:

* In all patients with non-invasive pressure difference >20 mmHg between upper
and lower limbs

* In patients with upper limb hypertension (>140/90 mmHg), abnormal blood
pressure response during exercise of LV hypertrophy regardless of
symptoms

4.3  Therapy

Without treatment, the outcome for CoA patients is poor. Data on the natural his-
tory of patients with CoA who survived beyond infancy showed a mean age of
death of 34 years and 75 % mortality at the age of 43 years. Death was from con-
gestive heart failure, aortic dissection or rupture, endocarditis and intracranial
bleeding [15].

The treatment of CoA is either surgical or interventional. The type of treat-
ment depends on patient’s age at the time of diagnosis, the severity of stenosis,
complexity of the anatomy, clinical presentation and concomitant cardiac
lesions.

Medical therapy and monitoring alone is preserved for patients with mild
coarctation and no significant systemic hypertension. The 2008 ACC/AHA
guidelines for the management of adult patients with congenital heart disease
recommended the use of b-blockers, angiotensin-converting enzyme inhibitors
and angiotensin receptor blockers as first-line treatment of systemic
hypertension in this group taking into consideration the presence of any
concomitant anomalies such as aortic root dilatation or aortic valve regurgita-
tion [16] (Table 4.2).

Table 4.1 ESC guidelines on time for intervention in adult patients with CoA

Recommendations Class* Level®

In all patients with non-invasive pressure difference >20 mmHg between I C
upper and lower limbs regardless of symptoms but with upper limb

hypertension (>140/90 mmHg in adults), abnormal blood pressure

response during exercise or significant LV hypertrophy, an intervention

is indicated

Independent of the pressure gradient, hypertensive patients with >50 % Ila C
aortic narrowing relative to the aortic diameter at the diaphragm level (on

MRI, CT or invasive angiography) should be considered for intervention

Independent of the pressure gradient and the presence of hypertension 1Ib C
with >50 % aortic narrowing relative to the aortic diameter at the

diaphragm level (on MRI, CT or invasive angiography) may be

considered for intervention

4 class of recommendation
b Jevel of evidence
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Table 4.2 AHA guidelines for catheter intervention in paediatric patients with CoA [14]

Recommendations for transcatheter balloon angioplasty of coarctation/re-coarctation of the
aorta

Transcatheter systolic coarctation gradient of >20 mmHg and suitable anatomy, I C
irrespective of patient age
Transcatheter systolic coarctation gradient of <20 mmHg in the presence of | C

significant collateral vessels and suitable angiographic anatomy, irrespective of

patient age, as well as in patients with univentricular heart or with significant

ventricular dysfunction

As a palliative measure to stabilise a patient when extenuating circumstances are Ila C
present, such as severely depressed ventricular function, severe mitral regurgitation,

low cardiac output or systemic disease affected by the cardiac condition

Beyond 4-6 months of age when associated with a transcatheter systolic coarctation IIb C
gradient>20 mmHg and suitable anatomy

Native or recurrent coarctation of the aorta in patients with complex coarctation IIb C
anatomy or systemic conditions such as connective tissue disease or Turner syndrome

but should be scrutinised on a case-by-case basis

Recommendations for stent placement in native coarctation and re-coarctation of the aorta
Recurrent coarctation patients of sufficient size for safe stent placement, in whom the [ B
stent can be expanded to an adult size, and who have a transcatheter systolic

coarctation gradient >20 mmHg

1. Transcatheter systolic coarctation gradient of >20 mmHg IIa
Transcatheter systolic coarctation gradient of <20 mmHg but with systemic

hypertension associated with an anatomic narrowing that explains the hypertension
Long-segment coarctation with a transcatheter systolic coarctation gradient

>20 mmHg

2. When balloon angioplasty has failed, as long as a stent that can be expanded to an

adult size can be implanted

1. In infants and neonates when complex aortic arch obstruction exists despite IIb
surgical or catheter-mediated attempts to relieve this obstruction and when further

surgery is regarded as high risk

2. Transcoarctation gradient of <20 mmHg but with an elevated LV end-diastolic

pressure and an anatomic narrowing

Transcoarctation gradient of <20 mmHg but in whom significant aortic collaterals

exist, which results in an underestimation of coarctation

T AW

[oNoNe!

4.4  Surgical Treatment

Numerous surgical techniques have been developed for the treatment of aortic
coarctation (Fig. 4.4). The choice of the surgical technique depends on the patient’s
age and the anatomy of the aorta and CoA site.

Surgery is performed as early as possible balancing the prognostic benefit of
early surgery versus the age-related risks for procedural complications. The optimal
age for elective surgical repair is likely between 2 and 5 years of age [7]. The risk of
persistent systemic hypertension increases with age at CoA repair. The prevalence
of systemic hypertension in patients with repaired CoA ranges from 25 to 68 % [17].
Surgical repair in adulthood is characterised by an increased mortality risk due to
degenerative changes in aortic wall, coronary artery disease and end-organ damage
due to long-standing hypertension.
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Fig.4.4 (a—e) Different types of surgical interventions in CoA (From Ref. [7])

The first successful surgical repair of CoA was carried out by Crafoord in
1944 and included resection of the stenotic aortic segment and end-to-end
anastomosis of the aorta [18]. This procedure remains the gold standard treatment
in infants and young children with circumscriptive stenosis. The advantage of
this procedure is that it offers excision of the abnormal aortic and ductal tissue.
However, there is a risk of restenosis at the site of circumferential suture which
is as high as 20 %.

Coarctation repair with an aortoplasty patch was introduced in 1957 by
Vossschulte [19] and included augmentation of the coarctation segment with a
prosthetic patch. This type of repair offered lower rates of re-coarctation compared
to end-to-end anastomosis technique, but is commonly complicated by aneurysm
formation [20, 21]. It is therefore avoided nowadays.
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The subclavian flap repair is an alternative surgical procedure used in infants with
CoA. This technique was first described by Waldhausen and Nahrwold in 1966 [22].
The subclavian artery is divided and ligated followed by a longitudinal incision of the
proximal part of the vessel. An incision on the aortic wall is performed at the site of
coarctation with ligation and division of the duct. The opened proximal end of the
subclavian artery forms a flap which is folded down reconnected with the aortic edges
to form a patch that enlarges the aorta. The advantage of this procedure is that autolo-
gous tissue is used for the repair which allows growth of the aorta. However, the left
subclavian artery is sacrificed with potential implications on growth of the left arm
and the potential for subclavian steal, left arm weakness and claudication [23, 24].

CoA repair with resection and replacement of interposition graft is an appropri-
ate technique for adult patients with long-segment coarctation or re-coarctation.
Other surgical procedures include placement of bypass tube graft more appropriate
in patients with fragile aortic tissue or in long-segment coarctation. In very complex
cases coarctation repair may include the placement of an extra-anatomic bypass
graft from ascending to descending aorta (Fig. 4.4).

4.5 Transcatheter Therapies

Lock and colleagues were the first to describe balloon angioplasty as an interven-
tional alternative to conventional surgery in 1982 [25]. It was initially recommended
for re-coarctation only, to reduce the number of repeat operations, but its subsequent
use for native coarctation remains controversial. The development of re-coarctation
and aneurysm formation remains a particular concern of balloon angioplasty of
native CoA especially in infants and young children. Apart from critically ill neo-
nates with CoA, balloon angioplasty is often avoided in this age group as complica-
tions involving the femoral artery are a concern [26-28].

Intravascular stent angioplasty for CoA was initially introduced in 1993 [29, 30]
and is by many considered the preferred treatment option for adolescent and adult
patients with native or recurrent CoA [31]. It is also occasionally used in infants
who cannot undergo surgery as a bridging therapy towards later surgical repair.

CoA stenting is effective and safe in adults and older children with good early and
midterm reduction in upper limb blood pressure (Fig. 4.5), pressure gradients across
the coarctation segment and low rates of aneurysm formation or dissection [32, 33].

Covered stents for the treatment of CoA were initially introduced in 2001 [34].
The fabric around the stent shall provide protection from bleeding due to aortic
rupture. A recent study comparing bare versus covered stents showed similarly high
success rates for both types of stents. It also showed a low incidence of pseudoan-
eurysms after covered stenting during follow-up [35].

Recently, the results of the Coarctation of the Aorta Stent Trial (COAST), a study
aimed to assess the safety and efficacy of Cheatham-Platinum stents (CP stents) in
children and adults with native or recurrent CoA, were published. During the 2-year
follow-up, no deaths, serious adverse events or surgical intervention were reported.
All patients experienced satisfactory post-procedural results with low rates of
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Fig. 4.5 Pre- and immediate post-procedural data from the Royal Brompton Hospital cohort of
147 CoA patients undergoing stenting between 2004 and 2015. A significant reduction in ascend-
ing aortic blood pressure is documented

complications including aneurysms and stent fracture with loss of stent integrity,
stent embolisation, aortic wall injury or re-obstruction. Re-interventions that
occurred during the 2-year follow-up period were for stent re-dilatation in order to
account for the patients’ somatic growth [33].

The CoA stent placement procedure requires very accurate measurements of the
coarctation area and very careful choice of balloons and stents to be delivered. The
procedure is usually performed under general anaesthesia. Once peak-to-peak systolic
pressures have been obtained across the coarctation segment, a detailed angiogram is
performed [36]. The stent and balloon are selected according to the size of the aorta
adjacent to the CoA site. The balloon/stent system is advanced over a wire that is
placed across the coarctation segment usually from the femoral. The stent has been
placed by balloon inflation. A final angiogram and pressure measurement in the
ascending and descending aorta is performed to exclude damage to the aortic wall,
confirm appropriate stent placement and document the residual gradient. Stent implan-
tation is considered successful if a residual gradient< 10 mmHg and improvement in
vessel calibre >80 % of the normal adjacent aortic arch are achieved [34] (Fig. 4.6).

4.6 Repair of Thoracic Pseudoaneurysms Late
After Coarctation Repair

Especially patients with Dacron patch repair of aortic coarctation are at risk to
develop often large para-CoA pseudoaneurysms. These patients are at high risk to
operate. Furthermore, extensive aneurysms are usually not amenable to conven-
tional stent technology.
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Fig.4.6 (a, b) Angiographic images of a patient with native CoA undergoing stenting

New generation stent grafts have therefore recently been used to cover such large
aneurysms. Depending on the anatomy of the aorta, preparative vascular surgery to
the head and neck vessels is needed to create an appropriate implantation zone to
allow safe and successful stent deployment without compromising blood flow to
these vessels. Early reports on the use of this approach and technology are promis-
ing [37] (Fig. 4.7).

4.7 Long-Term Outcomes

Long-term survival after CoA repair remains lower than in the general popula-
tion. This is mainly due to the long-term effects of persistent systemic hyperten-
sion [38]. Data on a historic single centre cohort of patients who underwent
operative repair of CoA between 1946 and 1981 reported a long survival rate of
72 % at 30 years follow-up [39]. For patients operated before the age of 14,
20-year survival rate was 91 % and significantly better compared to the patients
operated after the age of 14. The most common mode of death was coronary
artery disease, accounting for 37 % of late deaths, and systolic hypertension was
predictive of late death [39]. Not surprisingly patients with other cardiac defects
in addition to CoA have worse outcomes [40]. More recent reports have reported
improved survival rates following CoA repair with an actuarial survival of 89 %
at 60 years of age [41].

Aortic valve disease is the most common associated defect requiring surgical
management in patients with repaired CoA. A bicuspid aortic valve is present in up



4 Coarctation of the Aorta 81

Fig.4.7 CT aortogram of a large para-coarctation pseudoaneurysm late after CoA repair with a
Dacron patch involving the origin of the left subclavian artery. Carotid to left subclavian bypass
grafting (right panel) was performed to prepare the aortic arch for implantation of a stent graft
(area of intended implantation zone marked by dotted lines) [37]

to 50 % of patients with CoA and is often associated with dilatation of the ascending
aorta [42].

4.8 Medical Management of Systemic Arterial
Hypertension

The prevalence of persistent systemic hypertension after successful CoA repair
ranges from 25 to 68 % [17, 43]. There is consensus that systemic hypertension is
the most important single outcome variable in patients with repaired CoA and that
lifelong meticulous blood control is paramount to achieve optimal long-term out-
come in this patient group.

An adverse aortic arch anatomy with residual obstruction can be an important
contributor for upper limb hypertension. The causes for systemic hypertension in
the absence of an anatomical obstruction following CoA repair are not fully under-
stood. There is evidence of reset of the baroreceptors in the aortic arch and carotid
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arteries in the presence of abnormal arterial compliance resulting in sympathetic
hyper-activation [44]. There is also evidence for impaired aortic elasticity even in
patients with timely and ideal CoA repair [45-49].

4,9 Surgical Versus Percutaneous Treatment

The optimal surgical or interventional treatment of a patient with CoA has to be
decided on depending on age at presentation, clinical status and anatomy. Treatment
must be individualised weighing the risk and benefits for each patient. There is no
universally accepted, uniform treatment algorithm available for how to best repair
CoA.

In most centres surgical repair is preferred for the infant or young child with
native coarctation. Balloon dilatation or even stenting in this age group is only used
in the young child that is compromised and considered too unwell for surgery.

The risk for aneurysm formation and re-coarctation and the risk for vascular
complications are the concern with balloon angioplasty in neonates and infants.

Surgery is also preferred in patient with complex aortic arch anatomy including
those with transverse arch hypoplasia.

Balloon angioplasty is usually the treatment of choice in the younger child with
recurrent coarctation after previous repair. Aneurysm formation is less of a concern
in this patient group.

Stent placement in small children is a concern due to the relatively large sheath
sizes and the problem of somatic growth and the inability to enlarge small stents to
dimensions appropriate for an adolescent or adult. Endovascular stenting of CoA,
however, has become a widely used and accepted treatment option for older chil-
dren, adolescents and adults with native or recurrent CoA. Lower intra-procedural
complication rates, good short and intermediate follow-up results, shorter hospitali-
sation stay and the avoidance of surgical trauma and thoracotomy/sternotomy which
follow an open surgery are among the advantages of endovascular stent repair.

Data on the direct comparison of surgical and interventional treatment of CoA is
limited and observational. Carr collected comparative data on angioplasty/stenting
(633 patients) and surgery (213 patients) in adolescent and adult CoA patients.
Although the reported morbidity was similar between the studied methods, the rate
of re-intervention was higher after endovascular therapy. Post-procedure freedom
from hypertension was similar between groups [50].

Forbes et al. published the results of a multicentre observational study comparing
the safety and efficacy of surgical repair (72 patients), stent (217 patients) and bal-
loon angioplasty (67 patients) as treatment of native CoA acutely and at follow-up.
All three treatment modalities showed a significant improvement in systolic blood
pressure and pre- versus post-procedure gradient. The rate of acute complications
was lower after stent implantation compared to balloon angioplasty or surgery.
However, planned re-intervention was more likely in the group of stented patients.
Stent implantation and surgery achieved a superior haemodynamic result than bal-
loon angioplasty [51].
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In a recent systematic review, Padua et al. attempted to analyse the effectiveness
and safety of stent placement compared with open surgery in patients with CoA. The
authors conclude that there is insufficient evidence to prove which the best treat-
ment for CoA is and suggest the need for further prospective randomised controlled
clinical trials with an emphasis on outcomes such as quality of life and long-term
survival [52].

4,10 Follow-Up

Patients with repaired CoA require lifelong surveillance. Current guidelines recom-
mend at least annual follow-up for these patients [16]. It is important to identify
complications such as restenosis, aortic aneurysm formation and systolic arterial
hypertension promptly. Thorough clinical examination and echocardiography are
first-line diagnostic tools for follow-up. Advanced imaging such as cardiac MRI
and CT is the preferred imaging modality for more comprehensive evaluation of
these patients [53].
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VCAM-1 Vascular cell adhesion molecule-1

5.1 Introduction

Obstructive sleep apnea syndrome (OSAS) is associated with an increased preva-
lence of hypertension (HTN) and is currently recognized as a cause of secondary
HTN [1], with the severity of OSAS being directly correlated with the degree of
blood pressure (BP) elevation, with its resistance to antihypertensive treatment and
with the presence of alterations in day-to-night BP changes [2—4]. The adverse car-
diovascular (CV) prognosis associated with these alterations underlines the impor-
tance of OSAS-related hypertension and the need of implementing specific treatment
strategies (that is, continuous positive airway pressure (CPAP)) in order to promote
BP control and optimize CV protection. The present chapter will review the evi-
dence supporting the association of OSAS with often resistant arterial HTN and the
proposed mechanisms for this association. It will also address the role of ambula-
tory blood pressure monitoring (ABPM) in the confirmation of HTN in subjects
with OSAS and whether the proper identification and management of OSAS in
subjects with resistant HTN will improve BP control. Particular emphasis will be
put on the role of CPAP ventilation for the treatment of OSAS, which is known to
be effective in reducing the sympathetic nervous system overdrive, a major contrib-
uting mechanism for OSAS-related HTN.

5.2 OSAS and BP Levels

OSAS, combining nighttime occurring intermittent obstruction of upper airways
with daytime somnolence, is not only a recognized cause of secondary HTN [1] but
is associated with a high prevalence of severe and resistant BP elevation [2—4].
OSAS is defined as the presence of recurrent obstructive breathing events generated
by complete upper airway obstruction during sleep or of sleep hypoventilation
syndrome, accompanied by daytime symptoms [5]. Alterations in breathing patterns
in OSAS may importantly influence many regulatory mechanisms involved in BP
control. OSA events occurring during night (i.e., obstructive apnea and
hyperventilation episodes alternating during sleep) have been shown to be
accompanied by acute changes in autonomic CV control and in hemodynamic
regulation, which in turn induce marked increases in BP levels during nighttime [6].
Indeed, HTN related to OSAS is predominantly nocturnal in its early stages and
frequently accompanied by a non-dipper profile of BP (i.e., nocturnal BP fall <10 %
compared to daytime BP levels) [7, 8]. Nonetheless, the increase in BP levels in
OSAS subjects is not limited to the nighttime hours, during which OSA episodes
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occur, but is often sustained also during the daytime. Indeed, case—control studies
using 24-h ABPM have provided evidence that, compared to matched control
subjects, OSAS patients show significantly higher ambulatory BP levels not only
during the nighttime sleep but also during daytime wakefulness [9-11].

5.3 Epidemiological Evidence of the Association
Between OSAS and Hypertension

The association between OSAS and HTN has been extensively confirmed across a
number of studies of different natures either in the general population or in cohorts
of OSAS patients [2, 12-15]. Overall, these studies have indicated a variable
frequency of HTN in subjects with OSAS that may range from 35 to 80 % [7, 16].
Conversely, when properly investigated, OSAS has been shown to be present in up
to 40 % of hypertensive subjects [17]. Whether the association between OSAS and
HTN is explained by the presence of other CV risk factors other than OSAS itself,
this is still a matter of debate. For instance, OSAS is often associated with obesity,
which in turn is considered to explain about 65-75 % of cases of essential HTN [18,
19]. Indeed, some studies have indicated that much of the relationship between
OSAS and HTN may be explained by the associated obesity [20]. Conversely, other
reports have indicated that the association between obesity and HTN may be
explained by the presence of OSAS in a substantial number of subjects. In addition
to body mass index (BMI), other factors such as sex and age have been shown to
significantly influence the relationship between OSAS and elevated BP levels [21].
Evidence for this has been provided both from cross-sectional [12] and longitudinal
studies [20, 22] showing that OSAS is more strongly associated with resistant HTN
in young to middle-aged adults (<50 years of age) [21]. This association is more
frequently observed in men than in women [23]. It is thus clear that disentangling
the independent contribution of OSAS, obesity, and other CV risk factors to
elevation in BP levels is rather difficult. Despite this difficulty, several longitudinal
studies have supported the association between OSAS and HTN independently of
other potential contributing factors such as BMI, also indicating that OSAS is not
only associated with an increased risk of prevalent HTN but may also be an
independent and significant predictor of future development of HTN in particular if
not properly treated [3, 15, 20, 24] (Fig. 5.1).

In particular, in the Wisconsin Sleep Cohort Study, a dose—response relationship
between sleep-disordered breathing at baseline and the development of HTN after 4
years of follow-up was reported independently of baseline BP levels, BMI, neck and
waist circumference, age, sex, and other potential confounders, suggesting that
sleep-disordered breathing is likely to be an independent risk factor for HTN and
resultant CV morbidity in the general population [3].

However, in spite of such suggestion, there is still some controversy regarding
the specific role of OSAS in the development of HTN. This is because of the variable
role played by several confounders, the large heterogeneity of the available studies
populations in terms of ethnicity, age, BMI and metabolic risk factors and the
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Fig.5.1 Predicted increase in systolic blood pressure (SBP) and in diastolic blood pressure (DBP)
associated with sleep-disordered breathing at three body mass index (BMI) categories in the
Wisconsin Sleep Cohort Study (Modified from young et al. [15] by permission)
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variable methodologies used to ascertain the presence of OSAS (i.e., in-laboratory
polysomnography, in-home polysomnography, in-home polygraphy), combined
with variable follow-up periods and different definitions of hypertension.

Most available longitudinal studies suffer from an inherent weakness, i.e., the
lack of relevant history on subjects’ sleep breathing patterns prior to the start of the
study. Thus, it is possible that subjects who had HTN at baseline and were thus
excluded from the study were those rapidly developing HTN because of previous
exposure to sleep apnea, while normotensive subjects who had obstructive sleep
apnea (OSA) at baseline were less responsive to the apneic events and therefore less
likely to develop HTN at follow-up. The percentage of subjects who had HTN at
baseline in these studies is indeed of substantial size.

Change in body weight over time, another important confounder for incident
HTN, was not taken into account in most of available prospective studies, and
majority of participants in these studies had mild OSA, with less than 13 % of
patients having moderate-to-severe OSA.

A relatively short follow-up period of OSA cohorts predominantly comprising
patients with mild OSA may thus importantly contribute to explain discrepant
findings reported so far.

More recently, the results of a prospective cohort study of 1889 participants
without HTN at baseline more convincingly showed a risk of incident hypertension
to be directly related to the severity of OSA [25]. In addition, this study showed that
OSA treatment with CPAP therapy was associated with a lower risk of hypertension
(Fig. 5.2).

Several studies have identified OSAS as an important risk factor for resistant
HTN also showing a dose—response relationship between OSAS severity and the
degree of BP elevation [2, 26, 27]. It has also been shown that HTN occurring in
individuals with OSAS is more likely to be severe, resistant to treatment and
associated with alterations in day-to-night BP changes (i.e., nocturnal HTN and
non-dipping profile of BP on 24-h ABPM) [2, 26, 27]. Conversely, an extremely
high prevalence of OSA of about 80 % has been reported among adult patients with
drug-resistant HTN [23]. It has also been shown that rates of BP control decrease as
the severity of sleep-related breathing disorder increases [2]. Although all the above
evidence supports a potential role of OSAS in the pathogenesis of HTN and drug-
resistant HTN, there is still only partial understanding of the pathophysiological
mechanisms by which OSAS promotes arterial HTN.

5.4 Proposed Mechanisms for OSAS-Related Hypertension

Evidence from experimental and clinical studies has indicated that the pathogenesis
of OSAS-related HTN is likely to be multifactorial, involving alterations in several
regulatory systems: activation of the sympathetic nervous system in the frame of
complex alterations in autonomic CV modulation involving both arterial baro- and
chemoreflexes, activation of renin—angiotensin—aldosterone system, endothelial
dysfunction, systemic and vascular inflammation, oxidative stress, metabolic
abnormalities, increased arterial stiffness and alterations in cardiac function and
structure.
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Fig. 5.2 Risk of incident hypertension and severity of OSA. OSA indicates obstructive sleep
apnea. Severity of OSA was defined by the apnea—hypopnea index (AHI) as mild OSA (AHI,
5.0-14.9), moderate OSA (AHI, 15.0-29.9), and severe OSA (AHI, >30.0). P value reflects an
overall log-rank »? test, providing an overall survival difference among the four study groups
(Taken from Marin et al. [25] by permission)

Sympathetic Nervous System Activation Activation of the sympathetic nervous
system is considered a major pathophysiological mechanism underlying the
alterations in BP regulation reported in OSAS (Fig. 5.3). This has been consistently
demonstrated by several studies implementing direct techniques for assessment of
sympathetic nervous system activity (i.e., recording of efferent postganglionic
muscle sympathetic nerve activity via microneurography (MSNA) and assessment
of norepinephrine plasma levels) in which an increase in central sympathetic drive
was positively correlated with increases in BP levels independently of other
contributing factors. The sympathetic activation in OSAS is largely explained by
stimulation of the peripheral and central chemoreflexes, triggered by the reductions
in arterial oxygen content and by hypercapnia, respectively. Moreover, sleep
fragmentation, related to repeated arousals after each apnea/hypopnea event,
might play an additional role in this context. The resultant increases in sympathetic
drive to the heart and peripheral vasculature lead to important increases in heart
rate and vascular tone which in turn are responsible for the marked increases in
BP levels during resumption of ventilation after each apnoeic episode [28]
(Fig. 5.4a).

This increase in central sympathetic drive has also been shown to be associated
with alterations in circadian BP variation (i.e., absence of nocturnal BP fall or
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Fig. 5.4 (a) Recordings of sympathetic nerve activity (SNA), respiration (RESP), and blood
pressure (BP) during 3 min of stage II sleep, showing incessant oscillations in BP and SNA in
response to the repetitive OSAs. These oscillations occurred continuously during sleep, throughout
all sleep stages. (b) Recordings of SNA during wakefulness in patients with OSAS and matched
controls showing high levels of SNA in patients with OSA (Taken from reference Somers et al.
[28] by permission)

increase in BP at night), and nocturnal HTN is frequently observed in OSAS patients
[29]. In addition, several studies using MSNA recordings have indicated that the
sympathetic activation in OSAS subjects is not only limited to nighttime but may
persist even after resuming normal breathing pattern during daytime wakefulness,
despite normal arterial oxygen saturation and carbon dioxide levels [28, 30]
(Fig. 5.4b). Remarkably, in several studies long-term implementation of CPAP
resulted in marked reductions in sympathetic nerve traffic [28] and BP levels [31]
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both during nighttime and daytime wakefulness [32], further supporting the patho-
genetic role of the sympathetic activation in explaining BP elevation in OSAS.

Alterations in Integrated Autonomic CV Modulation In normal physiological
conditions, control of BP levels is achieved through a complex combination
between central and reflex neural influences, leading to a continuous modulation
of efferent sympathetic and parasympathetic nerve activity and the associated
activity of neurohormonal systems primarily regulated by the hypothalamus. In
OSAS, the sustained chemoreflex activation, the related adrenergic overactivity,
and the resulting HTN may blunt and/or reset arterial and cardiopulmonary
reflexes which in turn may lead to chemoreflex potentiation [33, 34]. In addition,
dysfunction of neural reflexogenic areas (i.e., baroreflex impairment) may lead to
a reduced sympathoinhibition and to impaired cardiac parasympathetic modula-
tion [35, 36] further contributing to adrenergic overdrive and rise in BP levels
(Fig. 5.3).In particular, the observation of a reduced spontaneous cardiac barore-
flex sensitivity (as assessed by the sequence method), and the absence of 24-h
baroreflex modulation (i.e., blunted increase in baroreflex sensitivity during sleep
compared with its values during wakefulness) in OSAS patients [35], has pro-
vided indirect support to the concept that baroreflex dysfunction and not only
chemoreceptor stimulation by hypoxia may contribute to the acute and long-term
sympathetic activation in OSAS patients (Fig. 5.5). The depressed cardiac barore-
flex sensitivity during sleep may thus in turn contribute to the pathophysiology of
HTN in OSAS patients.

This concept has been further supported by the results of interventional studies
in OSAS patients showing a significant improvement in baroreflex sensitivity after
long-term implementation of CPAP treatment [37-39]. Other independent studies,
applying spectral analysis to estimate variability of MSNA, BP, and heart rate, have
provided additional evidence on the impaired autonomic CV modulation in OSA
based on the demonstration of significant increases in heart rate and sympathetic
drive, but also of a reduced heart rate variability and a marked increase in BP
variability (more than double the variance in healthy controls) [40] (Fig. 5.6).

Further evidence that sleep-related breathing disorders may induce alterations in
autonomic CV modulation has been provided by a study in untreated subjects with
OSA of different severities indicating that excessive daytime sleepiness is
accompanied by lower baroreflex sensitivity and significantly higher low-to-high-
frequency power ratio of heart rate variability (which is believed to be a marker of
sympathetic activity) during the different stages of nocturnal sleep as compared not
only to control subjects but also to OSA patients without daytime somnolence [41]
(Fig. 5.7).

Activation of Renin—Angiotensin—Aldosterone System (Increase in Aldosterone
Levels) The frequent association of OSAS with hyperaldosteronism reported in
patients with resistant HTN has led to suggest that both these factors may interact on
a pathophysiological basis contributing to BP elevation [42—44]. Although evidence is
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still needed to determine the causality of this association, it has been hypothesized that
OSAS may contribute to the pathogenesis of resistant HTN by stimulating aldoste-
rone secretion [45] (Fig. 5.3). Evidence supporting this concept has been provided by
several studies showing positive and significant correlations between plasma aldoste-
rone concentrations and OSAS severity in patients with resistant HTN, but not in
normotensive subjects nor in treated hypertensives with controlled BP [46, 596]. It is
likely that aldosterone excess by promoting fluid accumulation in the neck, and thus
increasing upper airway resistance, may increase the severity of OSA and the related
increase in BP levels [17, 47]. Indirect evidence favoring this concept has been pro-
vided by interventional studies in subjects with OSAS and resistant HTN where addi-
tion of spironolactone to current antihypertensive treatment resulted in significant
reductions in the severity of OSA (i.e., reductions in apnea—hypopnea index and the
number of central and obstructive events) on top of its BP-lowering effects [48].
Additional evidence is still needed, however, to consistently determine a causal asso-
ciation between aldosterone excess in OSAS and resistant hypertension.

Endothelial Dysfunction The intermittent hypoxia, the associated neural and
humoral alterations, and repeated BP surges during OSA episodes may contribute to
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impairment in endothelial function. In turn, the inhibition of nitric oxide (NO)
production, decreased vasodilatation, and increased vasoconstriction associated with
endothelial dysfunction may substantially contribute to BP elevation (Fig. 5.3).
Several studies assessing brachial artery endothelium-dependent flow-mediated
dilation (FMD, an indirect marker of endothelial NO-mediated reactivity) and
forearm blood flow responses to different stimuli (i.e., infusion of acetylcholine,
sodium nitroprusside, nitroglycerin) have shown that compared to healthy controls,
patients with OSAS often exhibit an impairment of resistance-vessel endothelium-
dependent vasodilation [49, 50]. Even when accounting for important confounding
factors such as body weight, brachial artery FMD has been shown to be significantly
lower in normal-weight OSAS patients than in OSAS-free controls [51]. Additional
evidence that OSAS may importantly influence both indices of macrovascular and
microvascular endothelial function was provided by a recent study showing abnormal
myocardial perfusion, attenuated brachial artery reactivity, and reduced cutaneous
perfusion response in OSAS patients compared to healthy controls [52]. Remarkably,
several interventional studies have shown substantial improvements in different
indices of endothelial function following implementation of regular CPAP use in
subjects with hypertension and OSAS [50-52] which indirectly supports a role for
endothelial dysfunction in the pathogenesis of arterial hypertension in OSAS.

Vascular Inflammation and Oxidative Stress Repetitive episodes of hypoxia/
reoxygenation during transient cessation of breathing in OSA may also reduce NO
availability, promoting vascular endothelial inflammation and elevated oxidative
stress [49, 50, 53-55] (Fig. 5.3). When compared to OSAS-free controls and
regardless of the presence of obesity, OSAS patients have been shown to present a
reduced expression of endothelial NO synthase (eNOS) and phosphorylated eNOS
(proteins that regulate basal NO production and activity) as well as an increased
expression of nitrotyrosine (a marker of oxidative stress) and of nuclear factor-K B
(NFkB) (a marker of inflammation) [51]. Most importantly, after 1 month of regular
treatment with CPAP, flow-mediated dilation, expression of eNOS, and
phosphorylated eNOS were significantly increased, whereas expression of
nitrotyrosine and nuclear factor-K B was decreased [51]. It has also been proposed
that intermittent hypoxia/hypercapnia associated with OSAS may contribute to the
pathogenesis of hypertension by increasing endothelin-1 production. This has been
supported by experimental studies in rats showing significant increases in plasma
levels of endothelin-1 (a potent vasoconstrictor) and higher BP levels in rats exposed
to intermittent hypoxia (i.e., cycles of hypoxia/hypercapnia of 8 h a day during 11
days) compared to those breathing normoxic air [56].

Data from several studies have indicated that selective activation of inflammatory
pathways may be an additional important molecular mechanism for the pathogenesis
of arterial HTN in OSAS. This has been supported by translational studies showing
a selective activation of the pro-inflammatory transcription factor NFkB in HeLa
cells of OSAS patients exposed to intermittent hypoxia/reoxygenation cycles [57].
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In addition, compared to healthy controls, subjects with OSAS showed significantly
higher levels of circulating pro-inflammatory cytokines (i.e., tumor necrosis factor-
alpha (TNF-alpha) and the adaptive factor erythropoietin) as well as higher levels of
circulating neutrophils. Interestingly, levels of TNF-alpha were normalized after 6
weeks of continuous treatment with CPAP [57]. Other studies have shown that
compared to healthy controls, serum levels of inflammatory markers (i.e., C-reactive
protein, CRP) are significantly higher in OSAS patients and independently
associated with OSAS severity [58]. Interestingly, interventional studies have shown
significant reductions in serum levels of CRP and interleukin-6 following
implementation of regular CPAP treatment [59]. Finally, evidence has also been
provided that OSAS may induce activation of adhesion molecules participating in
inflammation. This has been supported by case—control studies showing significantly
higher levels of intercellular adhesion molecule-1 ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1), and L-selectin in OSA patients compared to healthy
controls [60].

Arterial Stiffness An increased arterial stiffness is a recognized risk factor
contributing to the pathogenesis of arterial HTN [61-63]. A recent systematic
review of relevant studies has indicated an independent effect of OSAS on arterial
stiffness, which in turn may contribute to elevation in BP levels and to resistant
HTN [64] (Fig. 5.3). A number of studies have consistently reported significantly
higher values of carotid—femoral pulse wave velocity (cfPWV) (which is considered
the “gold standard” measure of aortic stiffness), in patients with OSAS compared
to healthy controls [64, 65]. Of note, the increase in cfPWV has been shown to be
directly related to the severity of OSAS and to be even higher in subjects with
OSAS and associated HTN or in the presence of other CV risk factors [66]. In
Asian populations, several studies implementing brachial-ankle PWV (baPWV)
have also reported significant associations between OSAS and increased arterial
stiffness [67]. Even when comparisons have been performed between individuals
with or without OSAS entirely free from other CV risk factors, an independent
effect of OSAS on arterial stiffening has been reported [68]. Remarkably, in
randomized interventional studies, effective treatment of OSAS with CPAP has
been associated with significant decreases in arterial stiffness [69, 70]. In one of
such studies, CPAP was also associated with significant reductions in sympathetic
nerve activity and in ambulatory BP and with significant improvements in arterial
baroreflex sensitivity [69].

Metabolic Factors In addition to the hemodynamic changes, OSAS has been
frequently associated with metabolic alterations (i.e., alterations in glucose
metabolism, insulin resistance, and leptin resistance) which in turn may contribute
to the pathogenesis of arterial hypertension (Fig. 5.3). Although alterations in
glucose metabolism are thought to be the consequence of other conditions associated
with OSAS (i.e., an increased BMI, metabolic syndrome, and/or type 2 diabetes)
rather than being OSAS outcomes, evidence has been provided that OSAS,
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independently of the presence of other confounding factors, is associated with
alterations in glucose metabolism which may indeed favor development of type 2
diabetes [71]. In addition, interventional studies have shown the efficacy of regular
CPAP treatment in improving the abnormalities in glucose metabolism in OSAS
patients [71]. Compared to healthy controls, OSAS patients have also been shown
to have a higher degree of insulin and leptin resistance [72—74] even after accounting
for body fat content [75]. Although the above-mentioned metabolic alterations
should theoretically contribute to the pathogenesis of HTN in OSAS, their relative
contribution to BP elevation independent of other concomitant factors still needs to
be further explored.

5.5  Prognostic Relevance of OSAS-Related Hypertension

Evidence from several studies has supported an independent association between
OSAS and CV disease [76]. OSAS, particularly if severe, has been linked to fatal
and nonfatal CV events [77-81], to development and progression of congestive
heart failure [79], and with all-cause mortality [82, 83]. However, because the link
between OSAS and CV disease may be related to age, obesity, and visceral adiposity,
in some of these studies, the associations have lost strength when adjusting for these
factors. When it comes to subclinical organ damage, evidence has also been provided
that OSAS is independently associated with cardiac (i.e., LV hypertrophy and
dysfunction) [70, 84, 85], vascular (i.e., increased carotid intima-media thickness,
increased arterial stiffness) [64], renal organ damage (i.e., increased urinary albumin
excretion) [86, 87], and endothelial dysfunction (i.e., blunted endothelium-
dependent dilatation) [64]. Evidence has also been provided that resistant HTN
which is more frequent among OSAS patients considerably increases the risk for
CV complications including myocardial infarction, stroke, congestive heart failure,
and chronic kidney disease [88—90]. In consideration of the increased CV risk
associated with OSAS and resistant HTN, current guidelines for the management of
arterial HTN include OSAS among the modifiable causes to be considered in the
diagnostic approach to resistant HTN, in order to properly manage both of these
conditions [1, 91, 92]. It should be mentioned, however, that no studies have
specifically addressed how and to which extent the addition of HTN to OSAS may
increase the risk of CV disease independent of other CV risk factors that are often
clustered in the context of OSAS. Although OSAS and resistant hypertension have
been shown to be independent predictors of CV prognosis, evidence is still needed
to determine the actual prognostic relevance of their interaction independently of
other concomitant CV risk factors.

Not only the presence of resistant HTN but also the higher frequency of alterations
in day-to-night BP profiles and nocturnal HTN contributed to the elevated CV risk
of OSAS patients. As mentioned above, nocturnal sympathetic activation during
OSAS episodes importantly contributes to increases in BP during sleep, thus
attenuating the physiologic nocturnal dipping of BP (i.e., on average by 10-20 % of
daytime BP values) or even increasing nocturnal BP levels (rising pattern of



102 G. Parati et al.

nighttime BP). It is thus not surprising the high frequency of non-dipping profile of
BP (i.e., nocturnal BP fall <10 % compared to daytime BP levels) reported in OSA
patients independently of the presence of HTN [93]. Remarkably, the degree of
impairment in nocturnal BP fall has been found to be related to the severity of
OSAS [94]. On the other hand, an increased prevalence of alterations in day-to-
night BP profiles and nocturnal HTN has been reported in subjects with resistant
HTN regardless of the presence of OSAS [90, 95, 96]. It is thus expected that
alterations in day-to-night BP changes might be even more pronounced in subjects
with OSAS and resistant HTN. From a prognostic point of view, identification of
nocturnal HTN and alterations in day-to-night BP changes in subjects with OSAS-
related HTN is of utmost relevance on the background of the evidence showing the
superior prognostic value of nocturnal BP compared to awake or 24-h BP means in
predicting CV morbidity and mortality [97-102], the development of CV events
[97, 98, 103-105] as well as overall mortality [97-99, 104, 106, 107]. Identification
of “non-dipping” pattern of BP in OSAS patients is also important if we consider
that subjects in whom nocturnal decrease in BP is blunted have been reported to
have a higher prevalence of subclinical organ damage [108, 109] and an increased
risk of CV events [110] and mortality [102], which is even higher in patients in
whom BP increases rather than decreases at night (so-called risers or inverted
dippers). Despite the very high prevalence of nocturnal HTN and alterations in day-
to-night BP changes in OSAS patients, these are often undiagnosed (thus
representing a form of so-called masked resistant hypertension), mainly because BP
measurements are prevalently measured during daytime at the moment of the
clinical visit. Given their relevant prognostic value, alterations in circadian BP
should be properly investigated in patients with OSAS-resistant HTN through the
use of 24-h ABPM in order to guide antihypertensive treatment toward their
normalization and optimization of CV protection.

5.6 Diagnostic Approach to OSAS-Related Resistant
Hypertension

Confirming the diagnosis of OSAS in subjects with HTN and in particular in those
with resistant HTN is relevant in order to implement specific treatment strategies
(i.e., CPAP, weight reduction). This might allow achievement of BP control reducing
the elevated CV risk of these subjects. Polysomnography is currently considered the
standard technique for diagnosis of OSAS and requires simultaneous monitoring of
several CV and respiratory variables during night sleep (i.e., sleep, air flow,
respiratory  effort, oxygen saturation, and brain activity through
electroencephalogram). Based on the number of apneas and hypopneas lasting
>10 s during each hour of recording, the severity of the disease is graded using the
apnea—hypopnea index (AHI) [111]. Whether polysomnography should be
employed systematically in individuals with resistant HTN is still a matter of debate
in the absence of cost-effectiveness studies supporting this suggestion. According to
a recent position paper of the European Respiratory Society (ERS)/European
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Fig. 5.8 Proposed algorithm for the diagnostic management of patients with hypertension
associated with obstructive sleep apnea (OSA). BP blood pressure, SBP systolic BP, DBP diastolic
BP, ABPM ambulatory blood pressure monitoring, PSG polysomnography. # according to clinical
evaluation and questionnaires, e.g., Epworth and Berlin; § hypertension guidelines recommend the
use of home BP monitoring in most hypertensive patients (Reproduced by permission from Parati
etal. [112])

Society of Hypertension (ESH) [112], polysomnography should be performed in all
subjects with a high pretest probability of OSA based on structured questionnaires
(e.g., Epworth and Berlin questionnaires).

Considering the extremely high frequency of alterations in ambulatory BP
profiles during nighttime in subjects with resistant HTN and OSAS, the task force
of the ERS/ESH also recommends performing ABPM in order to identify alterations
in day-to-night BP changes in subjects with resistant HTN in order to guide the
decision to perform polysomnography in subjects with otherwise a low probability
of OSA based on questionnaires. Indeed, in subjects with a low pretest probability
of OSAS, polysomnography is only recommended in those who present alterations
in day-to-night BP changes (i.e., non-dipping pattern of BP). See Fig. 5.8.

It is worth mentioning that before starting the instrumental tests to discard OSAS,
a first step in the diagnostic approach of the patient with suspected OSAS-related
hypertension consists in confirming whether resistance to antihypertensive treatment
is true, or corresponds to false resistance. Current guidelines for the management of
arterial hypertension define resistant hypertension as the persistence of BP values
above the BP goal (i.e., >140/90 mmHg for office systolic/diastolic BP) despite the
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concomitant use of three optimally dosed antihypertensive medications from different
classes at near-maximal doses, one of which should ideally be a diuretic [91, 92].
However, this definition is based on office BP measurements which have
acknowledged limitations in assessing BP control including the inherent inaccuracy
of the technique, the observer’s bias and digit preference, a variable interference by
the “white-coat effect,” and the inability of this approach to collect information on
BP during subjects’ usual activities and over a long period of time [113]. Thus, for
confirmation of true resistant HTN, out-of-office BP-measuring techniques such as
ambulatory and/or home BP monitoring (which are not affected by the limitations of
office BP) should be performed in addition to office BP measurements. Based on the
measures obtained with these methods, a substantial and sometimes larger than
expected number of subjects initially diagnosed with resistant hypertension or with
BP control based on OBP may actually correspond to false resistant HTN or white-
coat resistant HTN (i.e., elevated OBP but normal out-of-office BP values) or to
masked HTN (i.e., normal OBP but elevated out-of-office BP values) [90, 114, 115].

From a prognostic point of view, identification of OSAS patients with true
resistant HTN as well as of those with masked resistant HTN (treated patients with
normal OBP and elevated ABP or HBP) [116, 117] is of the highest relevance on the
background of the evidence showing these conditions to be associated with a higher
prevalence of target organ damage [118, 119], as well as with a higher risk of future
CV and renal events when compared to those with true BP control [105, 120, 121]
which ultimately translates in greater healthcare costs [27, 122, 123]. The most
recent ESH/ESC arterial HTN guidelines have included OSAS among the causes
responsible for true resistant HTN [92].

5.7  Effects of Different Therapeutic Strategies on OSAS-
Related Resistant Hypertension

5.7.1 Effects of Lifestyle Changes and Weight Loss on OSAS-
Related Hypertension

Obesity is the single most important cause of OSAS and elevation in BP levels. It is
thus expected that weight loss might reduce the severity of OSAS and BP levels.
Indeed, in subjects who achieve significant reductions in body weight either through
dietary [124], pharmacological [125], or surgical [126] measures, considerable
reductions of various indices of OSA severity (i.e., AHI) and in BP levels have been
reported. In particular, bariatric surgery has been shown to be a highly effective
measure to achieve OSAS improvement and BP control as supported by a large
meta-analysis of 136 randomized controlled trials [127]. It has to be emphasized
that BP was normalized in 61.7 % of patients and normalized or better controlled in
78.5%. OSA was cured in 85.7 % of patients and was cured or improved in 83.6 %
of patients [127]. However, despite its efficacy, bariatric surgery is reserved for
selected patient groups, i.e., type 2 diabetes mellitus, patients with severe obesity
(BMI >35 kg/m?), and moderately obese patients (BMI 30-35 kg/m?) who are
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inadequately controlled by conventional medical and behavioral therapies to reduce
body weight.

5.7.2 Effects of CPAP Treatment on OSAS-Related Hypertension

Nasal CPAP is currently considered the optimal treatment for OSA [128]. When
properly implemented, CPAP not only provides relative instant relief of clinical
symptoms [129] and reduction in the severity of OSA (i.e., AHI) but also improves
many of the acute and chronic pathophysiological alterations induced by OSAS,
such as arterial baroreflex impairment and sympathetic activation, systemic
inflammation, endothelial dysfunction, RAAS activation, arterial stiffness, and
metabolic alterations (insulin resistance).

Of note, CPAP use has been shown to induce marked and acute reductions in
MSNA not only during nighttime sleep but also during daytime wakefulness if
maintained in the long term [28] (Fig. 5.9). As mentioned above, several studies have
indeed also shown the effectiveness of CPAP in improving baroreflex impairment
[69], systemic inflammation [51, 57, 59], endothelial dysfunction [50-52], RAAS
activation [130], arterial stiffness [69, 70], and metabolic alterations [71].

Although improvements in these pathophysiological alterations should
theoretically translate into substantial BP reductions, most interventional trials in
OSAS and subsequent meta-analyses have indicated that although CPAP has a
significant effect on BP levels, the overall effect on 24-h, daytime, and nighttime
systolic and diastolic ambulatory BP levels is rather small (in the order of 1-3 mmHg
only) [131-133]. In spite of this, the effects of CPAP on BP levels have been shown
to be variable as a function of patients’ compliance with nocturnal CPAP, of the
number of CPAP hours during nighttime, and of the implementation of ambulatory
BP monitoring to assess its effects. In some subgroups of patients, in particular
those with more severe OSAS [134], or with resistant HTN [135], substantial effects
of CPAP on BP levels have been reported. Indeed, effective CPAP treatment in
patients with moderate-to-severe OSAS has been shown to induce important
reductions both in day- and nighttime BP levels [134]. This has also been the case
of subjects with resistant HTN in whom regular CPAP implementation has resulted
in marked reductions in ambulatory BP levels not only during nighttime but also
during daytime wakefulness [135]. In a study addressing the effects of 1-year
treatment with CPAP, whereas no effects on BP levels were observed in patients
with BP controlled at baseline, marked and significant reductions in BP levels were
observed in subjects with resistant HTN [136].

A critical aspect when assessing the clinical effects of CPAP is to guarantee
patients’ adherence to therapy. Given the mechanical nature of CPAP (i.e., facial
interface mask and the pressure required to prevent airway collapse), this therapeutic
intervention is not always well accepted by patients specially those free of OSA-
related symptoms. Indeed, compliance with CPAP has been shown to be directly
related to the severity of OSAS [137]. On the other hand, several studies have
indicated that in order to observe an effect of CPAP on BP, CPAP treatment should
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Fig. 5.9 Elimination of apneas by continuous positive airway pressure (CPAP) reduces muscle
sympathetic nerve activity (SNA) and prevents blood pressure (BP) surge during rapid eye
movement (REM) sleep (Taken from Somers et al. [28] by permission)

be implemented for enough time and for a sufficient number of hours per night, and
its effects on BP levels ideally assessed by means of ABPM. Proof of this has been
provided by several studies in OSAS in which the benefits of CPAP have been
evident only in subjects with confirmed resistant HTN (i.e., persistent elevation of
both in-office and out-of-office BP levels), in whom CPAP has been implemented
for at least 3 months and for more than 5.8 h per night [138]. A positive effect of
CPAP has also been reported in non-sleepy hypertensive patients with OSA, among
whom the most significant reductions in BP have been observed in those patients
using CPAP for more than 5.6 h per night [137]. Further studies are still needed,
however, focusing on early start of CPAP treatment before HTN organ damage
develops and makes HTN control more difficult, in order to better determine whether
CPAP implementation in OSAS patients with HTN is indeed associated with better
BP control rates and/or with reduction in the number of antihypertensive medications
needed in order to achieve BP control.
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A recent meta-analysis of a randomized control trial (RCT) [139] addressing the
effect of CPAP on BP in patients with OSA and HTN evaluated seven randomized
controlled trials reporting 24-h ambulatory BP data. Overall, CPAP was associated
with significant reductions in 24-h ambulatory systolic BP (-2.32 mmHg; 95%
confidence interval [CI], —3.65 to —1.00) and diastolic BP (—1.98 mmHg; 95 % CI,
—2.82to —1.14). CPAP led to more significant improvement in nocturnal systolic BP
than that in daytime systolic BP. Subgroup analysis showed that patients with
resistant HTN or receiving antihypertensive drugs benefited most from CPAP. Meta-
regression indicated that CPAP compliance, age, and baseline systolic BP were
positively correlated with decrease in 24-h diastolic BP, but not with reduction in
24-h systolic BP.

A recent study addressing the effect of CPAP treatment on BP in patients with OSA
and resistant HTN reported that CPAP treatment for 12 weeks compared with untreated
OSA patients as controls resulted in a significant decrease in 24-h mean BP (3.1 mmHg
[95 % CI, 0.6-5.6]; P=0.02) and 24-h DBP (3.2 mmHg [95 % CI, 1.0-5.4]; P=0.005),
but not in 24-h systolic BP (3.1 mmHg [95 % CI, —-0.6-6.7]; P=0.10). Moreover, the
percentage of patients displaying a nocturnal BP dipping pattern at the 12-week
follow-up was greater in the CPAP group than in the control group (35.9 vs. 21.6 %;
adjusted odds ratio [OR], 2.4 [95 % CI, 1.2-5.1]; P=0.02) [140].

Another study evaluated the effect of CPAP on BP in patients with resistant
HTN and OSA in the frame of a randomized controlled clinical trial with blinded
assessment of outcomes in 117 patients with moderate/severe OSA, defined by
apnea—-hypopnea index >15 apneic events per hour. Subjects were randomized to
6-month CPAP treatment (57 patients) or no therapy (60 patients), while
maintaining antihypertensive treatment. Clinic and 24-h ambulatory BPs were
obtained before and after 6-month treatment. Primary outcomes were changes in
clinic and ambulatory BPs and in nocturnal BP fall patterns. On intention-to-treat
analysis, there was no significant difference in any BP change, neither in
nocturnal BP fall, between CPAP and control groups. The best effect of CPAP
was on nighttime systolic BP in per-protocol analysis, with a tendentially
although nonsignificantly greater reduction of 4.7 mmHg (95 % confidence
interval, —11.3 to +3.1 mmHg; P=0.24) and an increase in nocturnal BP fall of
2.2% (95 % confidence interval, —1.6 to +5.8 %; P=0.25), in comparison with
control group. The conclusion of this study is that CPAP treatment had no
significant effect on clinic and ambulatory BPs in patients with resistant HTN
and moderate/severe OSA, although a beneficial effect on nighttime systolic BP
and on nocturnal BP fall might exist in patients with uncontrolled ambulatory BP
levels [141].

Overall, also in the light of these recent trials, the reported poor efficacy of CPAP
in reducing BP levels in OSA patients with HTN may depend on a combination of
different factors, including poor patients’ compliance with nocturnal CPAP use, too
short treatment duration, inaccurate CPAP calibration, failure to use 24-h ABPM to
evaluate CPAP effects on BP, and, most importantly, delayed use of CPAP in the
clinical history of OSA patients when HTN may have become more resistant to
treatment due to appearance of organ damage.
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5.7.3 Effects of Renal Sympathetic Denervation in OSAS-Related
Resistant Hypertension

Sympathetic activation in OSAS determines an increase in sympathetic drive to the
heart, the peripheral vasculature and the kidneys. In relation to the latter, the
sympathetic nerves arriving to the renal district have been identified as a major
contributing factor to the pathophysiology of HTN both in experimental models and
in human studies [142]. This has been the basis for the development of interventional
strategies aimed at modulating renal sympathetic nerve activity through radiofre-
quency catheter-based renal sympathetic denervation (RDN) [143]. In subjects with
uncontrolled HTN, RDN has been shown to induce significant reductions in renal
sympathetic efferent nerve activity, in whole-body sympathetic nerve activity and
norepinephrine spillover, as well as substantial and sustained reductions in BP levels
[144]. Small interventional studies in OSAS patients who were refractory to lifestyle
modifications, weight loss, pharmacological treatment, and CPAP have also suggested
that RDN may represent an effective strategy for the management of resistant HTN
associated with OSA, inducing significant and sustained changes in BP levels at 3 and
6 months of follow-up [145]. Remarkably, the changes in BP levels reported in this
study have also been accompanied by improvements in OSAS severity as indicated by
the significant reductions in AHI at 3 and 6 months after denervation [145]. Renal
sympathetic denervation might thus represent a potentially useful option for the
management of resistant HTN in OSAS patients, who are refractory to lifestyle
modifications, weight loss, pharmacological treatment and CPAP. Nonetheless, given
the very small sample size of this paper, adequately powered longitudinal studies are
needed to confirm these anecdotal findings and to assess the long-term impact of RDN
on HTN control, as well as its benefits in terms of organ damage and incidence of CV
morbid-mortality in subjects with OSAS.

5.8 Do Different Antihypertensive Drug Classes Have
Different Effects on OSAS-Related Hypertension?

Different antihypertensive drug classes might have a differential effect on the
pathophysiological mechanisms involved in the pathogenesis of OSAS-related
HTN. However, the few studies that have comparatively assessed the BP-lowering
effects of different drug classes in OSAS have been of small size, and their statistical
power was limited to derive consistent conclusions. In a randomized study assessing
the effects of different classes of antihypertensive drugs (i.e., beta-blockers, calcium
antagonists, angiotensin-converting enzyme inhibitors, angiotensin receptor
blockers, and thiazide diuretics) on office and ambulatory BP levels in patients with
HTN and OSAS, no significant differences between drug classes were observed in
their ability to reduce office and daytime ambulatory BP levels. However, treatment
with B-blockers was more effective in reducing nighttime ambulatory BP than
administration of other compounds, probably through their effects on sympathetic
activation. In general, however, no consistent evidence has been provided supporting
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a superior antihypertensive efficacy of any antihypertensive drug in OSA patients
[146]. Long-term effects of treatment with different antihypertensive agents on
hypertension severity in OSAS have not been systematically addressed in clinical
trials, however. Evidence is therefore still needed in order to identify preferred
compounds for an adequate BP control in this group of high-risk patients.

Recent studies in resistant HTN have suggested that spironolactone should be
considered in all patients with uncontrolled HTN on three or more antihypertensive
agents [147]. In some studies, addition of spironolactone in doses of 25-50 mg a
day to the current antihypertensive treatment in resistant hypertensive patients was
shown to reduce the severity of OSAS on top of its BP-lowering effects [48]. This
is in line with the concept that aldosterone-mediated chronic fluid retention may
influence severity of OSA.

Conclusions

Consistent evidence has supported the association between OSAS and HTN [2, 4,
12—-15] showing a dose—response relationship between OSAS severity and the
degree of BP elevation [2, 26, 27]. It has also been shown that HTN occurring in
individuals with OSAS is more likely to be severe, resistant to treatment, and
associated with alterations in day-to-night BP changes [2, 26, 27]. The pathogenesis
of OSAS-related HTN is likely to be multifactorial, involving alterations in
several regulatory systems. However, the mechanisms by which OSAS promotes
arterial HTN still need to be better understood. Although OSAS and drug-resistant
HTN are independent predictors of CV morbid-mortality, evidence from
longitudinal studies is still needed to determine the actual prognostic relevance of
OSAS-related HTN. In a subject with resistant HTN and suspected OSAS, ABPM
should be performed whenever possible for confirmation of resistant HTN, for
identification of alterations in day-to-night BP changes and in order to define the
need of performing additional diagnostic procedures (i.e., polysomnography)
and/or implementing more aggressive pharmacological or interventional strategies
for the management of resistant HTN. In turn, identification of OSAS and proper
implementation of specific treatment strategies for its treatment (i.e., CPAP) in
subjects with resistant HTN might favor achievement of BP control optimizing
CV protection. Evidence from additional longitudinal interventional studies in
OSAS controlling for potential confounders (i.e., visceral obesity, increased BMI)
is still needed, however, not only to determine the prognostic relevance of the
interaction between OSAS and HTN but also for determining whether treating
OSAS in resistant HTN confers significant benefits in terms of CV protection.
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Abbreviations

BMI Body mass index

BP Blood pressure

CCB Calcium channel blocker

CI Confidence interval

DBP Diastolic blood pressure

INVEST INternational VErapamil SR-Trandolapril

MI Myocardial infarction

NEMESIS North East Melbourne Stroke Incidence Study

ONTARGET Ongoing Telmisartan Alone and in combination with Ramipril
Global Endpoint Trial

SBP Systolic blood pressure

SHOT Stroke in hypertension optimal treatment

SMMSE Standardized Mini-Mental State Exam

Syst-Eur Systolic Hypertension in Europe trial

6.1 Introduction

Stroke is one of the major causes not only of mortality but also of the disease burden
worldwide, due to residual disability and cognitive decline. In the European Union,
stroke is the second cause of mortality (10.9 %), immediately after coronary heart
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disease (18.1 %), and accounts for approximately 200,000 deaths yearly. In Europe,
stroke accounts for 5.3 % of the total burden of illness, but, due to aging of the popu-
lation, it has been calculated that, by the year 2020, stroke will account for 6.2 % of
the total illness burden [1]. These data emphasize the importance of stroke preven-
tion, when the frequent post-stroke disability is taken into account: among stroke
survivors aged >65 years, 50 % have some residual hemiparesis, 30 % are unable to
walk without assistance, 26 % are dependent on others for help with daily living,
19 % have aphasia, 35 % have depressive symptoms, and 26 % are being cared for in
anursing home [2]. Although stroke mortality is high, the majority of stroke patients
survive although survivors have a high risk of stroke recurrence, which account for
15-20 % of all strokes, as well as a high risk for other cardiovascular events, such as
myocardial infarction [3]. Therefore, the population of patients with a history or risk
of stroke is large, and primary and secondary prevention of stroke is of the greatest
importance.

6.2 Blood Pressure Targets in Stroke Prevention

The relationship between stroke mortality and both systolic blood pressure (SBP)
and diastolic BP (DBP) has been demonstrated in observational studies including
more than one million individuals. The results of the INTERSTROKE study, an
epidemiological survey in 22 countries (four of which were European), confirmed
that hypertension (HTN) is the most important risk factor for stroke (with a popula-
tion attributable risk of over 50 %) and is more important than other objectively
measured risk factors such as lipids or glucose [4]. Therefore, one of the most
important unresolved questions is how far BP should be lowered to prevent the first
stroke and recurrences.

As mentioned in the European Hypertension Guidelines [5], the major body of
evidence confirming the beneficial effect of BP reduction in stroke prevention
comes from observational studies and, to a lesser extent, from clinical trials. On the
other hand, stroke is particularly frequent in the elderly, and in all trials in elderly
hypertensive patients that have shown a significant benefit of BP lowering, the mean
SBP achieved remained well over 140 mmHg, whereas the two trials in which SBP
values lower than 140 mmHg were achieved in the more intensely treated group
failed to show significant evidence of benefits [6] (Fig. 6.1).

A post hoc analysis of individuals with HTN and coronary artery disease enrolled
in the INternational VErapamil SR-Trandolapril (INVEST) trial showed that both
the proportion of visits with BP control (SBP <140 mmHg) and mean follow-up
SBP were independently related to the risk of death, nonfatal MI, and nonfatal
stroke [7]. Likewise, a recent post hoc analysis of the Vitamin Intervention for
Stroke Prevention trial [8], which included 3,680 individuals with recent (<120 days)
stroke, followed for 2 years, showed that among subjects with elevated baseline
SBP >75th percentile (>153 mmHg), the risks of primary and secondary outcomes
were lower in those with BP-controlled >75 % versus <25 % of visits (adjusted
hazard ratio, 0.46; 95 % confidence interval [CI], 0.26-0.84 and adjusted hazard
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Fig. 6.1 Systolic BP achieved in elderly hypertension trials. Abbreviations: EW European
Working Party on Hypertension in the Elderly trial, CW Coope and Warrander study, SHEP
Systolic Hypertension in the Elderly Program, STOP Swedish Trial in OId Patients with
Hypertension, MRC Medical Research Council trial on treatment of hypertension, Syst-Eur
Systolic Hypertension in Europe trial, Syst-China Systolic Hypertension in China Trial, SCOPE
Study on Cognition and Prognosis in the Elderly, HYVET Hypertension in the Very Elderly Trial,
JATOS the Japanese Trial to Assess Optimal Systolic BP in Elderly Hypertensive Patients, VALISH
Valsartan in Elderly Isolated Systolic Hypertension Study (Adapted from Ref. [11])

ratio, 0.51;95 % CI, 0.32-0.82). Individuals with mean follow-up BP <140/90 mmHg
had a lower risk of primary and secondary outcomes than those with BP
>140/90 mmHg (adjusted hazard ratio, 0.76; 95 % CI, 0.59-0.98 and adjusted haz-
ard ratio, 0.76; 95 % CI, 0.62-0.92). These data confirm that the consistency of BP
control among subjects with elevated baseline SBP was linked to a reduction in the
risk of recurrent stroke, myocardial infarction (MI), and vascular death (Fig. 6.2).

Similar data were published recently by Verdecchia et al. [9] where, of the 25,620
patients randomized in the Ongoing Telmisartan Alone and in combination with
Ramipril Global Endpoint Trial (ONTARGET) study, 19,102 patients with coronary
artery disease at baseline were selected for the analysis. The study found that, after
adjustment for several potential determinants of reverse causality, a change in BP
from baseline of —34/-21 mmHg (tenth percentile) was associated with a lesser risk
of stroke, without any significant increase in the risk of myocardial infarction. In
contrast, a rise in systolic or diastolic BP from baseline of 20/10 mmHg (90th per-
centile) was associated with an increased risk of stroke, while the risk of myocardial
infarction increased with systolic BP but not with diastolic BP, confirming that the
relationships between BP and risk are much steeper for stroke than for myocardial
infarction.

However, the results of the North East Melbourne Stroke Incidence Study
(NEMESIS) [10], which assessed the relationship between BP and long-term out-
comes, suggest that after 5 years of follow-up of stroke survivors, those with SBP
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Fig. 6.2 Cumulative probability of recurrent stroke by BP control category (<25 %, 25-49 %,
50-74 %, and >75%) in patients with baseline SBP >153 mmHg and recent ischemic stroke
(Adapted from Ref. [8])
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Fig. 6.3 Cumulative hazard of composite endpoint of death or nonfatal vascular event 5 years
after NEMESIS entry. Adjusted for age, sex, socioeconomic status, history of high cholesterol,
disability, and domicile. Years refer to the number of years between 5 and 10 years after stroke
(Adapted from Ref. [10])

<120 mmHg had a 61 % greater risk of recurrent stroke, acute myocardial infarc-
tion, and death (hazard ratio, 1.61; 95% CI, 1.08-2.41; p=0.019) compared with
those with SBP 131-141 mmHg (Fig. 6.3). Compared with the reference category
of SBP 131-141 mmHg, there were no differences in outcomes in patients with
SBP 121-130 mmHg (p =0.491) or 142-210 mmHg (p =0.313). These findings
were not modified after adjustment for the prescription of antihypertensive
medications.
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Therefore, there are two contrasting hypotheses with respect to BP targets: first,
the lower the BP after treatment, the better the outcome and, second, the hypothesis
that too low BP values are accompanied by a lower benefit and even higher risk. No
specific randomized clinical trial that could answer this question has been carried
out so far. For this reason, the European Society of Hypertension and the Chinese
Hypertension League have designed the SHOT [11], a prospective, multinational,
randomized trial with a 3 x 2 factorial design comparing three different SBP targets:
(1) <145-135, (2) <135-125, and (3) <125 mmHg in 7,500 patients aged >65 years
(2,500 in Europe, 5,000 in China) with hypertension and stroke or transient isch-
emic attack 1-6 months before randomization. It is hoped that the results of this trial
will shed light on these opposing hypotheses.

6.3  Uncontrolled BP and Cognitive Decline and Dementia

There is growing awareness that vascular risk factors increase the risk of dementia,
with plentiful evidence linking HTN to a later risk of cognitive decline and demen-
tia [12]. Placebo-controlled clinical trials of antihypertensive drugs have, however,
found little evidence to suggest that BP lowering reduces the risk of cognitive
decline and dementia [13, 14]. In addition, the benefit observed in several trials
seems to be similar for different antihypertensive strategies, regardless of the drug
class, with the beneficial effects being on overall cognition (effect size, 0.05; 95 %
CI, 0.02-0.07) and all cognitive functions except language [15]. In the meta-analysis
by Levi et al. [15] of all clinical trials with antihypertensive drugs in which the inci-
dence of dementia during treatment was assessed, antihypertensive treatment
reduced the risk of all-cause dementia by 9 % compared to the control group (hazard
ratio, 0.91; 95 % CI, 0.89-0.94), when randomized trials and observational studies
were combined (n=15).

The best results were observed in the Systolic Hypertension in Europe (Syst-Eur)
trial [16, 17], which found a 50 % reduction in the incidence of dementia (vascular
and Alzheimer’s disease), over a median 2-year follow-up in participants aged >60
years. The treatment strategy was based on a CCB, although a combination with an
angiotensin-converting enzyme inhibitor was needed in more than 80 % of patients
to achieve BP control, suggesting that CCBs may have neuroprotective effects in
addition to the BP lowering effect, protecting against calcium dysregulation, reduc-
ing neuronal calcium influx and consequent neuronal damage [18, 19]. However,
this supposed beneficial effect has not been confirmed in all studies, and some have
even suggested that CCBs are associated with a lesser decline in cognitive function
[20, 21], whereas others found the opposite [22]. A recent review [23] that included
nine studies (only one clinical trial that compared CCBs with placebo) concluded
that there is no clear evidence to suggest that CCB use increases or decreases the
risk of cognitive decline or dementia in the very elderly.

Finally, in a very recent population-based cohort study, the Newcastle 85+ Study
[24], which included 238 hypertensive patients on antihypertensive treatment, an
association between CCB use and less cognitive decline over the 3-year follow-up
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was found: the rate of decline was lower by 1.29 Standardized Mini-Mental State
Exam (SMMSE) points (95 % CI, 0.16-2.42; p=0.03) in patients receiving CCBs
compared with those taking other antihypertensive classes after adjustment for age,
sex, years of education, baseline SMMSE score, smoking, body mass index (BMI),
baseline BP, and incident cerebrovascular events. This finding was even stronger in
the cognitively intact (SMMSE >24), in whom the rate of cognitive decline was
1.33 SMMSE points lower (95% CI, 0.30-2.37; p=0.01). These results provide
partial support for an association between CCB use and a lower rate of cognitive
decline in very old adults with hypertension, emphasizing the need for robust clini-
cal trials to determine which BP thresholds and targets are appropriate for a number
of patient groups with increased cardiovascular risk, including those with stroke.
Meanwhile, it would seem prudent to achieve strict BP control with values lower
than 140/90 mmHg in the majority of patients in order to reduce the risk of the first
stroke and cognitive decline and, perhaps, to lower values in secondary stroke pre-
vention in patients with lacunar stroke [25].
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The Impact of Uncontrolled
Hypertension on the Heart

Enrico Agabiti Rosei and Massimo Salvetti

Abbreviations

LVH  Left ventricular hypertrophy
BP Blood pressure

CHD Coronary heart disease
DBP  Diastolic blood pressure
HTN  Hypertension

LV Left ventricular

SBP  Systolic blood pressure

Ccv Cardiovascular

Available data indicate that raised blood pressure (BP) represents the greatest single
contributor to the global burden of disease and to global mortality [1]. According to
the results of a large meta-analysis that included about one million adults, each
increase in systolic BP (SBP) of 20 mm Hg and/or each 10 mm Hg increase in
diastolic BP (DBP) doubles the risk of fatal coronary events [2]. The relationship
between BP and coronary heart disease (CHD) mortality may be recognized even
below the traditional thresholds for hypertension (HTN), being evident over the BP
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range of 115/75-185/115 mm Hg; the increased risk is evident for all ages, although
the absolute risk increases with increasing age. Several risk factors for CHD, such
as dyslipidemia, diabetes mellitus, obesity, and sedentary habits, are frequently
associated with HTN and contribute to the increased risk of CHD.

7.1 Mechanisms

Several mechanisms contribute to the pathogenesis of cardiac damage in HTN.

Hypertension favors the development of atherosclerosis in several vascular beds
and in particular in the coronary vasculature, thereby favoring acute and chronic
myocardial ischemia. In hypertensive patients, endothelial dysfunction may reduce
the vasodilator capacity and contribute to thrombosis. In addition, in hypertensive
patients, alterations of the microcirculation are frequently observed. Perivascular
fibrosis, media hypertrophy with increase of vascular media to lumen ratio, and
capillary rarefaction may all favor the occurrence of myocardial ischemia, also in the
absence of epicardial coronary artery disease. Myocardial ischemia may also be
favored by the development of left ventricular hypertrophy (LVH). LVH is not
uncommon in hypertensive patients: using the echocardiographic technique, it has
been demonstrated that the prevalence of LVH in the Framingham population
increases from 5% in subjects younger than 30 years to 50 % in those older than 70
years [3]. LVH is initially a useful compensatory process that represents an adaptation
to increased ventricular wall stress but is also the first step toward the development of
an overt clinical disease in hypertensive patients. In fact, the increase in left ventricular
(LV) mass leads to an imbalance of myocardial oxygen demand and supply and to a
reduction in coronary flow reserve. Furthermore, LVH in hypertensive patients
represents an important step toward the development of overt congestive heart failure.
Hypertension is the most important modifiable risk factor for heart failure [4, 5] and
increases the risk for heart failure in all age groups. It has been calculated that in
subjects aged 40 years or older with increased BP, the lifetime risk of developing heart
failure is double than that of subjects with BP lower than 140/90 mm Hg. For
congestive heart failure occurring in the absence of myocardial infarction, it has been
calculated that lifetime risk is one in nine for men and one in six for women, which
indicates that the risk of heart failure is largely attributable to HTN. Hypertension can
lead directly to the development of heart failure by several mechanisms, alone or in
combination, such as hemodynamic load, decreased intrinsic myocardial contractility,
adverse chamber remodeling and LVH, coronary microvascular disease with impaired
coronary hemodynamics, and ventricular fibrosis.

7.2  Detection of Cardiac Damage in Hypertension

Early detection of preclinical cardiac damage is crucial for the maximal reduction
of cardiovascular (CV) risk. In fact, organ damage represents an intermediate step
in the chain of events that, from high BP values, often associated to other CV risk
factors leads to clinical complications.
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Electrocardiography represents a simple and inexpensive tool for the detection
of LVH; several diagnostic criteria can be used, and, despite the low sensitivity,
LVH diagnosed by the Sokolow-Lyon index or the Cornell voltage-duration product
has been shown to be an independent predictor of cardiovascular events [4, 6].
Electrocardiography can also be used to detect patterns of repolarization
abnormalities and arrhythmias, including atrial fibrillation [4]. Echocardiography is
a specific, repeatable, and far more sensitive measure of LVH in comparison with
Electrocardiography. The accuracy of echocardiography has been validated with
measurements obtained by necroscopic examination. Left ventricular hypertrophy
is usually diagnosed when LV mass exceeds 115 g/m? in men and 95 g/m? in women
[7], but the relationship between LV mass and incidence of cardiovascular events is
continuous. Concentric LV hypertrophy is associated with the highest risk of
cardiovascular events. Indices of systolic and diastolic function (as assessed by 2-D,
Doppler, and tissue Doppler echocardiography) and left atrial volume may also add
further prognostic information. Also segmental wall motion abnormalities have
been shown to be predictive of cardiovascular events, being a possible manifestation
of coronary heart disease. If present, they require testing for CHD. It is well known
that the noninvasive detection of cardiac ischemia may be challenging in hypertensive
patients. Exercise treadmill test remains the first step also in hypertensive patients,
but the specificity and sensitivity is lower as compared to the majority of patients,
although substantial variation exists in different studies (sensitivity and specificity
of 68 % and 77 % in a large meta-analysis, but with very large variability, i.e., from
17 to 100 %) [8, 9]. Therefore, when the exercise treadmill test is positive or non-
diagnostic, a stress echocardiogram (exercise or, as an alternative, pharmacological)
may be useful in order to further refine the diagnosis. Stress echocardiography
should be considered as first line test when baseline electrocardiographic
abnormalities and/or LVH is present. As an alternative, myocardial perfusion
scintigraphy may be used: in hypertensive patients a sensitivity of 85-90% and a
specificity of about 70 % have been reported, but the presence of LVH may reduce
its overall accuracy. Multi-detector computer tomography allows the direct
evaluation of the coronary vascular bed, but the issue of radiation risk should be
taken into account. Indication for coronary angiography should be always carefully
evaluated, in consideration of its invasive nature, of the possible complications, and
of the peculiar pathophysiological characteristics of these patients.

7.3 Treatment

Five decades of randomized clinical trials and a number of meta-analyses performed
after 1990 [10-13] have clearly demonstrated that BP lowering reduces
cardiovascular events and mortality, with relative risk reductions that are proportional
to the magnitude of the BP lowering achieved. As also shown in the first, pioneering
clinical trials, antihypertensive treatment is capable of reducing all types of
complications associated with raised BP. A recent large meta-analysis [12] has
further confirmed that stroke and heart failure are the events most effectively
prevented by BP lowering (heart failure to an even larger extent than stroke) and has
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also shown that CHD and cardiovascular and all-cause mortality are also significantly
reduced. A reduction of 10 mm Hg SBP and 5 mm Hg DBP was found to be
associated with a reduction in the risk of heart failure of 43 % and of CHD of 16 %.
Similarly, in another very recent meta-analysis [13] for a 10 mm Hg reduction in
systolic BP, a 28 % reduction in the risk of heart failure and a 17 % reduction in the
risk of CHD were observed.

Importantly, antihypertensive treatment has also been found very effective in
regressing LVH [4, 9], an intermediate phenotype in the progression of hypertensive
heart disease that is associated to an increased risk of adverse outcomes. Treatment-
induced regression of LVH has been found associated to a reduced risk of future
cardiovascular complications, independently of possible confounders [4, 9] and
may be considered among the goals of antihypertensive treatment.

7.4  What s Uncontrolled Hypertension for Cardiac
Complications?

Despite increased awareness of the importance of BP lowering and the availability
of effective and well-tolerated antihypertensive drugs, BP values remain above
target in a significant proportion of hypertensive patients in Europe and worldwide
[14-16]; in particular, European data indicate that BP is controlled in less than one
third of treated hypertensives. Inadequate BP control is likely to be responsible for
aremarkable excess of morbid events; despite this, only few studies have specifically
analyzed the additional CV risk related to poor BP control. In a group of 4714
French men treated for hypertension (mean age 50 years, mainly uncomplicated
hypertensives) [17], those with uncontrolled BP (i.e., BP >140/90 mm Hg) had a
statistically significant increase in relative risk for CV mortality (1.66; 95% CI,
1.04-2.64) and for CHD mortality (2.35; 95% CI, 1.03-5.35) as compared with
subjects with controlled BP values, even after adjustment for possible confounders.
In this study, the relationship between on-treatment SBP and CV disease risk was
linear (Fig. 7.1); the relative risk (RR) for adjusted CV disease and CHD mortality
was approximately 2.5 times higher in treated hypertensive men with SBP values
over 160 mm Hg than those with SBP values <140 mm Hg.

Another study from the same authors evaluated a large group of 8,893 treated
hypertensives and 25,880 age and gender matched untreated normotensive and
hypertensive subjects. Treated hypertensives had higher BP values (SBP+ 15 mm Hg,
DBP+9 mm Hg), a higher prevalence of associated comorbidities and concomitant
CV risk factors, including an increased prevalence of LVH. After a follow-up of
8-12 years, 2,317 fatal events were observed. Treated hypertensive subjects had an
almost twofold increase in CV disease and CHD mortality compared with untreated
subjects. In a multivariable model that adjusted for associated risk factors, the
increased mortality in treated subjects persisted: relative risk (RR) 1.52; 95% CI,
1.33-1.74 for cardiovascular mortality and RR 1.49, 95% CI, 1.19-1.86 for
coronary mortality. Interestingly, when authors introduced SBP in the statistical
model (Fig. 7.2), the difference between treated and untreated subjects was
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nonsignificant (CV disease (RR, 1.10; 95% CI, 0.88-1.33) and CHD (RR, 1.08;
95 % CI, 0.85-1.32)) [18]. These results indicate that uncontrolled BP plays a major
role in the excess risk of cardiac events observed in treated hypertensive individuals.

More recently, Benner and coworkers applied the Framingham risk equations in
order to calculate a 4-year risk of CHD in the population included in the 1999-2002
National Health and Nutrition Examination Survey (NHANES) datasets [19].
Hypertension and cholesterol levels were then statistically “controlled” to ideal
levels, and risks were recalculated. When BP and cholesterol were statistically
“controlled,” the 4-year risk of CHD events declined from 7.3 to 3.5 %. The analysis
suggested that 64 % of 4-year risk of CHD was attributable to uncontrolled BP and
lipids.

As far as the risk of congestive heart failure is concerned, an analysis performed
in the Cardiovascular Health Study population showed that uncontrolled HTN was
highly prevalent (54 %) and was associated with older age and LVH [20]. After
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propensity score matching, when uncontrolled HTN was compared with controlled
HTN, the matched hazard ratio of congestive heart failure during 13 years of
follow-up was 1.39 (95 % CI 1.12-1.73; p=.003) (Fig. 7.3). The persistence of an
increased risk for heart failure after propensity score matching suggests that the
increased incidence of heart failure observed in patients with uncontrolled HTN in
this study may not be explained by imbalances in baseline characteristics.

Uncontrolled HTN has been found associated with subsequent increased risk of
cardiac complications also in patients with resistant HTN. In the population-based
Reasons for Geographic And Racial Differences in Stroke (REGARDS) Study [21],
in uncontrolled patients with apparent treatment-resistant HTN) (>3 medication
classes and BP >140/90 mm Hg), as compared to patients with controlled resistant
HTN (>4 medication classes and BP <140/90 mm Hg), a significantly increased risk
of CHD (hazzard ratio (HR), 2.33; 95 % CI, 1.21-4.48) was observed (Fig. 7.4) during
a follow-up period of 4.4 years, after full multivariable adjustment. Similarly, in
patients included in the Antihypertensive and Lipid-Lowering Treatment to Prevent
Heart Attack Trial (ALLHAT) study [22], participants with true resistant HTN and BP
not at goal had a higher incidence rate of various outcomes, and in particular of CHD
(HR 1.43, 95% CI 1.16-1.76) and congestive heart failure (CHF) (HR 1.91 95% CI
1.53-2.39). Interestingly, achievement of target BP in patients previously diagnosed
as having resistant HTN is associated to a better prognosis. Fatemi et al. [23] identi-
fied a group of veterans with resistant HTN at a first visit. At a second follow-up visit,
after 3 years, patients were divided into two groups: those in whom BP was still
uncontrolled and those with controlled BP. After further 6 years, patients with con-
trolled BP at the second visit had a 46 % lower risk of all-cause mortality; authors,
however, did not report specific cause mortality and CV event rates.

7.5 Thelssue of BP Target

Another relevant aspect is related to the optimal BP target to be reached in
hypertensive patients in order to obtain the maximal prevention of cardiac
complications.

Very recently the results of the systolic blood pressure intervention trial (SPRINT)
study [24], which enrolled high risk patients with an age of >55 years, with BP
values >130 mm Hg, have suggested that targeting an SBP of less than 120 mm Hg
may result in lower rates of fatal and nonfatal major CV events and death from any
cause. Considering cardiac events, the analysis of the pre-specified secondary out-
comes of acute myocardial infarction and acute coronary syndromes did not show
any significant difference between groups (HR 0.83, 95% CI 0.64-1.09 and HR
1.00, 95 % CI 0.64-1.55 for the two outcomes, respectively, p=n.s.).On the con-
trary, authors reported a statistically significant difference in the risk of heart failure,
being less 38 % in favor of the intensive treatment strategy, which also strongly
contributed to the difference in the primary outcome. Recent interesting findings
might support a more intensive strategy for the reduction of heart failure in hyper-
tensive patients: a post hoc analysis of the Action to Control Cardiovascular Risk in
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Diabetes (ACCORD) trial has shown that targeting a systolic BP of <120 mm Hg as
compared with <140 mm Hg produces a greater reduction in electrocardiographic
indices of LVH [25]. In fact, after a median follow-up of 4.4 years, intensive, com-
pared with standard, BP lowering was associated with a 39 % lower risk of LVH
(OR 0.61, 95 % CI 0.43-0.88; p=0.008) [26]. Similarly, in the Cardio-Sis trial, in
hypertensive nondiabetic patients, lowering of SBP to <130 mm Hg decreased the
likelihood of electrocardiographic LVH by 39 %, compared with usual lowering to
SBP <140 mm Hg [26]. These results could give some pathophysiological back-
ground to the consistent reduction in the incidence of heart failure observed in

SPRINT.

Conclusions

Epidemiological data indicate that HTN remains one of the most important
precursors to the development of cardiac complications. Blood pressure control
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is largely insufficient and is responsible for an excess risk of cardiac
complications and death. Improvement of BP control is likely to represent the
most effective strategy for the prevention of cardiac complication in the
population.
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Optimization of Antihypertensive Drug
Treatment in Resistant Hypertension

Giuseppe Mancia

Abbreviations
ACE Angiotensin-converting enzyme
BP Blood pressure

DBP Diastolic blood pressure
dRHTN  Drug-resistant hypertension
RAS Renin-angiotensin system
SBP Systolic blood pressure

8.1 Introduction

When a truly drug-resistant hypertension (lRHTN) has been identified [1], physi-
cians have to decide which therapeutic option might offer the best chance to effec-
tively lower the elevated blood pressure (BP) values, hopefully leading the patient’s
status to BP control (<140/90 mmHg) [1, 2]. Although invasive procedures such as
renal denervation and carotid baroreflex stimulation can achieve this goal in a num-
ber of patients [3, 4], there is no question that the first treatment approach to consider
is the (1) removal of lifestyle factors that may oppose the BP lowering effect of the
administered drugs, such as a high intake of salt, abuse of alcohol, obesity [5, 6] or
co-treatments that have direct or indirect pressor effects [7] and (2) modification of
the existing treatment regimen by an increase of the dose or the extension of the
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medicaments already prescribed. This chapter will discuss how to make the best use
of the medicament option.

8.2  Rationalization of the Three Drug Treatment Regimen

Hypertension guidelines emphasize the need for combination treatment to be based
on drugs with different and complementary mechanisms of the BP lowering effect.
They recommend a three drug combination to make use of a diuretic, a blocker of
the renin-angiotensin system (RAS), be it an angiotensin-converting enzyme (ACE)
inhibitor or an angiotensin receptor antagonist and a calcium channel blocker
because this fulfils the above requirement and has been shown to markedly reduce
BP (up to 30-40 mmHg reduction of systolic values) in hypertensive patients with
a variety of clinical characteristics [8—10]. In resistant hypertensive patients under
treatment with three drugs, a therapeutic option is thus to ensure that a diuretic/RAS
blocker/calcium channel blocker combination is used, provided that (1) no contra-
indication to one or another of these drugs exists or (2) the clinical condition of the
patient requires other drugs to be part of the combination, such as a beta-blocker in
patients with a history of coronary disease or heart failure. Of special importance is
the inclusion of a diuretic in the three drug treatment regimen because diuretics
enhance the antihypertensive effect of most antihypertensive agents, and difficult-
to-treat hypertension may not rarely be associated with sodium and fluid retention
as well as hypervolemia [11].

8.3 Increasing the Dose of the Prescribed Three Drugs

Drug underdosing is frequent in treated hypertensive patients; its high prevalence is
one of the factors responsible for the low rate of BP control exhibited by the hyper-
tensive population worldwide [12]. Careful checking of the drug doses prescribed (or
assumed) is thus mandatory when dealing with a BP that remains uncontrolled under
a three drug therapeutic regimen, an adequate dose of each of them being indeed a
prerequisite for patient inclusion in the dRHTN category. Once this is established,
however, a further increase in the dose of the prescribed drugs does not appear to be
particularly helpful because (1) the shape of the dose/effect relationship can make the
additional BP lowering effect far from substantial and (2) there may be with a num-
ber of drug classes (e.g., calcium channel blockers) a more prominent increase in the
drug-related side effects [13]. It should nevertheless be emphasized that this may not
be entirely true for diuretics because, as shown in Fig. 8.1, increasing the dose of
hydrochlorothiazide beyond the usual 25 mg daily has been associated with a clear-
cut further BP reduction; that is also the case for an increase of the thiazide-like
diuretic chlorthalidone beyond the usual 12.5 mg, daily [14]. Along this line, several
studies have shown an increase in the usual dose of diuretics to be accompanied by
an increase in the number of resistant hypertensive patients reaching BP control. For
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example, in an American study on a cohort of about 150 resistant hypertensive
patients, optimization of the existing treatment regimen that included an increase of
the dose of diuretic was followed by BP control (<140/90 mmHg) in more than 50 %
of the cases [15].

8.4  Addition of a Fourth Drug

The drugs that are available as fourth step treatment of dRHTN have mechanisms of
action that are only partly different from those of the drugs included in the back-
ground of three drug treatment regimen. Beta-blockers, alpha-I blockers and central
agents, for example, share their sympatho-moderating influence with RAS blockers
[16]. Beta-blockers and mineralocorticoid receptor antagonists share their opposi-
tion to the pressor and sodium retaining the effect of angiotensin II with RAS block-
ers. Direct vasodilators share their ability to reduce vasomotor tone with calcium
channel blockers. Despite this potential mechanistic overlapping, however, addition
of any fourth drug to the existing drug regimen stands a chance to lower BP and
achieve control in a number of resistant hypertensive patients, which makes this
approach the preferable one in this clinical condition.

Which drug to select among the available options is difficult to decide on an
evidence basis because very few studies have addressed this issue by a random-
ized double-blind design, making the present fourth drug choice largely empiric.
In this context, however, mineralocorticoid receptor antagonists and alpha-I
blockers should probably be regarded as the preferred choice for pathophysiologi-
cal considerations as well as for the extent of therapeutic data. Pathophysiological
evidence leaves no doubt that hypertension is accompanied by (1) a sympathetic
activation that is increased with the degree of BP elevation [17] and is particularly
pronounced in patients whose BP is resistant to treatment (Fig. 8.2) [18] and (2) a
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Fig.8.2 Office, ambulatory and beat-to-beat (finger) blood pressure (BP) in normotensives (NT),
non-resistant hypertensives (HT) and resistant hypertensives (RHT). Muscle sympathetic nerve
traffic (MSNA) measured by microneurography in the three groups is also shown. *P<0.05;
**#P<0.01 (From Grassi et al. [18], by permission)
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plasma and tissue elevation of aldosterone whose secretion by the adrenal glands
escapes, for a variety of reasons, the inhibitory effect of RAS blockers even
when combined to oppose the production or influence of angiotensin II more
effectively [19] (Fig. 8.3). Therapeutic evidence shows that these two drug
classes lower BP in patients in whom multidrug treatment did not achieve con-
trol. This is exemplified by the Anglo-Scandinavian Cardiac Outcomes Trial
(ASCOT) in which the addition of the alpha-I blocker doxazosin in a large
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Fig.8.4 Systolic blood pressure (SBP) reduction induced by doxazosin administration in patients
in whom SBP was not controlled by multiple drug treatment. Data from different patient sub-
groups. Ys years, M males, F females, Ate group initially treated with atenolol, Amlo group initially
treated with amlodipine, DM diabetes mellitus, MS metabolic syndrome (From Chapman et al.
[20], by permission)

number of hypertensives uncontrolled by combination of various drugs lowered
systolic BP by about 13—14 mm Hg, this being the case in a variety of clinical
or demographic conditions (Fig. 8.4) [20]. Interestingly, the BP lowering effect
was associated with no major side effect and no increased risk of heart failure,
at variance from what has been reported in the doxazosin-treated hypertensive
patients of the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart
Attack Trial (ALLHAT) [21]. It is further exemplified by the BP reduction
observed in the same trial when a similarly large number of patients in whom
multidrug treatment had failed to achieve BP control were given spironolactone
(Fig. 8.5) [22].
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Fig.8.5 Systolic blood pressure (SBP) and diastolic blood pressure (DBP) before (pre) and after
(post) administration of spironolactone in patients in whom BP was not controlled by multiple
drug treatment. Treatment-induced changes are shown at the top of the histograms. CI confidence
intervals (From Davis et al. [21], by permission)

8.5 Mineralocorticoid Receptor Antagonists: Further
Evidence

Support to use of mineralocorticoid receptor antagonists as the fourth drug to be
administered in dRHTN can be found in several other studies that have shown,
in some instances via a randomized, placebo-controlled design, the BP lowering
ability of this class to include not only spironolactone but also eplerenone at
adequate doses [23-30]. The most important documentation of the effectiveness
of these drugs, however, comes from the recently published The Prevention and
Treatment of Hypertension with Algorithm-based therapy (PATHWAY-2) study
in which several hundred patients with a BP uncontrolled by the recommended
three drug treatment regimen were randomized to the addition of spironolac-
tone, bisoprolol, doxazosin or placebo. Following a few months of treatment,
patients taking spironolactone showed a significantly greater BP reduction than
patients taking doxazosin or bisoprolol, whose effect was modestly, albeit sig-
nificantly, more evident than placebo. This was the case not only for office but
also for home BP whose treatment-induced modification was the primary end
point of the study (Fig. 8.6) [31]. This will probably lead future guidelines to
privilege mineralocorticoid receptor antagonists over other drug options as the
preferred fourth choice in dRHTN and perhaps also to define hypertension as
resistant to treatment only after administration of a drug of this class has proven
ineffective.
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Fig.8.6 Home blood pressure (BP) values at baseline and during treatment with placebo, spirono-
lactone, doxazosin and bisoprolol (From Williams et al. [31], by permission)

8.6 Unmet Needs

Although more effective than any other added drug currently available, mineralo-
corticoid receptor antagonists by no means take care of all the problems posed by
treatment of dRHTN. First, these drugs are associated with a number of serious side
effects such as hyperkalemia and reduction of renal function [22, 32]. Second, both
hyperkalemia and reduction of renal function are more frequent and severe in
patients with a seriously impaired glomerular filtration, a condition that was
excluded in the patients enrolled for the PATHWAY-2 study but that is not at all
uncommon in dRHTN [33]. Third, despite the greater BP lowering effect in the
PATHWAY-2 study, spironolactone failed to effectively lower BP in about 40 % of
the study population, i.e. those with a high renin level, and perhaps a concomitant
sympathetic hyperactivity (Fig. 8.7) [31]. Thus, more than a single drug class
appears to be needed as fourth choice in order to extend effective treatment to the
vast majority of resistant hypertensive individuals.

Future studies will have to address this issue by comparing the addition of a fourth
drug with the combination of two or more additional agents, hopefully clarifying which
combinations have the greatest potential to extend BP control. They may also, how-
ever, elect to address alternative possibilities, namely, whether (1) BP can be reduced
in a larger number of resistant hypertensive patients by the use of drugs belonging to
the same class but having a different site of action [34], an approach that sequential
administration of a thiazide diuretic, a loop diuretic and amiloride has proven effective
[35], or (2) a more precise assessment of the resistant hypertension phenotype. The
latter approach will mean to (1) identify as precisely as possible the nature and extent
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of the alterations of the structure and function of the organs (the heart, brain, kidney
and vessels) targeted by the uncontrolled BP status and (2) determine which among the
multiple neural and humoral mechanisms controlling circulation is more severely
deranged, in order to try to individualize treatment and increase its success rate.

Finally, drug treatment of dRHTN may in the future count on new effective BP
lowering agents. In the past, the use of endothelin antagonists has been disappoint-
ing because their BP lowering effect turned out to be questionable and accompa-
nied by an unfavourable side effect profile [36]. Drugs targeting arterial stiffening
(a structural alteration majorly responsible for the difficulty of lowering systolic
values) have also met with difficulties that have prevented their extensive testing in
humans. However, new dual-acting molecules as well as new powerful and better
tolerated vasodilators are promising medicaments that may allow to more success-
fully face therapeutic control of a condition that may have a prevalence greater
than 5% of the overall hypertensive population [1], thereby involving in Europe
several hundred thousand individuals.
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Abbreviations

ABPM  Ambulatory blood pressure monitoring
BP Blood pressure

DBP Diastolic blood pressure

HTN Hypertension

PWV Pulse wave velocity

RDN Renal denervation

SBP Systolic blood pressure

9.1 Resistant Hypertension

The complexity and the uncertainties about long-term effect of the invasive
interventions to treat essential hypertension (HTN) require a precise diagnosis about
the real “resistance” to the antihypertensive treatment given, and it is defined when
a therapeutic strategy that includes appropriate lifestyle measures plus a diuretic
and two other antihypertensive drugs belonging to different classes at adequate
doses fails to lower systolic blood pressure (SBP) and diastolic blood pressure
(DBP) values to <140 and 90 mmHg, respectively. Consequently, in the process of
diagnosis and follow-up, blood pressure (BP) measurement is the first step that is
not exempt of difficulties due to the variability of BP as a parameter. It has long
been known that BP is characterized by an array of spontaneous variations. BP
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values vary markedly within the 24 h because of day-night changes but also because
of differences among hours, minutes, and even adjacent beats. They also show vari-
ations over more prolonged periods because of differences among days, months,
and season [1]. Even though it has been discussed, the prognostic relevance of the
different kinds of variability in the case of resistant hypertension is a challenge at
the time of evaluation. Several factors have been associated to the high day-to-day
variability of patients with resistant hypertension and among them the number of
drugs prescribed [2]. Therefore, more precise BP is mandatory in order to take the
right decisions.

Limitations of office BP are well known due to the reduced number of BP read-
ings and the white-coat effect. Then, out-of-office BP measurements, by using 24-h
ambulatory blood pressure monitoring (24-h ABPM) or by home self-BP measure-
ments, can provide more precise values avoiding “false” resistance due to persis-
tence of alerting reaction to the BP measurement action, the so-called “white-coat”
reaction.

The fundamentals of out-of-office BP are based on a more reliable estimation of
BP values by increasing the number of BP readings and measuring them under
regular living conditions, coupled with the observation of dynamic behaviour dur-
ing the entire day. As a consequence of the better estimation of BP, the relationship
with HTN-induced organ damage and the prognostic value for cardiovascular/renal
disease is significantly better when compared to office BP values. Moreover, clini-
cally relevant discrepancies between office and ambulatory BP are identified in
treated subjects with apparent resistant HTN.

In 1998 our group found that in the absence or in the presence of a previous car-
diovascular event, ambulatory BP was an independent marker of risk for new car-
diovascular events, demonstrating for the first time that ABPM was useful in
stratifying the risk in patients with resistant HTN [3]. Afterward, two studies [4, 5]
have confirmed our initial results and reinforced the superiority of ambulatory BP
over office BP for stratifying risk. More recently, our group conducted a study
repeating monitoring during the follow-up. Awake BP >135 mmHg was signifi-
cantly associated with cardiovascular risk in a time-derived analysis [6].

Once pseudoresistance due to white-coat effect is identified, patients require fur-
ther follow-up with ambulatory monitoring since qualification of patients can
change with the subsequent monitoring. In fact, one study demonstrated that among
those with a diagnosis of pseudoresistance, one third of the subjects were true resis-
tant after a second monitoring three months apart. When repeated every six months,
1 out of 7 subjects were resistant in each monitoring [7]. No studies systematically
analysed the opposite phenomenon, how many true resistant can be considered
white coat when repeating monitoring.

Over the last years, noninvasive indirect assessment of aortic BP has become
widely performed in hypertension clinics [3] and seems to be superior to peripheral
BP in correlating with severity of existing cardiovascular disease and prediction of
subsequent events [4]. Indirect aortic BP measurements have been introduced in the
field of HTN based on (a) differences between brachial and aortic BP existing due to
the pressure amplification and (b) higher damaging effect of local BP than brachial
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BP, closer to the target organs in hypertensive patients. Measurement of BP param-
eters can provide additional information to those obtained with peripheral BP values.
The potential utility at the time of evaluating resistant HTN has not been tested
although it has been measured as a part of the evaluation of organ damage in the large
vessels simultaneously to the pulse wave velocity (PWV).

9.2 Recommendations at the Evaluation
9.2.1 Office BP Measurements

Despite the high variability and the potential problems, office BP is still the corner-
stone for the diagnosis of HTN. Consequently, office BP should be measured in the
best conditions possible, measuring several times in the visit and in several visits
before considering a patient as apparently resistant hypertension.

A protocol including at least three BP measuring in the conditions recom-
mended by the ESH-ESC Guidelines and repeated in at least three visits should be
recommended.

* Average of higher or equal to 140 mmHg systolic and/or 90 mmHg are the
thresholds accepted to define lack of control.

9.2.2 AorticBP

Aortic BP is not recommended to be assessed as a part of the study of resistant
HTN.

9.2.3 Out-of-Office BP

The 2013 ESH-ESC Guidelines in the evaluation and treatment of HTN, as well as
many other position statements from Scientific Societies, recommend the use of
out-of-office BP, mainly 24-h ABPM, to assess patients with apparent resistant
HTN, and they put it as a mandatory in the process of selecting patients for invasive
procedures. As the advantage in reproducibility, defined as the degree of variation
between two recording sessions, depends on the number of readings, current guide-
lines have recommended collecting at least one reading every 20 minutes in order to
create a BP profile. Due to the potential variability of BP values, more than one 24-h
monitoring should be recommended before defining a patient as really resistant to
treatment if no urgency exists at the time to take decisions.

Home self-BP measurements can be used as an auxiliary method at the time of
diagnosis by using the protocol recommended by the Working Group on ABPM of
the ESH, in which one week of monitoring, excluding the first day, with at least two
daily BP measurements is recommended [5].
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* More than one 24-h monitoring one month apart.

* HSBP should be used as an auxiliary method but should not be considered
the reference.

* Average of higher or equal to 135 mmHg systolic and/or 85 mmHg for
awake ABMP or self-BP measurements are the thresholds accepted to
define lack of control.

9.3 BP After Renal Denervation

Measurement of BP values after the renal denervation (RDN) procedure should be
performed taking advantage not only of the conventional office values but also of
out-of-office and aortic BP measurements. Discrepant reductions, however, can be
observed between office and ambulatory BP. In our hands, a large reduction of both
systolic and diastolic BP values was observed after the initial BP assessment, which
was even more evident in ambulatory BP values than in the office counterparts.
While office BP tended to have closer values, a large reduction was observed in
ambulatory BP. The discrepancies in the trend between office and ambulatory BP
during the study can be explained by the persistence of the white-coat effect on
office BP measurements, by the real impact of the treatment changes on ambulatory
BP or by regression to the mean [8, 9].

Besides the important significance of BP parameters other than office BP, previ-
ous observations about the impact of RDN on these parameters raise the necessity
of having adequate evaluation [10]. In the first published studies, doubts have been
raised about the lesser out-of-office BP reduction compared to the reduction of
office BP after RDN. In fact, in a multicentre observational study, ambulatory BP
was obtained after 3, 6 and 12 months in 303 subjects after RDN. Office and ambu-
latory BP reduction after 6 months (-24/—10 mmHg and—10/-5 mmHg, respec-
tively) showed discrepancies in BP response. There was no effect on ambulatory
BP monitoring in pseudoresistant patients, whereas office BP was reduced to a
similar extent [11]. Discrepancies, however, have been observed in the reported
results. While some studies have demonstrated that ambulatory BP reduction is
around one third of the office BP reduction [5, 12], others observed more relevant
reductions [13].

The ABPM report of the SYMPLICITY HTN-3 did not demonstrate a benefit of
RDN on reduction in ambulatory BP in either the 24-h or day or night periods
compared with the sham procedure [14]. Two major underlying mechanisms that
may contribute to explain the different responses in office and ambulatory BP,
when present, were white-coat effect of office measurements and the larger num-
ber of BP readings available with ambulatory BP monitoring, with the consequence
of a narrower distribution of the values, although a placebo effect and a regression
to the mean phenomenon, both affecting only office and not ambulatory BP, may
also play a role [15].
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The impact in arterial stiffness and central hemodynamic has been reported in
110 patients who underwent RDN. Besides the known effect of RDN on brachial
BP, the study showed that RDN significantly improves arterial stiffness and central
hemodynamic [16]. Other studies have also reported the reduction of aortic BP in
parallel to the brachial BP [17, 18]. Likewise, PWYV, the gold standard to assess
aortic compliance, was significantly reduced. Although the initial effectis BP-related
in the long term, 6 months, seems to be independent of lowering BP [17]. The
potential benefits of this reduction should be established in the future, but aortic BP
and PWV may be monitored in subjects after RDN.

9.4 Recommendations in the Evaluation
9.4.1 Office BP Measurements

Despite the high variability and the potential problems, office BP is still the corner-
stone for the evaluation of antihypertensive treatment. Consequently, office BP
should be measured in the best conditions possible, being measured several times
during the visit.

* Daily measurement during the first week after hospital release.

* Weekly office BP during the first month and thereafter monthly until six
months.

* The goal should be BP <140/90 mmHg.

9.4.2 AorticBP

Aortic BP is not recommended to be calculated as a part of the study of resistant
hypertension. In those centres where aortic BP and PWYV are available, they can be
measured at the end of the first and the sixth month.

9.4.3 Out-of-Office BP

Out-of-office is basic for the follow-up in order to assess the impact of the proce-
dure, and both 24-h ABPM and home BP may be complementary.

* Once a month home BP.

* 24-h ABPM monitoring should be performed at the end of the first and the
sixth month.

* Goal is average of home BP or awake BP <135/85 mmHg.
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ACE Angiotensin-converting enzyme
ACE2 Angiotensin-converting enzyme 2
Ala Alamandine

Ang 1-7  Angiotensin 1-7

Ang 1-9  Angiotensin 1-9

Ang II Angiotensin II

Ang III Angiotensin III

Ang IV Angiotensin IV

ANP Atrial natriuretic peptide

APA Aminopeptidase A

APN Aminopeptidase N

ARB Angiotensin receptor blockers
ARNI Angiotensin receptor—neprilysin inhibitor
AT1 Angiotensin II type 1

AT2 Angiotensin II type 2

ATryn Recombinant human antithrombin
BNP B-type natriuretic peptide

BP Blood pressure

C21 Compound 21

cGMP Cyclic guanosine monophosphate
CINOD  Cyclooxygenase-inhibiting nitric oxide donator

R. Kreutz (P<)) » E. Abdel-Hady Algharably

Department of Clinical Pharmacology and Toxicology, Institut fiir Klinische Pharmakologie
und Toxikologie, Charité — Universititsmedizin Berlin,

Charitéplatz 1, Berlin 10117, Germany

e-mail: reinhold.keutz@charite.de

© Springer International Publishing Switzerland 2016 157
C. Tsioufis et al. (eds.), Interventional Therapies for Secondary and Essential

Hypertension, Updates in Hypertension and Cardiovascular Protection,

DOI 10.1007/978-3-319-34141-5_10

10


mailto:reinhold.keutz@charite.de

158 R. Kreutz and E. Abdel-Hady Algharably

CYP Cytochrome P450

DIF Digoxin antibody fab

DN Diabetic nephropathy

DpH Dopamine p-hydroxylase
ECE Endothelin-converting enzyme

EDLF Endogenous digitalis-like factors
ENaC Epithelial sodium channel

EO Endogenous ouabain

ET-1 Endothelin-1

ETA Endothelin A

ETB Endothelin B

GWAS Genome-wide association studies
HF Heart failure

HFrEF Heart failure with reduced ejection fraction
HP-B-CD Hydroxypropyl-f-cyclodextrin

HTN Hypertension

IRAP Insulin-regulated =~ membrane aminopeptidase/insulin-responsive
aminopeptidase

MHS Milan hypertensive

MR Mineralocorticoid receptor

NAT?2 N-acetyltransferase 2

NEP Neutral endopeptidase 24.11

NHE Na+/H+ exchangers

NHE3 NHE isoform 3

NO Nitric oxide

NPR Natriuretic peptide receptor

RAAS Renin—angiotensin—aldosterone system

rhACE2  Recombinant human angiotensin-converting enzyme

sEH Soluble epoxide hydrolase

SGC Soluble guanylate cyclase

SHR Spontaneously hypertensive rats

VIP Vasoactive intestinal polypeptide

Pharmacological therapy in combination with lifestyle changes represents the
backbone of the therapeutic management of arterial hypertension (HTN) [1]. The
recent European guidelines of the European Society of Hypertension and the
European Society of Cardiology for the management of HTN recommend with
class I and evidence level A the use of diuretics (including thiazides, chlorthali-
done, and indapamide), beta-blockers, calcium antagonists, angiotensin-convert-
ing enzyme (ACE) inhibitors, and angiotensin receptor blockers (ARB) for the
initiation and maintenance of antihypertensive treatment, either as monotherapy or
in some combinations with each other [1]. The impressive prognostic value of
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blood pressure (BP) lowering in hypertensive patients by using treatment algo-
rithms that are based on the use of these drugs has been demonstrated in multiple
trials [1] including the recent Randomized Trial of Intensive versus Standard
Blood-Pressure Control (SPRINT) [2]. In addition, further drugs including miner-
alocorticoid receptor (MR) antagonists, amiloride, and the alpha-1-blocker doxa-
zosin are available for treatment of patients with resistant hypertension [1].
Nevertheless, there is still a need for additional novel BP-lowering drugs, e.g., in
the latter patients, in individuals with special conditions (comorbidities), or in
patients not responding or tolerating the available drugs. Accordingly, several
novel drugs for the treatment of HTN are being currently developed either at the
preclinical or clinical stage. They will be summarized in this short overview, and a
summary of the compounds and their status of development is given in the
Table 10.1.

10.1 Drugs Acting on the Renin—-Angiotensin-Aldosterone
System

The renin—angiotensin—aldosterone system (RAAS) is a major regulator of cardio-
vascular function including BP control and is important for cardiovascular and renal
organ damage as well as repair [3, 4]. In the classical concept, one principal effector
of the RAAS is the angiotensin II (Ang II) acting on Ang II type 1 receptors (AT1)
to mediate its main vascular effects as well as secretion of the other principal effec-
tor aldosterone from the adrenals [3]. The RAAS is, however, a much more complex
system with additional sites recently identified that influence either BP homeostasis
or cardiovascular function and structure, thereby representing potential targets for
therapy [4] (Fig. 10.1). A crucial question during the development of novel drugs
interfering with the RAAS is whether novel compounds could provide improved
cardiovascular and renal protection beyond that provided by ACE inhibitors or
angiotensin receptor blockers (ARB) [4].

10.1.1 Activators of the ACE2/Angiotensin 1-7/Mas Receptor
Axis (RAAS Counter-Regulatory System)

An important counter-regulatory pathway within the RAAS involves angiotensin-
converting enzyme 2 (ACE2), angiotensin-1-7 (Ang 1-7), and the Mas receptor that
interacts with the classical angiotensinogen—Ang II-AT 1-aldosterone axis of the
RAAS (Fig. 10.1) [4, 5]. ACE2 is a carboxypeptidase that converts Ang I to angio-
tensin 1-9 (Ang 1-9) and Ang Il to Ang 1-7; Ang 1-9 is also converted to Ang 1-7
by ACE. Therefore, ACE2 induces vasodilation by reducing Ang II effects and by
increasing Ang 1-7 synthesis. The latter binds to the Mas receptor and thereby
exhibits antifibrotic, anti-inflammatory, and antiproliferative effects in addition to
nitric oxide (NO) release and activation of baroreflex sensitivity [4]. Thus
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Fig.10.1 The renin-angiotensin—aldosterone (RAAS) system and its possibilities for pharmaco-
logical intervention for antihypertensive treatment (modified according to Romero et al. 2015).
The core of the classical RAAS is the conversion of angiotensinogen to angiotensin I by renin. Ang
I is cleaved to angiotensin II (Ang II) by the angiotensin-converting enzyme. Ang II activates
angiotensin II receptor type 1 to stimulate aldosterone release, increasing water and sodium reten-
tion and increasing BP. Novel antihypertensive agents aim to activate the counter-regulatory RAAS
including ACE2-Ang 1-7-Mas, Ang II-AT2, and Ang IV-IRAP pathways. An alternative inhibi-
tory strategy within the RAAS includes aldosterone blockade at the receptor level such as by the
mineralocorticoid receptor antagonists (finerenone) or through inhibiting its synthesis by aldoste-
rone synthase inhibitors such as by LCI699. Abbreviations: ACE angiotensin-converting enzyme,
ACE?2 angiotensin-converting enzyme 2, Ang angiotensin, ARB angiotensin receptor blocker, ARN
angiotensin receptor—neprilysin, AT/ type 1 Ang II receptor, AT2 type 2 Ang II receptor, APA
aminopeptidase A inhibitor, APN aminopeptidase N inhibitor, /RAP leucyl-cystinyl aminopepti-
dase (also known as insulin-regulated membrane aminopeptidase or insulin-responsive aminopep-
tidase), Mas proto-oncogene Mas, MrgD Mas-related G-protein-coupled receptor, member D, rh
recombinant human

augmentation of ACE2/Ang 1-7/Mas signaling counteracts several of the detrimen-
tal effects of the classical RAAS axis as shown in animal models of HTN [4, 5].

(i) XNT and DIZE are small-molecule ACE2 activator compounds that were syn-
thesized based on the crystal structure of the ACE2 enzyme [5, 6]. Studied in
spontaneously hypertensive rats (SHR), XNT was found to lower BP, improve
cardiac function, and reverse myocardial, perivascular, and renal fibrosis [6, 7].

(i) Recombinant human ACE2 (rhACE2) was studied as an alternative to pharma-
cological activation of ACE2 in SHR and was capable of lowering BP, induc-
ing anti-inflammatory effects in a model of lipopolysaccharide-induced lung
injury and slowing the progression of diabetic nephropathy (DN) in animal
models [8, 9]. In a phase I clinical study in healthy and normotensive subjects,
rhACE2 exhibited a sustained (>24 h) lowering of circulating Ang II levels
without effects on BP and with a good safety profile [10]. A modified rhACE2
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compound (GSK2586881) has been evaluated in acute lung injury or acute
respiratory distress syndrome (Table 10.1).

(iii) HP-p-CD/Ang 1-7 representing a hydroxypropyl-p-cyclodextrin incorporated
Ang [1-7] formulation and a cyclic Ang 1-7 analog containing a thioester
bridge were both designed to protect Ang 1-7 against degradation and thus to
prolong its half-life in vivo [11, 12]. Hence, Ang 1-7 with its short half-life has
been studied even in clinical phase I/II studies but not further developed due to
its limitation. Treatment of SHR with the orally active HP-f-CD/Ang 1-7 for-
mulation demonstrated antihypertensive effects [13] and beneficial effects in
animal models of myocardial infarction [12], atherosclerosis [14], and diabetes
[15].

(iv) Alamandine (Ala'-Ang 1-7) is a novel identified component of the RAAS with
similar structure and biological activity as Ang 1-7 except for replacement of
the N-terminal Asp residue by Ala [16]. In addition, it exerts its action through
a different receptor by binding to the Mas-related G-protein-coupled receptor,
member D. An orally active inclusion complex of almandine/HP-B-CD reduced
BP in SHR and inhibited cardiac fibrosis in isoproterenol-treated rats [16].

(v) Compound 21 (C21) is a selective non-peptide agonist on the Ang II type 2
receptor (AT2) [17]. In animal models, C21 alone does not decrease BP but
exerts anti-inflammatory, antifibrotic, and antiapoptotic properties, supporting
arole for C21 in preventing hypertension-induced target organ damage [17]. In
addition, more recent data in rodents indicate that AT2 stimulation by C21
could modulate fluid retention and hypertension [18].

(vi) AVE0991 and CGEN-856S are other non-peptide and peptide agonists of the
Mas receptor, respectively. Experimental studies with AVE0991 indicated its
BP-lowering and cardiovascular protective effects in rats with renovascular
hypertension [19]. CGEN-856S exhibited also vasorelaxing, antihypertensive,
and cardioprotective effects in animal studies [20, 21].

10.1.2 Anti-Aldosterone Agents

Aldosterone acts primarily in renal collecting ducts where it binds to the MR. The
activation of MR increases the expression of epithelial sodium channel (ENaC)
which stimulates Na* reabsorption and consecutively secretion of K* and thereby
affects water retention and extracellular volume expansion [22]. Aldosterone also
exerts a number of non-epithelial effects such as induction of inflammation, vascu-
lar stiffening, and myocardial fibrosis delineating its role in the development and
progression of HTN and related target organ damage [4, 22].

10.1.2.1 Aldosterone Synthase Inhibitors

Blocking MR can cause reactive increase in RAAS components and particularly in
aldosterone levels that limit their efficacy, e.g., by activation of non-genomic aldo-
sterone signaling pathways [23]. In addition, tissues not protected by MR receptor
blockade such as the brain could be adversely affected [24]. In contrast, inhibiting
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aldosterone synthesis can prevent these effects by reducing aldosterone concentra-
tions [23].

Osilodrostat (LCI699) was the first orally active aldosterone synthase [cyto-
chrome P450 (CYP) 11B2] inhibitor developed for human use and structurally
related to FAD286. The latter is the enantiomer of fadrozole that harbors minimal
aromatase activity while retaining potent aldosterone synthase inhibitory activity
and was found to attenuate myocardial and renal injury in preclinical studies [25].
LCI699 decreased plasma and urine aldosterone concentrations and increased
plasma renin activity in a dose-dependent manner in animal models of HTN and
heart failure (HF) [26, 27]. The challenge in the development of CYP11B2 inhibi-
tors results from the fact that CYP11B2 shares an enzymatic 11B-hydroxylase activ-
ity and thus a high sequence homology with the corresponding 11B-hydroxylase,
ie., CYP11BI1, enzyme [24]. The early clinical development of LCI699 included
four phase II studies in patients with primary aldosteronism, resistant and uncon-
trolled HTN, and essential HTN as recently summarized [24]. An extensive endo-
crine biomarker analysis of the hypothalamic—pituitary—adrenal axis in these studies
indicated that interference of LCI699 in the RAAS occurred with limited target
selectivity. Thus, the inhibition of 118-hydroxylase reaction in the adrenal gland,
leading to supraphysiological levels of 11-deoxycortiscosterone, represented a dis-
advantage of this compound that may explain the blunted BP response observed for
LCI699 [24]. Consequently, because of these observations further development of
LCI699 in aldosterone-related hypertensive and cardiovascular diseases was termi-
nated [5]. Nevertheless, the studies with LCI699 emphasized the importance of
selectivity for the development of other novel aldosterone synthase inhibitors over
other steroidogenic CYP enzymes, in particular CYP11B1. Recently, novel second-
generation aldosterone synthase inhibitors with greater selectivity, e.g.,
N-(pyridin-3-yl) benzamides, have been reported, which could be promising drug
candidates for the treatment of aldosterone-related hypertensive and cardiovascular
diseases [28].

10.1.2.2 Mineralocorticoid Receptor Antagonists

Finerenone (BAY 94-8862) is a novel nonsteroidal MR antagonist with greater
selectivity than spironolactone for the MR over other steroid hormone receptors and
greater affinity than eplerenone for the MR [29]. Finerenone reduced cardiac hyper-
trophy, plasma prohormone of brain natriuretic peptide, and proteinuria more effi-
ciently than the steroidal MR antagonist eplerenone when comparing equinatriuretic
doses in a rat model of HTN-related heart failure and renal dysfunction [30].
Subsequently, the mineralocorticoid receptor antagonist tolerability study (ARTS)
trial program with several phase II studies were designed to assess the safety and
tolerability of finerenone and to select doses for the pivotal phase III clinical trials
[4, 5]. The first completed ARTS trial assessed in two sub-studies the efficacy and
safety of finerenone in patients with systolic HF and mild chronic kidney disease.
Taken together, finerenone was at least as effective as spironolactone in decreasing
B-type natriuretic peptide (BNP), N-terminal proBNP, and albuminuria; it was also
associated with lower incidences of hyperkalemia and worsening of renal function
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[31]. Overall, adverse effects were infrequent and mostly mild [31]. Finerenone has
completed phase IIb clinical trials in patients with worsening chronic HF and type
2 diabetes mellitus and/or chronic kidney disease (ARTS-HF) and in patients with
type 2 diabetes mellitus and DN (ARTS-DN), respectively (Table 10.1). The pub-
lished data of the ARTS-DN study indicated that the addition of finerenone com-
pared with placebo resulted in improvement in the urinary albumin—creatinine ratio
in patients with DN [32]. Two phase III studies involving overall an estimated num-
ber of more than 11,000 patients with type 2 diabetes mellitus and diabetic kidney
disease are currently ongoing (Table 10.1).

10.1.3 Centrally Acting Aminopeptidase Inhibitors

Activation of the RAAS in the brain has been implicated in the pathogenesis of
hypertension in experimental studies [3, 33]. In the brain, Ang IT and Ang III are
converted by two membrane-bound zinc metalloproteases, i.e., aminopeptidase A
(APA) and aminopeptidase N (APN) [5, 33]. Ang II is metabolized to angiotensin
IIT (Ang III) by APA which is then converted into angiotensin IV (Ang IV) by
APN. The development of the selective APA and APN inhibitors EC33 and PCI18,
respectively, has allowed the demonstration that brain Ang III generated by APA is
one of the main effector peptides in the brain RAS by exerting a tonic stimulatory
control of BP in conscious hypertensive rats [33].

RBI150 (QGCO001) is an orally active dimer of EC33 that crosses the blood—brain
barrier. In animal studies, RB150 generates two active molecules of EC33 in the
brain, where it inhibits brain APA and reduces Ang III formation thereby normal-
izing BP in hypertensive rats [33]. The decrease in BP involves two different mech-
anisms: (i) a decrease in vasopressin release into the bloodstream, which in turn
increases diuresis resulting in blood volume reduction and (ii) a decrease in sympa-
thetic tone decreasing vascular resistance [33]. Early clinical studies in healthy nor-
motensive subjects showed that RB150 (renamed QGCO001) did not significantly
change BP or heart rate at any dose, while the drug was well tolerated as single dose
or in multiple doses over a 7 day treatment period [34]. A phase IIa proof of concept
exploratory study in 36 patients with essential hypertension was initiated with this
prototype of a new class of centrally acting antihypertensive agents [34].

10.1.4 IRAP Inhibitors (Insulin-Regulated Membrane
Aminopeptidase or Insulin-Responsive Aminopeptidase)

IRAP is a high-affinity receptor for Ang IV (Fig. 10.1). Ang IV inhibits the enzy-
matic activation of IRAP, and IRAP inhibition has been linked to NO release and
anti-inflammatory and antifibrotic effects [4]. Non-peptide compounds inhibiting
IRAP were developed including HFI-419 which was found to enhance memory in
rats [35]. Early data from animal studies have shown that HFI-419 provides also
cardiovascular protective effects opposing the detrimental influence of Ang II,
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independent of BP changes [36]. The potential role of IRAP inhibition in BP control
has yet to be clarified.

10.2 Vasopeptidase Inhibitors

Neutral endopeptidase 24.11 (NEP) or neprilysin is the major enzymatic pathway
for the degradation of natriuretic peptides including atrial natriuretic peptide (ANP)
and BNP [37]. However, neprilysin inhibitors per se are ineffective in lowering BP
probably attributable to the fact that neprilysin itself degrades also vasoconstrictor
peptides such as Ang II and endothelin-1 [38]. Nevertheless, experimental studies
have shown that adding a neprilysin inhibitor to a RAAS blocker or an endothelin-
converting enzyme (ECE) inhibitor enhances vasodilatory, natriuretic, and benefi-
cial effects on tissue remodeling [39]. Previously, single molecules that inhibit both
ACE and NEP have been shown to be advantageous compared to ACE inhibitors as
BP-lowering drugs owing to their greater potentiation of vasodilator/natriuretic
effects including activation of bradykinin effects [37]. However, the latter also
proved to be the Achilles heel of this combination therapy [40]. The first-generation
compound omapatrilat with this dual mode of action exhibited greater antihyperten-
sive efficacy and encouraging cardiovascular effects compared to conventional ACE
inhibitors [41]. However, the drug was not approved for clinical use due to a high
rate of angioedema observed in clinical studies that was attributed to bradykinin
activation.

10.2.1 Dual-Acting Angiotensin Receptor-Neprilysin Inhibitors

LCZ696 is a first-in-class angiotensin receptor—neprilysin inhibitor (ARNI),
composed of two molecular moieties in a single crystalline complex—the ARB
valsartan and a NEP inhibitor prodrug AHU377 (sacubitril) in a 1:1 ratio.
Sacubitril is a prodrug activated to sacubitril at (LBQ657) by demethylation via
esterases [42]. In a proof of concept phase II trial LCZ696 produced significantly
greater reductions than valsartan in office systolic and diastolic BP, 24-h ambula-
tory systolic BP and pulse pressure over the entire dose range tested [22].
Importantly, no cases of angioedema were reported, although only a few Black
and Asian patients prone to develop this condition were included in this study.
An even greater BP-lowering efficacy of the compound along with a favorable
tolerability profile was subsequently also shown in mixed Asian [43] and
Japanese [43] patient groups. Two interesting studies comparing the effects of
treatment with the LCZ696 and the ARB olmesartan on arterial stiffness and
vascular remodeling parameters in patients with HTN have been completed
(NCT01692301 and NCT0187073). The prospective comparison of angiotensin
receptor—neprilysin inhibitor with angiotensin receptor blocker measuring arte-
rial stiffness in the elderly (PARAMETER) study [44] met its primary endpoint
by showing that the ARNI group had a significantly greater reduction in central
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aortic systolic pressure after 12 weeks of treatment versus the comparator group
treated with olmesartan [45]. The observed greater changes in 24-h brachial and
central aortic systolic BP for the LCZ696 group, especially at night, seem also
important since elevation of nighttime BP is more difficult to control and associ-
ated with increased cardiovascular risk. Although several trials with LCZ696 in
HTN or HTN associated diseases have been initiated as recently summarized
[46], there are currently no specific phase III trials initiated in patients with
HTN. Moreover, a planned phase III study on the efficacy and safety of LCZ696
alone and in combination with amlodipine in patients with HTN was subse-
quently withdrawn (NCT01865188). The further clinical development program
of LCZ696 from phase II to phase III has focused on patients with HF [46].
Meanwhile, LCZ696 was approved by the US Food and Drug Administration
[47] and the European Medical Agency [48] for the treatment of adult patients
with symptomatic chronic HF with reduced ejection fraction (HfrEF) in 2015.
This resulted from the completion of a successful pivotal phase III trial
(PARADIGM) in which the drug was tested in this condition [49]. In the
PARADIGM trial, LCZ696 showed a striking reduction in cardiovascular mor-
tality and morbidity in patients with HFrEF. The ongoing efficacy and safetyof
LCZ696 compared to valsartan, on morbidity and mortality in HF patients with
preserved ejection fraction (PARAGON-HF) phase III trial (NCT01920711) will
address an important condition with an unmet medical need and frequent target
organ damage observed in patients with HTN. Nevertheless, it would be impor-
tant to conduct further studies comparing the antihypertensive efficacy and out-
come of LCZ696 with other drug classes such as calcium channel blockers and
diuretics in patients with HTN [46].

10.2.2 Dual-Acting Endothelin-Converting Enzyme-Neprilysin
Inhibitors

Endothelin-converting enzyme (ECE) represents an important peptidase in the
endothelin system. It cleaves inactive big endothelin-1 to active endothelin-1 (ET-
1), which binds to endothelin type A receptors exerting vasopressor effects [50].
The combination of NEP and ECE inhibition has been also considered as an attrac-
tive therapeutic strategy in cardiovascular diseases [50].

Daglutril (SLV-306) is a first-in-class dual-acting neprilysin—ECE inhibitor [51].
The compound is hydrolyzed to the active metabolite KC-12615 after oral adminis-
tration [52]. In rodent models of diabetes mellitus, daglutril reduced BP and pro-
teinuria as effectively as captopril [53]. After the successful completion of phase I
studies [5], clinical development included so far two phase II trials with relatively
small number of patients, e.g., one in patients with hypertension [46] and one in
hypertensive patients with type 2 diabetes and nephropathy [51]. The available data
indicated that daglutril improved BP control with an acceptable safety profile sup-
porting the combined neprilysin—-ECE inhibition as a new treatment approach in this
high-risk population [51].
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10.3 Natriuretic Peptide Receptor Agonists

The biological actions of natriuretic peptides are mediated by activation of cell
surface natriuretic peptide receptors (NPR) mainly NPR-A and NPR-B [54]. They
activate membrane-associated guanylyl cyclases and production of the classical
second messenger cyclic guanosine monophosphate (cGMP). In addition, NPR-C
represents a clearance receptor that internalizes the natriuretic peptides and also
inhibits adenylyl cyclase [54].

(1) PL-3994 is an NPR-A agonist with reduced affinity for NPR-C and increased
resistance to neprilysin [54]. A phase I and phase II trial have been successfully
completed with PL-3994 with no safety concerns identified [S]. In the phase II
study in subjects with hypertension who were receiving >1 antihypertensive
medications, a significant reduction in BP compared with placebo was observed
[5]. It appears that PL-3994 works synergistically with ACE inhibitors, which
suggests its use as potential adjunct therapy in patients with resistant HTN or
HF [5].

(i) C-ANP 4-23 is a ring-deleted analog of ANP that acts selectively on NPR-C,
thereby decreasing the enhanced expression of Gia proteins which are involved
in the pathogenesis of hypertension [55]. Early experimental studies with
C-ANP 4-23 after parenteral application in SHR support a novel therapeutic
role of NPR-C ligands as a potential target for the treatment of HTN and cardio-
vascular diseases that goes beyond the mechanisms attributable to the clearance
receptor function as previously considered [55].

10.4 Vasoactive Intestinal Peptide Receptor Agonist

Vasoactive intestinal polypeptide (VIP) is a neuropeptide that functions as a neuro-
modulator and neurotransmitter [56]. It is a potent vasodilator and has positive ino-
tropic/chronotropic properties mediated via the G-protein-coupled receptors VPACI
and VPAC2. VIP has been suggested as a therapeutic target for both systemic and
pulmonary hypertensions as well as HF although the peptide itself has a short half-
life (<2 min) [5, 56].

Vasomera (PB1046) is a first-in-class long-acting biopolymer-based selective
VPAC2 receptor agonist developed by fusing an analog of VIP with an elastin-like
polypeptide [57]. Preclinical studies showed that Vasomera reduced BP and
improved inotropic and lusitropic properties of the heart in animal models with
hypertension and HF [5]. In early clinical phase I studies in patients with essential
hypertension, parenteral application of Vasomera significantly decreased both
systolic and diastolic BP in a dose-dependent manner with no clinically relevant
dose-dependent increases in HR. In addition, the drug use was safe and well
tolerated [58].
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10.5 Drugs Acting on the NO and Soluble Guanylate Cyclase
Pathway

Soluble guanylate cyclase (sGC) is a key enzyme of the NO signaling pathway and
an attractive novel therapeutic target for hypertension and cardiopulmonary disease
[59]. Impaired NO and cGMP signaling has been implicated in the pathogenesis of
cardiovascular disease, including systemic arterial and pulmonary hypertension
[59]. On binding of NO to a prosthetic heme group on sGC, the enzyme catalyzes
synthesis of cGMP which produces vasorelaxation and inhibits smooth muscle pro-
liferation, leukocyte recruitment, and platelet aggregation through a number of
downstream mechanisms [59]. The time-honored pharmacological approach to use
organic nitrates to treat cardiovascular diseases is limited by several vascular and
extravascular changes that compromise their vasodilatory effects on long-term
administration [60]. To overcome these shortcomings, new compounds have been
developed as vasodilators for treating hypertension and other cardiovascular dis-
eases including nitrosyl-cobinamide [61], nitric oxide-releasing pharmacodynamic
hybrids of losartan [62] and telmisartan [63], respectively, and naproxcinod [64].
These agents directly release NO and potentially overcome the problems of long-
acting nitrates such as the occurrence of tolerance [60].

(i) Naproxcinod is a cyclooxygenase-inhibiting nitric oxide-donating (CINOD)
compound derived from naproxen. This compound has BP-lowering effects in
patients with HTN as documented by 24-h ambulatory BP monitoring [65].
Naproxcinod may be therefore a beneficial alternative for patients with osteo-
arthritis requiring nonsteroidal anti-inflammatory drugs.

(ii) YC-1 is a synthetic benzylindazole compound and a first sGC stimulator that
stabilizes the enzyme in its active configuration [59]. Early studies demon-
strated that intravenous YC-1 produced significant BP reductions in a rat
model of HTN supporting sGC activators as BP-lowering compounds [66].
Subsequently, YC-1 has been shown to have additional cGMP-independent
effects that limit its usefulness as a sSGC stimulator [59].

(iii) Riociguat (BAY 63-2521) represents an orally bioavailable sGC stimulator that
was subsequently developed after further research efforts and pharmacokinetic
optimization with an investigation of>800 pyrimidine candidates [59].
Riociguat reduced BP and demonstrated renal and cardiac protective effects in
a rat model of chronic renal failure [67]. The compound was the first sGC
stimulator to make the transition into clinical research after showing promising
results in the treatment of pulmonary hypertension [59]. Meanwhile it has been
approved as a first-in-class compound for the treatment of pulmonary hyper-
tension after the successful conduction of a pivotal phase Il trial [68]. Although
clinical research with sGC stimulators is currently focusing on pulmonary
hypertension, sGC stimulators have clearly a potential for the treatment of sys-
temic hypertension as evident from several experimental studies [59].
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10.6 Endothelin Receptor Antagonists

Endothelin-1 is a potent endothelium-derived vasoconstrictor peptide that acts
through endothelin-A (ETA) and endothelin-B receptors (ETB) mediating vasocon-
striction and inflammation [69].

(i) Bosentan was the first-in-class non-peptidergic, orally active mixed ETA and
ETB antagonist [64]. The systemic BP-lowering efficacy of bosentan was
shown in early clinical trials [70]; however, the drug was further developed
to gain market approval for the treatment of pulmonary hypertension but not
for the treatment of systemic hypertension [64]. The latter was due to sev-
eral side effects including hepatotoxicity, edema, and water retention that
are associated with the use of the drug [70]. In addition, bosentan exhibits a
potential for drug interactions mediated by CYP450 3A4 or
p-glycoprotein.

(ii) Darusentan is a selective ETA antagonist that demonstrated beneficial effects
in hypertensive animal models and particularly in salt-sensitive hypertension
[66]. Despite promising preclinical data, further clinical development was not
continued, because darusentan failed to meet the primary endpoint to lower sit-
ting systolic BP more than the placebo in patients with resistant hypertension in
a pivotal phase III trial [71]. Yet, in this study darusentan provided a greater
reduction in systolic BP at ambulatory BP monitoring [71].

10.7 Soluble Epoxide Hydrolase Inhibitors

In mammals, soluble epoxide hydrolase (sEH) catalyzes the conversion of multiple
lipid epoxides to the corresponding dihydroxy lipids and represents a novel drug
target for the treatment of hypertension, inflammatory diseases, and cancer [72].
The available preclinical data indicated a beneficial effect of sEH inhibitors on BP,
cardiac hypertrophy, and aneurysm formation [73].

AR9281 was developed as a potent and selective inhibitor of human sEH; how-
ever, a phase II trial showed that this compound was ineffective in lowering BP in
patients with mild to moderate HTN and impaired glucose tolerance halting further
clinical investigation in 2009 [5].

10.8 Intestinal Na+/H+ Exchanger 3 Inhibitor

High intestinal sodium absorption is linked to the pathogenesis of HTN and target
organ damage. Inhibition of transmembrane Na+/H+ exchangers (NHE) that are
located at the apical membrane of the enterocyte represents a novel strategy to lower
BP by impairing intestinal sodium absorption [74]. Genetic studies implicate the
NHE isoform 3 (NHE3) as the major absorptive sodium transporter [74].
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(1) Tenapanor is a selective inhibitor of NHE3 (SLC9A3) that acts locally in the
intestine because of its negligible bioavailability after oral application [74].
Tenapanor reduced urinary sodium and increased stool sodium in a dose-
dependent manner in rodents and in humans. It reduced also BP in rat models
of chronic kidney disease, and clinical trials in patients with chronic kidney
disease and associated conditions are ongoing [74].

(il)) SAR218034 (SAR) is another orally non-absorbable specific NHE3 inhibitor
that was found to reduce intestinal sodium absorption and to lower BP in hyper-
tensive animal models [75].

10.9 Dopamine f}-Hydroxylase (DfH) Inhibitor

DpH catalyzes the hydroxylation of dopamine into noradrenaline in the sympathetic
nervous system. Unlike adrenergic receptor blockade, inhibition of DH may cause
a more gradual sympathetic slowdown and increases dopamine levels thereby stim-
ulating renal vasodilation and diuresis [76].

Etamicastat (BIA 5-453) is an oral, potent, and reversible inhibitor of DH that
does not pass the blood—brain barrier and thus is selective for peripheral DBH when
administered orally [5]. Animal studies in SHR and models of HF were promising
supporting clinical development of etamicastat. Phase I studies in healthy subjects
and in patients with mild to moderate hypertension showed good tolerability and
dose-dependent decreases in 24-h ambulatory BP [77] supporting further develop-
ment. However, the pharmacokinetics of the drug is significantly influenced by
N-acetylation by the polymorphic N-acetyltransferase 2 (NAT2), which requires
consideration during further clinical development [77].

10.10 Vaccines

Immunization strategies appear as an attractive treatment approach in HTN because
they offer the advantage of long-term efficacy after short-term administration. Thus,
they reduce the need for daily dosing as necessary with conventional drugs. This is
particularly relevant, since low adherence represents a significant barrier in the suc-
cessful management of hypertension in clinical practice [1]. Proof of concept stud-
ies using vaccines targeting renin in animal studies have been already reported in
1958 [78]. Recent immunization strategies are also targeting the RAAS [5].
Although an Ang I vaccine (PMD3117) lowered BP in animal models, this strategy
was ineffective in hypertensive patients [79]. Currently investigated vaccines are
targeted against Ang I/I (Angl-R) [80], Ang II (Angll-KLH, pHAV-4Anglls), and
ATIR (ATRQp-001, ATRI2181) [5].

CYT006-AngQb is a vaccine against an Ang II-derived peptide conjugated to a
viruslike particle derived from the bacteriophage QB [81]. It lowered BP in SHR
animals and was subsequently evaluated in clinical phase I and IIa (study 01) studies
in which the BP-lowering potential was demonstrated [81]. Of interest, a subsequent
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phase Ila trial (study 02), which used an accelerated immunization schedule in an
attempt to induce higher antibody titers, was successful in boosting the antibody titer
fivefold, but resulted contrary to the expectation in smaller BP reductions and lower
antibody affinities to Ang II [5, 82]. These studies highlighted the need for a better
understanding of the mechanism that affect antibody titers and affinities by applying
different dosing and timing regimens for the development of effective vaccines for
hypertension therapy. No further development in clinical studies has been docu-
mented after completion of a third phase IIa trial (study 03) in 2009 with CYT006-
AngQb (Table 10.1). Nevertheless, as summarized in the Table, several vaccines are
still in development; however, they are still at the preclinical stage.

10.11 Drugs for Treatment of Preeclampsia

Endogenous digitalis-like factors (EDLF) represent a family of circulating
Na+/K +-ATPase inhibitors that have been implicated in the pathogenesis of HTN
and are elevated in preeclampsia [83]:

(1) DIF representing anti-digoxin antibody Fab fragments that bind to EDLF,
thereby causing a decrease in serum EDLF levels, has been suggested as a
therapeutic approach in preeclampsia [83]. A clinical phase II trial that evalu-
ated whether a commercially available DIF (Digibind) can delay delivery in
patients with severe preeclampsia demonstrated beneficial effects on renal
function and a trend toward reduction in antihypertensive drug usage [83]; how-
ever, no prolongation of pregnancy or improvement of maternal outcome in
women with severe preeclampsia was observed [83]. In 2015, the currently
only available DigiFab compound has been granted both orphan drug and fast-
track review designations by FDA for the use in the treatment of severe pre-
eclampsia. Thus, the company involved is planning a dose ranging and a phase
[Ib/IIa clinical study using this DIF compound [5].

(it) ATryn representing recombinant human antithrombin has been proposed as another
therapeutic approach in preeclampsia, because proof of concept studies with anti-
thrombin replacement reduced BP and proteinuria in women with early-onset
severe preeclampsia [84]. Therefore, a randomized placebo-controlled phase III
trial that will assess the efficacy, safety, and pharmacokinetics of ATryn in addition
to expectant management for the treatment of preterm preeclampsia (PRESERVE-1)
has been initiated and is expected to be completed in 2016 (Table 10.1).

10.12 Outlook: Novel Targets and Drugs Delivered
from Genomics and Pharmacogenomics

Genomic studies in hypertensive animal models, characterization of human mono-
genetic hypertension disorders, and identification of rare and common variants
related to BP control and hypertension have significantly enriched our
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understanding of BP regulation [85]. Furthermore, an important expectation of
these studies and of additional pharmacogenomic research is their potential to iden-
tify novel targets for antihypertensive treatment [§5-87].

Rostafuroxin is a digitoxigenin derivative which selectively antagonizes the
effects of endogenous ouabain (EO) on Na+/K +-ATPase and mutated adducin [85].
The identification of mutations in the heterodimeric cytoskeleton protein adducin
and the development of this compound resulted from a comprehensive analysis of
the genetic mechanism in the Milan hypertensive (MHS) rat model [85]. This analy-
sis suggested that an interaction between adducin and EO represents a triggering
mechanism for hypertension in MHS and in some patients with a genetic profile
affecting this interaction. Rostafuroxin selectively displaces ouabain from the
Na+/K+-ATPase and was shown to lower BP in MHS and in humans [85]. In a
randomized placebo-controlled phase II dose-finding study, rostafuroxin did not
reduce BP at any dose in an overall cohort of newly recruited, never-treated patients,
while the tolerability of the drug was good compared to placebo [88]. In additional
phase II study analysis, a significant BP-lowering effect was, however, shown in
carriers of a genetic profile affecting the EO-adducin pathway, whereas the presence
of this profile did not affect the BP response to losartan or hydrochlorothiazide [85].
Currently, a confirmatory phase IIb trial is ongoing to further validate this potential
pharmacogenetic and personalized treatment approach and to detect the dose of
rostafuroxin that could be evaluated in phase III trials [85].

In contrast to this candidate gene-driven approach, genome-wide association
studies (GWAS) have so far identified over 60 genetic loci influencing BP and HTN
[87]. Taken together, this genetic information has not led to a personalized or preci-
sion medicine approach in hypertensive disease. Thus, this genetic knowledge has
so far no impact on HTN management in clinical practice either at the diagnostic or
therapeutic level. Nevertheless, among these associations detected in GWAS, evi-
dence has been obtained that multiple genes are either current drug targets or are
druggable based on the predicted potential of a protein to be modified by a small
molecule drug [87, 89]. To move forward from this genetic basis into further trans-
lational research and hopefully development of novel antihypertensive drugs is the
next important pending step, although to make this progress is a challenging task
[90, 91].
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Adherence to Medications 1 1
in Uncontrolled Hypertension

Michel Burnier and Gregoire Wuerzner

Abbreviations

BP Blood pressure
dRHTN  Drug-resistant hypertension
HTN Hypertension

11.1 Introduction

In hypertension (HTN), lowering blood pressure (BP) to the recommended targets
is the most effective way to reduce both total and cardiovascular mortality in hyper-
tensive patients and to decrease the risk of developing cardiac, renal, and neurologi-
cal complications [1-3]. Today, the clinical management of essential HTN is based
essentially on the recommendation of lifestyle changes such as losing weight, eat-
ing less salt or exercising more, and on the prescription of BP-lowering drugs [1].
More recently, the development of interventional treatments such as renal denerva-
tion, baroreceptor stimulation, or the creation of an iliac arteriovenous fistula has
provided additional opportunities to control BP especially in patients with drug-
resistant hypertension (dARHTN) [4-6].

Whatever the therapeutic alternative proposed to control the patient’s high BP,
adherence is a major determinant of the success of therapy. Indeed, changes in life-
style necessitate a long-term perseverance and persistence in order to be efficacious.
Similarly, long-term adherence to drug treatments is essential to obtain the clinical
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benefits of antihypertensive therapy even after interventional procedures. Thus,
Mancia et al. have reported that the higher the percentage of clinical visits with a
normal BP, the lower the incidence of clinical outcomes [7]. In addition, in a cohort
of 242,594 patients aged 18 years or older, residents in the Italian Lombardy Region,
who were newly treated for HTN during 2000-2001, those who continued their
treatment had a 37 % reduced risk of cardiovascular outcomes when compared with
those who experienced at least one episode of treatment discontinuation [8]. In
patients with very low drug coverage, the risk of cardiovascular events was mark-
edly reduced suggesting that compliance with antihypertensive therapy is crucial for
the primary prevention of cardiovascular outcomes [8]. This observation is actually
not specific for HTN, since similar observations have been made with other drug
classes prescribed for the primary and secondary prevention of cardiovascular dis-
eases [9].

This chapter will address several aspects of the role of drug adherence in HTN
with a special emphasis on the impact of adherence in uncontrolled HTN.

11.2 Defining Adherence and Its Various Components

According to the World Health Organization, adherence is defined as the extent to
which a patient’s behavior — following a diet, taking medications, and executing
lifestyle changes — corresponds with agreed recommendations from a healthcare
provider. In 2012, a new taxonomy has been proposed following a consensus meet-
ing [10]. According to this taxonomy, adherence to medication is the process by
which patients take their medications as prescribed. Adherence can be characterized
by three phases: the initiation, the implementation, and the discontinuation.
Initiation represents the time between drug prescription and the day when the first
dose is taken. Implementation is the extent to which a patient’s actual dosing cor-
responds to the prescribed dosing regimen, from initiation until the last dose. Lastly,
discontinuation represents the end of therapy when the next dose to be taken is
omitted and the treatment is interrupted thereafter. One should also consider the
persistence which is the length of time between the initiation and the last dose,
which immediately precedes discontinuation and compliance which corresponds to
the execution on a day-by-day basis. This latter includes the taking, i.e., is the drug
taken or not, and the timing, i.e., is the drug taken at the right moment of the day.
Among all the various characteristics of adherence, three need to be discussed
because they have a major impact on the quality of BP control in hypertension: non-
initiation, non-persistence, and a poor execution [11, 12] (Fig. 11.1). Non-initiation
concerns about 4-5 % of patients who never start their treatment although very often
they do buy their medications. Non-persistence is definitively the greatest problem
in HTN with about 30-50 % of patients ceasing their engagement with the dosing
regimen on their own initiative after 1 year [13—15]. Several studies have actually
demonstrated that drug persistence to most common antihypertensive ranges
between 40 and 60 % at 1 year with important differences between antihypertensive
classes [16—-18]. Many reasons have been identified to explain this rather low



11 Adherence to Medications in Uncontrolled Hypertension 181
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persistence in HTN. Among them, one could cite the incidence of short- or long-
term side effects, the fact that BP remains uncontrolled, a lack of motivation, the
non-affordability of drugs, and the patients’ poor understanding of the reasons to
treat HTN as they are asymptomatic. A poor execution of the treatment which leads
to short (1-2 days) or long (up to 1 week) interruptions of drug dosing may also
result in poor BP control. Lapses in implementation are typically the consequence
of forgetfulness or negligence resulting in treatment interruptions. The clinical
impact depends on the pharmacological characteristics of the drugs omitted. Missing
one or two doses of a very long-acting drug may have no influence on BP, whereas
the same length of interruption of a short acting drug may lead to an immediate
increase in BP. These observations have led to the development of the concept of
“forgiving drugs,” i.e., drugs which can be omitted without serious consequences on
the control of BP [19]. Thus, comparing three different antihypertensive drugs
blocking the renin-angiotensin system (aliskiren, ramipril, and irbesartan), we have
been able to show that the impact of missed doses on BP control and risk reduction
depends largely on the pharmacological profile of the prescribed drugs [19].

11.3 Clinical Assessment of Drug Adherence: A Major
Challenge

In all domains of science, it is difficult to solve a problem if this latter cannot be
characterized and quantified correctly. In this respect, the lack of easy and reliable
methods to assess drug adherence is one of the biggest problems in clinical medi-
cine. As mentioned in a previous review, the ideal method to measure drug adher-
ence should “provide a reliable capture, storage, analysis and communication of
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Table 11.1 The four questions of the simplified Morisky questionnaire used in clinical practice

1. Do you sometimes forget to take your high blood pressure pills?

2. Have you ever cut back or stopped taking your medication without telling your doctor
because you felt worse when you took it?

3. When you feel like your blood pressure is under control, do you sometimes stop taking your
medicine?

4. Taking medication everyday is a real inconvenience for some people.
Do you ever feel hassled about sticking to your blood pressure treatment plan?

dosing history data in ways that make it difficult or impossible for patients or trial
staff to censor or otherwise manipulate the data” [12]. Today, although no method-
ology really fulfills these criteria, three approaches may be considered as relatively
reliable, i.e., the retrospective analysis of prescription refill records, often used in
large epidemiological surveys, the analysis of chemical markers of drug exposure,
and the automatic electronic monitoring of adherence. These three methods will be
discussed further below.

Today, in clinical practice, the large majority of physicians estimates drug adher-
ence using a careful interview. This approach provides a vague impression on what
the patient is actually doing with his/her medications. Although it has the merit to
favor a discussion between physicians and patients about adherence, it remains rela-
tively imprecise unless patients admit that they did not initiate their treatment or that
they interrupted it for reasons such as the occurrence of side effects or the fear of
drug interactions. The clinical response as the reduction of heart rate on beta-
blockers, the respect of medical terms, and the development of specific drug-induced
side effects are often used by clinicians as indirect markers of adherence, but their
adequacy of these markers remains questionable. In some countries, hypertension
societies recommend to use the Morisky questionnaire or one of its simplified ver-
sions based on four questions (Table 11.1) [20]. These questionnaires have the
advantage of being simple and easy to use during a consultation. However, compari-
sons with medication monitoring systems or plasma drug levels have shown that the
Morisky questionnaire tends to overestimate the adherence probably because
patients tend to forget the episodes when no medication was taken [21, 22].

When dealing with large groups of patients in clinical trials or epidemiological
surveys, the most frequent methods used to monitor drug adherence are the pill
count and the assessment of prescription refills. Pill count is considered the method
of choice in clinical trials. Although pill count gives useful information on drug
intake during a time frame, it has also a tendency to overestimate the true adherence
even in clinical trials [23]. This was demonstrated in small clinical studies in which
more pills were provided than actually needed for a defined time period. In these
cases, adherence of 110 or 120 % could be measured suggesting either an increased
intake or a discard of the pill excess. The monitoring of prescription refills is today
the reference method in epidemiological surveys. This method enables to calculate
the percentage of days covered by the prescribed treatment [24]. However, to obtain
reliable data, it is absolutely necessary to have an adequate electronic monitoring of
drug prescriptions by pharmacies or reliable registries. The major limitation of this
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approach is that one has no information on what patients are doing with their treat-
ment on a day-to-day basis and, hence, one assumes that patients take their drugs
adequately every day, which is certainly not the case. At last, patients may obtain
their medications from different pharmacies. Therefore, it is crucial that the moni-
toring system covers all potential sources of medication delivery. Taken together,
the various limitations of the prescription refills monitoring probably lead to an
overestimation of the true patients’ adherence.

Today, two methods can be considered as clinically useful because they produce
reliable information on drug adherence: the electronic monitoring and the direct
measurements of plasma or urine drug concentrations. Electronic monitoring of
drug adherence has been used essentially in clinical trials, and few centers have
introduced this approach in their clinical practice as we have been doing since two
decades ago [11, 12]. The advantage of the electronic monitoring is that it provides
dynamic information on adherence and the information is recorded and cannot be
modified. The dynamic approach is crucial, since drug adherence is a highly
dynamic process which can vary enormously in the same patient from one period of
the year to another. This method is often criticized because it records every time the
box is open and does not prove that the medication has been taken by the patient.
This is actually not an issue because the most important information provided by the
electronic monitoring is when the box is not opened. In this case, one can be sure
that the drug was not taken. In our experience, it is extremely rare that a patient
opens the pillbox every day and throws its content during months. However, know-
ing what patients are actually doing with their medications is very informative for
physicians as it helps them to take more rational clinical decisions [25].

With the development of clinical programs on dRHTN, a new interest has
emerged for the determinations of drug levels in plasma or urine [22, 26-28]. The
goal of these measurements is to ascertain that patients are indeed resistant. This
approach has long been limited by the difficulty to measure accurately the different
antihypertensive drugs available on the market, but today, this obstacle has been
surmounted with the development of new laboratory technologies such as mass
spectroscopy and/or liquid chromatography. Nowadays most antihypertensive drugs
can be detected with these methods, but these latter remain costly and labor inten-
sive. The main advantage of these measurements is that they confirm that some drug
was taken, but they give no information on when the medication was taken and no
insight on the dosing history. Nonetheless, this approach has been found to be very
useful in the diagnosis of dRHTN demonstrating a very low adherence in a large
proportion of patients with apparent resistance [26—28]. Of note, this approach is
often affected by the white coat adherence phenomenon according to which patients
tend to improve their adherence during the days preceding or following a medical
term [29]. In addition, one question is whether patients should be informed that
blood or urine will be taken to monitor their adherence. If they are, the likelihood of
a positive test will be much higher. If they are not, this might represent an ethical
issue in some countries. A recent analysis based on the Markov model has sug-
gested that therapeutic drug monitoring is cost-effective in patients with dRHTN
[30]. One interesting observation made with the use of drug levels in clinical
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practice is that BP control improves once patients have been informed of the results
[28]. This indicates once more that providing a feedback to the patients has a very
positive influence [31]. Another interesting finding is that the availability of plasma
drug levels enables to perform a better analysis of data collected in clinical studies
as changes in BP or any other clinical results can be assessed differentially in those
patients who took the drug and those who did not [32, 33].

A rarely used technique to ensure drug intake is the direct observed treatment or
DOT. This method is applied for infectious diseases such as tuberculosis to be abso-
lutely sure that drugs are taken to avoid the dissemination of the disease and/or the
development of resistant strains if the treatment is incomplete. A similar approach
has been used in dARHTN by some investigators [34]. This method is effective but
needs time and personal and hence has some cost.

Taken together, all these data emphasize how difficult it is to assess drug adher-
ence in clinical practice. There is definitively a great necessity of developing new
tools to help physicians. Meanwhile one can only encourage physicians spending
more time discussing with their patients on drug adherence.

11.4 Adherence in Hypertension

When questioned, all physicians will recognize that drug adherence is a major
concern in the management of essential HTN. Surprisingly, however, when
assessed in clinical studies using electronic monitoring, for example, adherence is
found to be quite variable but relatively high [35, 36]. In addition, correlations
between the level of adherence and the quality of BP control or the level of BP have
been difficult to obtain and were, in general, weak [37, 38]. The main reason for
the discrepancy between the perceived adherence and the measured adherence is
certainly the measurement bias, as adherence improves as soon as it is measured.
In addition, high BP values can be found in nonadherent as well as in adherent
patients if the latter are insufficiently treated. However, when patients are under
monitoring, BP tends to improve and to be better controlled as we observed in
patients with apparent resistant hypertension. In one controlled study, monitoring
adherence did not ameliorate BP but prevented changes in drug therapies. Thus,
electronic monitoring drug adherence during a long period has several advantages:
firstly, it provides information on how the patient is behaving with his/her medica-
tions; secondly, it generally improves BP control; and, thirdly, it may support the
patient’s adherence with a feedback system indicating when the past dose was
taken.

With more than 20 years of experience, the use of electronic monitors such as the
medication event monitoring system (MEMS) has provided a huge amount of infor-
mation on the long-term behavior of hypertensive patients with many key observa-
tions for practicing physicians [11]. As already mentioned, one has realized that
drug adherence is very dynamic, that patients make frequent drug holidays espe-
cially during weekends, and that they sometimes compensate drug omissions by
taking more than the recommended dose during one or two days. Depending on the
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pharmacological characteristics of the drugs, these behaviors may have a major
impact not only on BP but also on the incidence of side effects.

One question which is rarely addressed in the drug management of HTN is: what
is the acceptable level of adherence that patients should achieved in order to be sure
that they get the benefit of their treatment? In fact, this issue has never been addressed
carefully and all authors in the field tend to consider that 80 % is the cutoff below
which the patients should be considered as poorly adherent. We have observed that
in patients with so-called dRHTN, BP increases significantly as soon as adherence
is below 90%. Therefore, drug adherence should be analyzed as a continuous
parameter and not according to arbitrary cutoffs as often done in literature.

Despite all these observations, there is now strong evidence that a good adher-
ence is associated with a better control of BP but also a greater reduction of the
patients’ cardiovascular risk and a significantly greater reduction in coronary events,
in heart failure, and stroke events [8, 39-41].

11.5 When Should Adherence Be Monitored
in Hypertension?

It is obvious that patients should not be bothered with an investigation of drug
adherence if their BP is well controlled. Thus, adherence monitoring using any of
the available methods should be envisaged whenever BP control is not achieved fol-
lowing the prescription of a dual therapy or more. When patients are on a mono-
therapy, the likelihood to normalize BP is so low (30-50) that the probability of an
insufficient treatment is greater than that of nonadherence. With a dual therapy,
about 60 % of hypertensive patients usually reach the BP targets. Therefore, when
on a monotherapy, treatment should first be intensified and poor adherence consid-
ered in a second step.

In our opinion, physicians should ask the question of drug adherence whenever
patients receiving at least two drugs remain uncontrolled, even if they do not fulfill
the definition of dRHTN which is a BP>140/90 mmHg despite a triple therapy
including a diuretic, a calcium channel blocker, and a blocker of the renin-
angiotensin system. In this respect, physicians should be aware of the numerous
factors associated with an increased risk of poor adherence. As shown in Table 11.2,
these include younger male patients, elderly subjects with cognitive impairment,
depression, a complex treatment with a high pill burden, etc. [14, 42-45]. Newly
treated hypertensive patients are also at higher risk of stopping their medications
than patients treated for years who have accepted their treatment [16, 46]. At last,
the class of antihypertensive drug chosen to initiate the therapy appears to have an
important impact on long-term drug persistence [18].

The assessment of adherence becomes crucial when investigating the possible
cause of treatment resistance. When BP remains high despite a heavy treatment
containing several antihypertensive drugs, the logical questions are: is the patient
really resistant? Or is the patient taking the medication correctly? In these clinical
situations, the trend is to intensify the treatment adding a fourth or a fifth drug, and
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Table 11.2 Factors associated with
an increased risk of poor adherence

Fig.11.2 Schematic
representation of our
proposed work-up of
patients with resistant
hypertension candidates
for an interventional
treatment

Age and sex (young men at higher risk)
Elderly patients with cognitive impairment
Personal and family beliefs

Asymptomatic nature of hypertension
Understanding of the benefits of treatment
Lower socioeconomic status

Cost of treatments and copayments

Severity of disease

Number of drugs and complexity of treatment
Drug tolerability (acute and long-term side effects)
Efficacy on blood pressure control

Family support

Physician-patient relationship

Depression and comorbidities

Resistant hypertension

v
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~

y
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A 4
Evaluate drug adherence
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Exclude secondary forms of hypertension

v

Consider an interventional treatment

this strategy is actually supported by many guidelines. However, if adherence is the
issue, adding new drugs is really meaningless. Recent surveys suggest that d(RHTN
is particularly prevalent among patients with hypertensive complications [47—49]
and is simultaneously a major cause of hypertension target organ damages [50].
With the development of new therapeutic strategies for dRHTN, especially
renal denervation, many studies have been conducted to better identify patients
who are truly resistant to therapy and not pseudo-resistant [51]. This recent move-
ment has actually promoted the use of ambulatory BP monitoring as well as the
assessment of drug adherence [52]. In fact, according to most recommendations,
these two aspects belong to the early steps of the screening of patients with dRHTN



11 Adherence to Medications in Uncontrolled Hypertension 187

(Fig. 11.2). Using the electronic monitoring of drug adherence, we found that
30-50% of resistant patients had adherence problems leading to uncontrolled
HTN [25, 53]. Recently, a special emphasis has been put on the use of either uri-
nary or blood drug concentrations to verify the patient’s adherence to therapy, and
similar were found [26, 27, 54]. The opportunity to identify antihypertensive drugs
in biological fluids has become available and affordable with the development of
analytic techniques such as high-performance liquid chromatography coupled to
mass spectrometry. Investigators were very surprised to find up to 50 % of total or
partial nonadherence in renal denervation candidates. Interestingly nonadherence
was observed in inpatients as well as in outpatients [54]. Thus, despite some major
limitations discussed previously in this chapter, the demonstration of the presence
or absence of the prescribed drugs in the blood or urine may sometimes be useful
to identify non-adherers and might contribute to support patients in their efforts of
maintaining their treatment as they offer the opportunity to address the patient’s
difficulties.

11.6 How to Improve Drug Adherence in Uncontrolled
Hypertension?

Multiple strategies have been proposed to improve drug adherence in chronic dis-
eases such as HTN. However, although some interventions were associated with a
significant improvement of BP during a short-time period, none of them has dem-
onstrated a major superior effect as reported in the long run in meta-analyses and
Cochrane reports [55-57]. It seems that interventions should be tailored to each
individual. Nevertheless, some strategies merit to be applied to every patient
whatever the disease. The first is the empowerment of the patient [56]. Whatever
the level of education of the patient, this latter should be clearly informed on the
overall goals of therapy, on the BP targets, and on the means to achieve them with
the therapy. They should also receive the adequate information on the drug side
effects and on the potential complications in order to help them cope with these
events. In HTN, self-measurements of BP at home have been shown to be helpful
although not all patients are willing to do it. In a recent study, investigators have
proposed to let the patient uptitrate the treatment to achieve BP targets. This
unusual approach was found to improve BP control without major inconvenience
for the patients [58].

The second effective strategy is to simplify the treatment as much as possible in
order to reduce the pill burden, considering that most hypertensive patients have
other concomitant diseases which need to be taken care off with oral medications.
In this respect, the development of single-pill combination containing two or three
active compounds is of great benefit for hypertensive patients [59, 60]. Among the
numerous single-pill combinations available on the market, one should recommend
those combining different long-acting drugs enabling the omission of one or two
doses without any significant increase in BP. Unfortunately, in some countries, tri-
ple combinations are not reimbursed.
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The use of pill organizers, recalls using telephone or emails, and rewards and
behavioral interventions have all been reported to improve drug adherence and
blood pressure control. However, the magnitude of their effect was found to be
small. Except for pill organizers, they are also difficult to implement for a very long
time period. Ideally patients with the greatest difficulty to stay on therapy should be
monitored continuously. We are actually using the MEMS system in our practice to
support patients, and the majority of them do appreciate the monitoring because it
represents also a unique opportunity to discuss their adherence but based on data
they gathered. Unfortunately, the development of the MEMS has been concentrated
on clinical trials, and few centers are using them in clinical practice. Yet, it would
be perfectly affordable if one considers the costs of nonadherence.

The most recent approach developed in some countries such as Canada is the
multidisciplinary management of hypertensive patients with a high risk on non-
persistence and uncontrolled BP [61]. The principle is to involve other healthcare
professionals, for example, nurses or pharmacists, in the follow-up of hypertensive
patients [62, 63]. This multidisciplinary concept has been tested and was found to
be effective in improving adherence and hence clinical endpoints not only in hyper-
tension but also in patients with heart failure or chronic kidney diseases [63, 64].
Today, this system has not been largely exported essentially because of problems of
reimbursement of nurses or pharmacists and also because of the difficult collabora-
tion between general practitioners and pharmacists. At last the cost-effectiveness of
these collaborations has been questioned [62, 65].

Conclusions

In the absence of new drug development in HTN and while we are waiting the
results demonstrating the efficacy and the long-term benefits of interventional
treatments of HTN, physicians will have no other choice than managing HTN
with the drugs available today. In this context, working on drug adherence and
improving treatment persistence are the only ways to effectively improve BP
control in populations and to reach the ambitious targets proposed by some coun-
tries such as Italy and France, i.e., to normalize BP in 75 % of the hypertensive
population. In Canada, the implementation of the Canadian Hypertension
Education Program involving pharmacists and nurses has led to an impressive
increase in the percentage of hypertensive patients treated and well controlled
with 68 % of patients on target [61]. This program demonstrates that it is possible
to do better with what we have, as long as physicians resist to the medical inertia
[66] and patients remain motivated and persist with their treatment.
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12.1 Introduction

Activation of the sympathetic nervous system (SNS) has been identified as a key
pathophysiological feature involved in the initiation, progression but also prog-
nosis of most cardiometabolic disorders (chronic heart failure or kidney disease,
coronary heart disease, obesity, diabetes, etc.), among them hypertension
(HTN). This has been established through studies recording SNS activation at
systemic and local levels using different techniques to measure SNS outflow to
various organs. Mechanisms leading to SNS activation are heterogeneous vary-
ing from central activation to reflex-mediated sympathoexcitation (or lack of
sympathoinhibition).

The existence of a link between the autonomic nervous system and the kidney
has been suspected in the middle of the nineteenth century following observations
by Bernard showing that renal nerve stimulation decreased urinary flow rate while
renal denervation (RDN) increased it [1] and later confirmed by Starling [2]. After
40 years the anatomic breakthrough was provided by Luciano Barajas [3] showing
direct contact of the renal sympathetic nerves with the tubular segments and juxta-
glomerular granular cells, making it clear that alterations in renal sympathetic nerve
discharge with changes in neurotransmitter release could directly influence renal
tubular transport function as well as renin secretion.

12.2 What Types of Nerves Are Linking the Kidney
to the Brain?

In HTN the efferent and afferent nerves play a major role in the pathogenesis. The
efferent fibres by directly interacting with the tubular, vascular or humoural part of
the kidney drive HTN initiation and progression. Beyond that, the afferent fibres
provide information to the central nervous system about kidney integrity and contrib-
ute to systemic SNS activation. This in turn explains why and how the kidney could
play a key role in cardiometabolic diseases by systemic activation through the kid-
ney—brain connexion of SNS activity. This chapter will focus on the SNS, but both
the afferent and efferent fibres interact with other systems, such as the parasympa-
thetic nervous system, local or systemic mediators, such as nitrogen oxide (NOXx),
prostaglandins, vasoactive intestinal peptide (VIP), surfactant protein (SP), etc.

12.2.1 Renal Efferent Sympathetic Nerves

In young patients with essential HTN, the use of regional norepinephrine isotope
dilution methodology shows that the renal sympathetic outflow is highly activated
as is the outflow to the heart [4], shown with selective cardiac norepinephrine spill-
over measurements, and to the skeletal muscle vasculature, demonstrated with
microneurographic nerve traffic recording, but it is the renal sympathetic activation
which is central to hypertension pathophysiology [5].
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Anatomically, the efferent SNS fibres to the kidney, arising from the second sym-
pathetic ganglion, form a network within the renal artery adventitia. Renal efferent
innervation is targeting adrenoceptors at the level of JGC, tubular cells and renal
arterial vessels. Hence, increased renal sympathetic nerve activity (SNA) leads to
increased renin secretion rate via stimulation of pl-adrenoceptors on the juxtaglo-
merular granular cells, increased renal tubular sodium reabsorption (decreased uri-
nary sodium excretion) via stimulation of al1B-adrenoceptors on the renal tubular
epithelial cells and decreased renal blood flow (RBF) via stimulation of alA-
adrenoceptors on the renal arterial resistance vessels (Fig. 12.1).

12.2.2 Renal Afferent Sympathetic Nerves

Sensory afferent fibres away from the kidney, acting through the posterior hypo-
thalamus, regulate sympathetic outflow to control systemic haemodynamics and
reflexive sympathetic efferent activity. Two classes of renal sensory receptors have
been identified: renal mechanoreceptors responding to increases in intrarenal pres-
sure [6] and renal chemoreceptors responding to renal ischaemia and/or changes in
the chemical environment of the renal interstitium [7] both contributing to the
upstream signal starting from the kidney towards the brain.

The pressure-sensitive receptors in the renal pelvis are sympathoinhibitory and
important in mediating renorenal reflexes. Renal mechanosensitive neurons monitor
hydrostatic pressure changes within the kidney. Early studies in rats, cats and rab-
bits [8] showed that stretch activation of these afferent sensory nerve fibres elicits an
inhibitory renorenal reflex response wherein the contralateral kidney exhibits a
compensatory natriuresis and diuresis due to diminished efferent renal SNA. The
renorenal reflex coordinates the excretory function of the two kidneys so as to facili-
tate homeostatic regulation of sodium and water balance. There is a negative feed-
back loop in which efferent renal SNA facilitates increases in afferent renal nerve

1-mediated Renin Distal
secretion 1 ] HLTLY
Na+ reabsorption T
Kidney
sympathetic | | o1B-mediated tubular | | Na+ . Blood I
efferent Na+ reabsorption t excretion l pressure
activity 1
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Fig. 12.1 Effect of increased kidney efferent sympathetic activity on blood pressure
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activity that in turn inhibits efferent renal SNA so as to avoid excess renal sodium
retention.

The nociceptive receptors or chemoreceptors, in contrast to renal mechanorecep-
tors, induce a sympathoexcitatory reflex in response to a renal injury. The signal is
projected to the hypothalamus and increases central sympathetic outflow. Different
triggers have been identified as strong activator of the SNS through this upstream
pathway, among them ischaemia-induced metabolites and toxins such as urea [9]. In
states of renal disease or injury, there is activation of afferent sensory nerve fibres
that are excitatory, leading to increased peripheral sympathetic nerve activity, vaso-
constriction and increased arterial pressure [10].

12.3 Effects of Kidney Nerves: Stimulation or Denervation?

The use of low-frequency renal nerve stimulation at low intensity induced a decrease
in urinary sodium and water excretion in rat, rabbit, sheep and monkey; this was
associated with an increase in renal tubular sodium and water reabsorption through-
out the nephron. In the reverse mode, RDN produced an increase in urinary sodium
and water excretion associated with decreases in renal tubular sodium and water
reabsorption throughout the nephron, again with no change in glomerular filtration
rate (GFR) or RBF.

The magnitude of renal functional responses to renal sympathetic nerve stimula-
tion is frequency dependent. At the highest there is increased renin secretion rate
and decreased urinary sodium excretion, RBF and GFR [11]. The use of reflex
manoeuvres mimicking physiological changes of renal SNA produced similar
results to those with renal nerve stimulation and denervation confirming the
described interplay between the kidney and the autonomic nervous system. However,
these studies could not exclude a confounding effect of surgery or anaesthesia.
These bias were controlled by studies in trained conscious dogs in which renal sym-
pathoexcitation and sympathoinhibition led to expected effects on natriuresis
(respectively reduced and increased) abolished by cardiac and/or RDN. These
changes underline the contribution of renal sympathetic innervation to maintain
fluid and sodium balance but also blood pressure (BP) regulation or oedema forma-
tion in various clinically relevant models of rats (spontaneously hypertensive rats
(SHR), congestive heart failure (CHF), nephrotic syndrome).

Similarly stimulation of afferent nerves has been associated to sympathoexcit-
atory response, but results are more conflicting. Chemical irritation, from intrarenal
phenol injection, can act as a potent stimulus in experimental studies in rats [12]. The
nociceptive renal afferents have been implicated in generating increased systemic
sympathetic activity in drug-resistant essential hypertension and chronic kidney dis-
ease. However selective disruption of afferent fibres leads to a reduction of BP and/
or SNS activity only in some experimental model. Similarly blocking the effects of
SP or calcitonin gene-related peptide (CGRP) does not always reduce BP in different
experimental model of hypertension. Hence, most of evidence strongly suggests the
role of efferent sympathetic fibres in the pathophysiology of hypertension while the
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role of afferent fibres is more controversial. However, it should also be noted that not
all experimental forms of hypertension are ameliorated by RDN; RDN does not
affect the development of hypertension in the Dahl NaCl-sensitive rat [13] or in
canine hypertension induced by chronic NOS inhibition [14]. Finally, the efferent
renal sympathetic nerve fibres are predominantly unmyelinated small fibres with
conduction velocities <2 m/s. However, the finding that the distribution of rat renal
nerve fibre diameters showed a bimodal distribution suggested a certain degree of
heterogeneity. Anatomic studies of neurovascular contacts in the kidney disclosed
different ultrastructural types of sympathetic axons, again supporting heterogeneity.
Additional neurophysiological and renal functional studies support the existence of
functionally specific renal sympathetic nerve fibres for specific tasks. This suggests
that not all efferent fibres are sympathoexcitatory leading to expected vasoconstric-
tion and BP effect [15].

Beyond this direct interaction of the kidney and the brain through afferent and
efferent fibres, other systems are also influencing this relationship. Thus, the aortic
and carotid sinus baroreceptors play differential roles in the control of heart rate, but
they contribute similarly to the control of kidney sympathetic nerve activity [16].
Other mediators such as prostaglandins or NOx modulate the effect of efferent sym-
pathetic outflow to the kidney as do antihypertensive drugs.

12.4 Kidney-Nerve Interaction: Role of Denervation
in Hypertension

The role of afferent and efferent kidney fibres in the pathogenesis of HTN is under-
lined by experimental and clinical dates suggesting their role in sympathoexcitation.
In hypertensive models, there is a regional activation of the sympathetic tone at the
kidney level. Activation of the renin—angiotensin system, arterial vasoconstriction
and sodium reabsorption all lead to the initiation, maintenance and progression of
hypertension and related disease. Hence, the renal nerves provide the critical link
between increased central sympathetic outflow and impairment of renal excretory
function that leads to chronic HTN [9, 10]. This has led to the development of vari-
ous approaches to disrupt these nerves by the use of pharmacological or non-
pharmacological tools (selective and non-selective denervation using surgery or
alternative approaches). Most of the studies where RDN is reported to reduce BP in
different forms of experimental HTN were conducted in rodents but without any
consistent finding [17, 18] due to the experimental design, method of BP measure-
ment, etc. The only exception are studies conducted in SHR, known to have elevated
kidney sympathetic activity [19]; however, RDN has minimal effect on BP when
animals display target organ damage or more advanced stages of HTN. In dogs, the
classical model of HTN (disease induced by Goldblatt clip or by infusion of angio-
tensin/aldosterone) is not associated with an increased activity of the SNS tone. The
only exception is high-fat diet-induced HTN where there is evidence of a
BP-lowering effect following RDN [20]. These experimental studies indicate that
the renal nerves do not contribute to all forms of HTN, but that they do play a
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critical role in chronically increasing arterial pressure when sympathetic nerve traf-
ficking to the kidney is elevated.

In humans, the seminal papers by Smithwick and Thompson [21] about surgical
sympathectomy studies conducted in hypertensive patients in the middle of the
twentieth century suggest that this procedure reduces BP but also improved mortal-
ity and survival rates. However the severity of HTN was attenuated in only about
half of the 1,266 patients analysed.

Taken together, these observations indicate that RDN as developed through
catheter-based approach could be of interest not only to reduce BP but also to reduce
sympathetic tone. This procedural approach is more selective than surgery however
cannot target independently afferent and/or efferent fibres. Expected effect of RDN
is reduction in sympathetic tone both at systemic and local levels though conflicting
results have been published. Hence, the first paper by Schlaich showed reduction in
muscle sympathetic nerve activity (MSNA) in a case report confirmed by reduction
in both MSNA [22] and single nerve activity [23] in a larger sample; others have
shown no effect on MSNA [24]. This is related to the experimental design of the
study and the type plus location of measurement of SNS activity (kidney spillover
versus MSNA or cardiac sympathetic nerve activity). The discrepancy of the results
also suggests that reinnervation may occur. Studies of central and renal changes
post denervation are required to understand the causes of the prolonged or lack of
hypotensive response to catheter-based RDN in human hypertension [25]. Beyond
SNS modulation, RDN also increases sodium excretion [26] and does not modify
blood flow to the kidney, thus contributing to the BP-lowering effect.

12.5 Perspective-Conclusion

The pleiotropic sympathetic innervation also underlines collateral benefits of RDN
beyond BP and in different type of patients known to have elevated sympathetic
tone. Hence, enhancement of insulin sensitivity in patient with type 2 diabetes or
metabolic syndrome, reduction of apnoea—hypopnea index in patient with obstruc-
tive sleep apnoea or less arrhythmia in patient at risk are some of the additional
effects linked to sympathomodulation driven by RDN. Finally, this technique, again
through reduction of the sympathetic drive to organs, has been associated to favour-
able cardiac remodelling and functional effect in heart failure patient or on nephro-
logical parameters in patient with chronic kidney disease. These effects remain to be
confirmed but underline the role of RDN on the pathophysiology of most
sympathetic-driven diseases [27].
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13.1 Introduction

The role of the sympathetic nervous system (SNS) in the development of hyperten-
sion and in particular of resistant hypertension has long been recognized. A great
deal of work has been done attempting to explore potential interventions to interrupt
the sympathetic influence on systemic vasculature and target organs. Renal denerva-
tion (RDN) is not a new technique, and it does not address a newly discovered
concept. Surgical RDN was applied almost 150 years ago in an attempt to treat a
variety of disorders including renal pain, proteinuria, and severe or malignant
hypertension. In animal models surgical RDN was utilized to totally resect and
interrupt sympathetic fibers. Renal nerves were resected with a scalpel bilaterally,
and the renal arteries were painted with phenol to totally eradicate all sympathetic
fibers. Indeed surgical renal denervation resulted in up to 99 % reduction of renal
norepinephrine.

Device-based RDN was invented only recently in an attempt to disrupt the
sympathetic fibers coursing in the adventitia of the renal arteries. Early studies
provided impressive results in patients with dRHTN and in patients suffering from
diseases associated with sympathetic overactivity. However, the negative results of
Symplicity HTN-3, the largest and only sham control study, abated enthusiasm and
put the whole field of RDN into a hibernation state. In this article we’ll briefly
review the history of renal denervation and the preclinical scientific evidence that
lead us to believe that renal denervation is a viable option for treatment and control
of resistant hypertension.

13.2 Historical Perspective
13.2.1 Animal Models

The important role of renal SNS was first described more than a century and a half
ago. Claude Bernard described that unilateral stimulation of the splanchnic nerves
resulted in sodium and fluid retention by the ipsilateral kidney, whereas unilateral
section of the splanchnic nerve was accompanied by enhanced ipsilateral diuresis
[1]. In 1889, after meticulous experiments on dogs, Bradford [2] reported that
stimulation of dorsal and splanchnic nerves causes changes in blood pressure (BP)
and kidney size measured by plethysmography. Whether BP increased or decreased
depended on the anatomic area stimulated, as well as the electric impulse frequency,
but outcomes were consistent and reproducible.

Since then it became apparent that kidneys act both as generators and recipients
of sympathetic signals. Sympathetic afferent fibers originate from the kidneys and
travel to the central nervous system, where, after processing, coordinated by the
nucleus tractus solitarius of the midbrain, they regulate sympathetic outflow and
promote SNS overactivity in response to renal injury [3, 4]. On the other hand, renal
efferent sympathetic nerves originate from the brain, travel through the spinal cord,
reach the kidney from the second sympathetic ganglia, course through the adventitia
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of the renal arteries, and innervate the peripheral segments in the renal cortex ending
in glomerular arterioles where they can affect renal function. Overactivity of the
efferent sympathetic fibers results in enhanced renin release, increased sodium and
water absorption, and reduced renal blood flow and glomerular filtration rate [5]. It
seems that both the afferent and efferent fibers contribute to the development and
persistence of hypertension. By the 1980s it was well established that kidneys are
important sensory organs with abundant baroreceptors and chemoreceptors and
significant afferent innervation. In 1987, Webb and Brody [6] published results
from a thesis in which they addressed signal trafficking via the afferent sympathetic
fibers in a rat model. Through extensive instrumentation and careful monitoring,
they demonstrated that electric stimulation of afferent sympathetic fibers can reduce
BP in a dose-dependent manner. They also demonstrated that BP responses could be
abolished by spinal transection and interruption of the efferent sympathetic fibers
coursing through the spine. Subsequently, in a controlled study, Campese and
Kogosov [7] showed that resection of the afferent renal nerves through ventral
rhizotomy can prevent activation of the noradrenergic neurons in the hypothalamus
and can prevent the development of hypertension in rats with chronic renal
insufficiency.

Later, through elaborate research, it was shown that efferent renal nerve
stimulation results in vasoconstriction of the renal vasculature [8]. Sympathetic
nerve endings directly release norepinephrine on renal epithelial cells and can cause
a 30-40 % increase in sodium and water reabsorption via o—1 adrenergic receptors
even before any hemodynamic changes could be detected [9, 10]. In 1981, Osborn
et al. [11] demonstrated that low frequency stimulation of the renal nerve in dogs
can directly mediate renin secretion via P-1 adrenergic receptors. In other
experiments, surgical renal denervation has been shown to affect hypertension. In
deoxycorticosterone acetate-treated miniature swine with established hypertension,
O’Hagan et al. [12] demonstrated that RDN results in immense natriuresis and BP
reduction. Similarly, Huang et al. [13] in a hyperinsulinemia-induced hypertension
model demonstrated that renal denervation can prevent hypertension development if
done early or can normalize BP after hypertension is established. Changes in tissue
norepinephrine (NEPI) followed the same patterns.

In many experimental models, acute increases in SNS activity produced
disproportionately greater vasoconstriction in the renal vascular bed than what
occurs in most other vascular beds. Increased SNS activity has been implicated in
the pathogenesis of 11-Deoxycorticosterone (DOCA)-salt hypertension in the rat
and attenuation of renal sympathetic tone has been shown to delay the development
of this form of hypertension.

Katholi et al. [14] performed RDN in 5-week-old uninephrectomized male
Sprague-Dawley rats 1 week before beginning DOCA-salt treatment and compared
them to sham-operated rats. Systolic blood pressure was measured using the tail
cuff method. In 32 sham-operated rats systolic BP was significantly (p<0.05)
elevated above control by day 5 (115+3 vs 128+3 mmHg) of DOCA-salt
administration and continued to rise, reaching a plateau by day 21 (192+5 mmHg).
In contrast, DOCA-salt administration in 32 renal denervated rats did not result in a
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significant elevation of BP above control until day 17 (121+3 vs 135+3 mmHg,
p<0.05). During the first 2 weeks of DOCA-salt treatment, fractional urinary
sodium excretion was significantly greater (p <0.05) in renal denervated rats than in
sham animals. During the 3rd week of DOCA-salt administration, renal denervated
rats had a rapid rise in BP and a fall in fractional urinary sodium excretion to the
level of the sham-operated animals. Coincident with the development of hypertension
was a threefold increase in renal norepinephrine content (p<0.01), suggesting
reinnervation. The authors concluded that increased renal sympathetic tone in the
DOCA-salt rat facilitates sodium retention and is necessary for the development of
the hypertension. The authors also concluded that re-innervation may occur in this
model [14].

Other studies have also emphasized the role of high-sodium diet in conjunction
with sympathetic overactivity for hypertension development. Greenberg et al. [15]
studied the effects of low- and high-sodium diet in spontaneously hypertensive rats
(SHR) and Wistar Kyoto (WKY) rats with or without RDN. RDN was performed
surgically using a dissecting microscope, and all visible renal nerves were resected
from renal arteries, veins, and ureters. The pedicle was then painted with phenol to
destroy any remaining fibers. RDN was effective in only denervated animals going
from low- to high-sodium diet, whereas it was ineffective in denervated SHRs going
from high to low sodium diet. Renal denervation was not effective in WKY rats.
These data indicated that renal denervation is effective only in strains characterized
by sympathetic overactivity and only under conditions of high-sodium diet. In other
experiments Katholi et al. studied the effects of renal denervation in the one-kidney,
one-clip Sprague-Dawley rat model [16]. Two weeks after nephrectomy and
clipping of the remaining kidney, BP increased to >200 mmHg in this model. Renal
denervation or unclipping of the renal artery on day 14 resulted in impressive BP
reduction, whereas sham procedure had no effect. These experiments demonstrate
the importance of renal ischemia and sympathetic overactivity in the development
of hypertension.

13.3 Renal Denervation in Humans

Neurosurgical treatment of hypertension was independently suggested by research-
ers in 1923 [17]. Adson, however, was the first to perform surgical sympathectomy
for the treatment of malignant hypertension in 1925 [18]. During the following
years and in the 1930s, Peet in Ann Arbor, Page and Heuer in New York, and Adson,
Craig, and Brown from the Mayo Clinic operated and reported on a series of patients
all experiencing malignant hypertension [19]. At the same time, renal decapsula-
tion, which was considered a form of sympathectomy by disrupting the fibers
between the capsule and the renal cortex, was being performed to treat unexplained
hematuria and perinephritis. Sen [20] reported a significant but not permanent
decrease in BP in 85 subjects who underwent decapsulation between 1925 and
1935. Surgical denervation of the kidneys alone was first performed in humans by
Papin and Ambard [21] in 1924 in an attempt to relieve intractable pain originating
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from the kidney. The first case of bilateral sympathetic denervation of the kidney to
treat severe essential hypertension was presented in 1934 by Page and Heuer [22].
The patient was a 25-year-old woman who reported easy fatigability and had severe
headaches and BP in the range of 208/140 mmHg. The patient underwent surgical
staged, bilateral renal sympathectomy with no clinically meaningful effect on BP
after follow-up for 5 months. However, the case established that the procedure was
safe and had no negative effect on renal function. In 1935, Page and Heuer [23]
reported bilateral renal denervation in five patients with chronic and progressive
nephritis, which resulted in no change in renal clearance or concentrating ability of
the kidney but caused diminished proteinuria and a decrease in BP that lasted for
months in the majority of those patients, but returned toward baseline in most
patients. Because of these early unsatisfactory results, surgical RDN gave way to
the more radical sympathectomy procedure, the surgical removal of splanchnic
nerves (splanchnicectomy), which showed dramatic results in the majority of
patients with malignant hypertension. Peet published series and case reports of
patients with malignant hypertension responding in a dramatic way to supradia-
phragmatic splanchnicectomy [24]. Since then and for the subsequent 2 decades,
surgical sympathectomy (thoracolumbar splanchnicectomy) became the procedure
of choice for patients with severe/malignant hypertension not responding to diet or
to then-limited pharmacologic therapy. Between 1938 and 1947, Smithwick and
Thompson [25] published results from 3500 patients with severe/malignant hyper-
tension. Of those, 2400 patients underwent thoracolumbar splanchnicectomy, and
the rest were followed on a medical regimen. Of those, 1266 patients had splanch-
nicectomy, and 467 patients on medical therapy had a follow-up of 5-14 years and
were included in the final analysis. At 5 years of follow-up, all-cause mortality was
19 % in the surgical series and 54 % in the medically treated patients. Of the surgi-
cally treated patients, only 45 % demonstrated substantial BP reduction, but mortal-
ity benefits were realized across the board. Peet et al. [26] reported 51.4 % significant
BP reduction and 3.4 % operative mortality in 350 patients with severe/malignant
hypertension. However, the use of surgical sympathectomy was abandoned during
the second half of the twentieth century, mainly because of high surgical mortality
and periprocedural complications. The operation was associated with significant
perioperative mortality (3-11%), and the adverse effects were intolerable.
Pronounced postural hypotension limiting daily activities, impotence, bowel abnor-
malities, and hyper- and hypohidrosis were the most frequent problems. In the mid-
1950s the first oral antihypertensive medication became available for the treatment
of hypertension, and for the first time a well-tolerated regimen could be given long
term [27]. Pharmacologic therapy helped treat many patients with severe hyperten-
sion, and the number of patients progressing to accelerated/malignant stage gradu-
ally diminished [28], thus settling the issue for the next 5 decades. Very few patients
not responding to pharmacologic therapy have been referred for splanchnicectomy
since then.

However, during this time a great deal of research has been pursued to uncover
and better understand the role of the SNS and, in particular, of the renal sympathetic
nerves in the development and maintenance of hypertension [29]. As described
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above a wealth of experimental data point toward an important role of SNS
overactivity for the development and persistence of hypertension [30]. Excessive
SNS activity is also involved in a variety of other conditions such as the metabolic
syndrome, obesity, structural and functional myocardial alterations [31], and several
other disease states, including congestive heart failure, chronic kidney disease,
polycystic ovary syndrome, obstructive sleep apnea, and cirrhosis [32-36].

13.4 Catheter-Based Renal Denervation

Renal sympathetic denervation has been performed, through the years, both in experi-
mental models and in humans by surgical exposure of renal nerves. The renal nerves
were interrupted or resected using mostly a surgical scalpel, although later electrocau-
tery, cryoablation, and thermal radiofrequency (RF) ablation have also been used.
With progress in technology and the advent of transcatheter techniques, it was natural
to progress to transvascular methods to interrupt nerve integrity. Catheter-based RF
ablation techniques have been used in electrophysiology for more than two decades to
ablate accessory pathways and abnormal cardiac structures in patients with Wolff-
Parkinson-White syndrome or supraventricular and ventricular arrhythmia. In 1999, a
series of experiments completed at the University of Oklahoma using a basket cathe-
ter demonstrated that it was possible to stimulate and ablate autonomic nerves on the
outside of blood vessels. Notably, Schauerte et al. used an innovative approach to
stimulate [37] and ablate [38] the vagal nerve to treat patients with vagally mediated
atrial fibrillation (AF). RF energy was applied transvascularly to ablate the vagal
nerve. The currently used technique for catheter-based renal nerve ablation uses a
very similar concept. Patients with drug resistant hypertension (dRHTN) have
increased sympathetic outflow. The early Symplicity studies and many more that fol-
lowed [39-45] used RF-based thermal energy to ablate and interrupt the renal sympa-
thetic fibers. The disadvantage of the transcatheter techniques in humans is the
inability to assess the effect of renal nerve stimulation in the laboratory and thus
inability to intelligently place the tip of the ablating catheter and achieve complete
RDN. Rational and results from these studies will be described in other chapters.
Weaknesses and deficiencies of the transcatheter techniques have been discussed else-
where [46, 47]. Here we’ll describe in brief animal research that developed following
the publication of Symplicity HTN-3 [48], which was a randomized sham-controlled
study that failed to meet its primary efficacy end point.

A number of explanations have been offered to provide insight into the disap-
pointing results of the trial, including attenuation of the placebo effect with sham-
treated controls, a circumscribed role for SNS activity in some hypertensives, lack
of intraprocedural measures (for vessel wall contact or for nerve destruction), and
limited understanding of neurovascular anatomy resulting in clinical failure.
Efficacy of the single, monopolar RF catheter was predicated on relatively
circumscribed radial density and uniform longitudinal distribution of efferent
sympathetic nerves along the renal artery and within the penetration depth of energy
delivery achievable by the system. Fortunately, subsequent pathology studies in
swine and in humans have better characterized the morphologic substrate for
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CATHETER-BASED RENAL
DENERVATION
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Fig. 13.1 Renal denervation devices and patterns of lesions induced by thermal energy
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Fig.13.2 Tissue NEPI reduction with either surgical denervation or catheter-based renal denerva-
tion. Effect should be similar under optimal conditions

treatment that should focus efforts to realize an effective transcatheter approach that
recapitulates but defines surgical therapy. Lesion distribution with different
approved devices is shown in Fig. 13.1 demonstrates lesion distribution with differ-
ent approved devices. Optimal lesion placement should be circumferential, covering
the whole circumference of the renal artery and achieve depth that affects most of
the sympathetic fibers. In doing so the catheter-based renal denervation should
result in tissue NEPI reduction similar to surgical renal denervation (about 90 %
reduction) (Fig. 13.2).
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Tellez and colleagues studied perirenal nerve distribution and density in juvenile
Yorkshire mini pigs [49]. Renal arteries were segmented at intervals along their
lengths from aorto-ostium to the first bifurcation (15-27 mm) and divided into prox-
imal, mid, and distal portions. Sections were examined radially to depths of 10 mm,
at least twice that of an earlier description from human autopsy subjects [50]. Unlike
those descriptions that 90 % of fibers were confined within a 2 mm radius of the
renal artery lumen, Tellez and team discovered only about half of the total nerves
along the main renal arteries were found up to a radial depth of 2.5 mm from the
lumen. Roughly one-fifth of fibers were located at depths greater than 5 mm. The
highest nerve counts were in the proximal vessel which accounted for about 45 % of
the total. Additionally, there were a consistently larger number of fibers coursing
along the right compared to the left renal artery with the difference most apparent in
the proximal segment. The analysis revealed a marked predominance of sympa-
thetic efferent compared to sensory afferent fibers. A more recent human autopsy
series corroborated the complexity of renal nerve distribution. Sakakura [51] and
colleagues examined several 100 sections of 40 arteries from 20 subjects, extending
from ostium to beyond the renal artery bifurcation. They also observed the maximal
mean number of nerves in the proximal and mid-vessel segments with circumferen-
tial distribution highest in the ventral and lowest in the dorsal segments. Fifty per-
cent of nerves were found more than 2.44 mm from the lumen-wall interface with
one-quarter beyond 4.28 mm. These investigators also pointed out that tissue shrink-
age with formalin fixation might approach 20 %, suggesting even greater circumfer-
ential depth needed for therapeutic targeting. This has implications particularly for
radiofrequency ablation, generally limited to penetration depths of 3—4 mm, risking
incomplete or insufficient denervation to achieve therapeutic effects. Furthermore,
the concern for thermal injury causing “restenosis” has led to avoidance of a planar
circumferential delivery system (i.e., loop or ring electrode of renal artery diame-
ter), but this risks another failure mode if unable to target based upon observed
distributions (i.e., higher density in ventral segments near the ostium).

Systematic characterization of nerve microanatomy was extended in another
study of Yorkshire mini pigs by Tzafriri et al. [52]. Control animals served to
describe longtitudinal and circumferential nerve distributions in comparison to the
smaller group treated with bilateral RF ablation using a Biosense Webster (Diamond
Bar, California) prototype multielectrode catheter. Treated animals were euthanized
at Day 7 for tissue analysis. Nerves and ganglia were quantified at several points
along the renal artery from ostium to 6 mm and by circumferential quadrant to
radial depths of more than 10 mm from the lumen-wall interface. Identifying areas
of ablation by coagulative or necrotic changes, the percentage of affected nerves
and ganglia were calculated in treated sections. As a biomarker of the effectiveness
of sympathetic interruption, renal parenchymal NEPI levels were measured and
related to affected neural networks. A higher density of nerves and ganglia were
found at the ostium compared to 6 mm inside but at greater distance with median
radial depths of 6.3 mm and 2.0 mm, respectively. Significant circumferential
variability in distribution was also noted, particularly near the ostium, with a pre-
ponderance in the superior and anterior segments. Remarkably, only one out of
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eight treated arteries was associated with a significant reduction in tissue NEPI
levels. Although a larger ablation depth and area were achieved at the ostium in this
artery, fewer than one-third of nerves were affected due to their greater distance
from the lumen at this location. At 6 mm, however, all four quadrants were
encompassed by treatment with nearly 100 % of nerves affected despite significantly
smaller ablation depth and area. The authors were able to demonstrate a monotonic
dependence of NEPI levels on fraction of affected nerves and estimated an
approximately 50% reduction to achieve a threshold effect. While the clinical
approach to RF denervation has emphasized treatment at or near the renal artery
ostium, these preclinical and clinical findings suggest more complete transcatheter
denervation may be possible in distal arterial segments where nerves are closer to
the lumen.

Demonstration of the physiological sequelae following effective RF denervation
was provided in a well-described obese, hypertensive dog model [53]. Animals
were maintained on a high-fat, high-sodium diet with a gain of 55-60 % in body
weight and exhibited cardiovascular, renal, and metabolic changes similar to those
in obese humans. An expandable basket catheter with four electrodes (EnligHTN
catheter, St Jude Medical) was used to perform denervation with analysis at 8 weeks.
Just under half of the nerves exhibited injury, primarily within 3.5 mm from the
lumen-wall interface. Cortical NEPI levels fell 42% and correlated with the
observed reduction in mean arterial pressure of 9 mmHg. Importantly, there was no
change in glomerular filtration rate (GFR) or other parameters of renal physiology.
Similarly, Mahfoud and colleagues used the next-generation Medtronic Spyral
RDN system comprised of a helical, quadripolar catheter to study RF dose and
location in mini pigs [54]. The authors effected unilateral RDN, using the
contralateral kidney as control, with groups comprised of increasing lesion numbers
and/or extension beyond the bifurcation into each branch of the renal artery. Average
lesion depth was observed at about 3.5 mm. Analysis at 1 week post-RDN showed
that NEPI levels and cortical axon area were significantly reduced. There was not a
clear dose-response relationship, although the largest reduction occurred following
lesions in each branch artery as compared to treatment in the main artery alone.

The studies described above have several limitations, including the relatively short-
term endpoints at 1-3 months, which leave unanswered questions about durability.
Booth and colleagues’ recently published study provides some insights into potential
failure modes [55]. Normotensive sheep were divided into control, acute, 5.5-month,
and 11-month groups. The Symplicity Flex catheter (Medtronic), as in clinical trials,
was used to deliver lesions in an approximated helical configuration. Characteristic
increase in mean arterial pressure and decreases in renal blood flow (RBF) and renal
vascular conductance were observed following renal nerve stimulation in the control
group. One week post-procedure, the acute group showed no response to renal nerve
stimulation; however, animals at 5.5 and 11 months demonstrated a similar pattern to
the control group with an increase in mean arterial pressure and decrease in
RBF. Additionally, NEPI levels were markedly reduced in the acute group but
increased at 5.5 months and were effectively at baseline in the 11-month group.
Histology showed widespread smaller nerve branches in the later time point groups.
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Immunohistochemistry revealed an initial marked decrease in tyrosine hydroxylase
levels but return to baseline at the later time points. Taken together, these histopatho-
logic and clinical data confirm nerve regeneration in an intermediate time frame with
near complete restoration of physiologic responses at 11 months.

Many of the existing systems use some form of energy delivery for thermal
injury to achieve renal nerve destruction. As described above in these preclinical
studies, variability in nerve depth and circumferential distribution, as well as
subsequent regeneration, may all limit the effectiveness of these platforms. To
address these potential shortcomings, Fischell and colleagues used a novel 3-needle
delivery device (Peregrine System, Ablative Solutions Inc., Kalamazoo, MI), which
has been FDA-approved via a 510(K) mechanism, for perivascular injection and
drug delivery. The system is comprised of a catheter with three guide tubes separated
by 120° from each other and housing 30-gauge equivalent needles that are actuated
up to 3.5 mm beyond into the adventitial space following vessel wall contact.
Choosing alcohol as a potent neurolytic, they demonstrated the feasibility of this
approach in mini pigs and at 2 weeks showed a dose-response of ethanol volumes
of 0.15, 0.3, and 0.6 mL and reduction in (NEPI) levels of 54, 78, and 88 % [56]. In
an important follow-up paper that also included first-in-man treatment for refrac-
tory/resistant hypertension, they extended findings to 3 months, observing the same
dose-response relationship with the two higher volumes from the initial study [57].
Perhaps most importantly, they found circumferential and deep nerve injury to
depths of 13.4 mm. An inflammatory response was absent, and there was no evi-
dence of generalized fibrosis, showing a relative sparing of non-nerve tissue. The
injury appeared permanent with perineural sheath damage that would prevent
regeneration and, perhaps, permit a durable response to therapy. Of note the early
results in humans demonstrated impressive BP reduction and discontinuation of
medicine in most patients.

Conclusion

The role of renal nerve sympathetic function in blood pressure (BP) homeostasis
has been firmly established from animal experiments dating back to the nineteenth
century through therapeutic surgical interruption in the 1920s. Although extremely
effective, the more radical thoracolumbar sympathectomy was relatively short-lived
due to intolerable side effects. The advent of percutaneous coronary intervention in
the late 1970s evolved into catheter-based treatment throughout the cardiovascular
system and more recently has opened up the possibility of a nonsurgical approach
to hypertension. Successes in refractory hypertension with catheter RF renal
denervation in the early Symplicity HTN-1 and HTN-2 trials prompted great
enthusiasm and plans to extend therapy to the broader hypertensive population with
attendant public health implications. Unfortunately, the randomized, sham-
controlled Symplicity HTN-3 trial failed to meet its primary efficacy endpoint,
casting doubt upon the future of the field. Subsequent preclinical and clinical studies
provide insight into nerve density and distribution that may rationalize platform
development. Thus reaching fibers up to 10 mm in depth or treating distally and into
the branches may be important in order to achieve adequate renal denervation.
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While BP reduction may depend upon impacting a certain percentage of the renal
sympathetic network (>50 % of fibers), a system interrupting nerves to significant,
circumferential depths by mechanisms that render damage permanent may realize
the promise of interventional hypertension treatment.

References

10.

1

—

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Bernard C (1859) Lecons sur les proprietes physiologiques et les alterations pathologiques des

liquides de I’organisme. Bailliere, Paris 2:170-191

Bradford JR (1889) The innervation of the renal blood vessels. J Physiol 10:358—432, 18
DiBona GF, Esler M (2010) Translational medicine: the antihypertensive effect of renal dener-
vation. Am J Physiol Regul Integr Comp Physiol 298:R245-R253

Campese VM, Ku E, Park J (2011) Sympathetic renal innervation and resistant hypertension.
Int J Hypertens 2011:814354

. DiBona GF (2005) Physiology in perspective: the wisdom of the body—neural control of the

kidney. Am J Physiol Regul Integr Comp Physiol 289:R633-R641

. Webb RL, Brody MJ (1987) Functional identification of the central projections of afferent renal

nerves. Clin Exp Hypertens A 9(Suppl 1):47-57

Campese VM, Kogosov E (1995) Renal afferent denervation prevents hypertension in rats with
chronic renal failure. Hypertension 25(4 pt 2):878-882

Malpas SC, Evans RG (1998) Do different levels and patterns of sympathetic activation all
provoke renal vasoconstriction? J Auton Nerv Syst 69:72-82

. DiBona GF, Sawin LL (1982) Effect of renal nerve stimulation on NaCl and H20 transport in

Henle’s loop of the rat. Am J Physiol 243:F576-F580

Smyth DD, Umemura S, Pettinger WA (1985) Renal nerve stimulation causes alpha 1-adreno-
ceptor-mediated sodium retention but not alpha 2-adrenoceptor antagonism of vasopressin.
Circ Res 57:304-311

. Osborn JL, DiBona GF, Thames MD (1981) Beta-1 receptor mediation of renin secretion elic-

ited by low-frequency renal nerve stimulation. J Pharmacol Exp Ther 216:265-269

O’Hagan KP, Thomas GD, Zambraski EJ (1990) Renal denervation decreases blood pressure
in DOCA-treated miniature swine with established hypertension. Am J Hypertens 3:62—-64
Huang WC, Fang TC, Cheng JT (1998) Renal denervation prevents and reverses hyperinsu-
linemia-induced hypertension in rats. Hypertension 32:249-254

Katholi RE, ALLEN J, Naftilan AJ, Oparil S (1980) Importance of renal sympathetic tone in
the development of DOCA-salt hypertension in the rat. Hypertension 2:266-273

Greenberg SG, Enders C, Osborn JL (1993) Renal nerves affect rate of achieving sodium bal-
ance in spontaneously hypertensive rats. Hypertension 22:1-8

Katholi RE, Wimnetrnitz SR, Oparil S (1982) Decrease in peripheral sympathetic nervous
activity system activity following renal denervation or unclipping in the one-kidney one-clip
Goldblatt hypertensive rat. J Clin Inv 69:55-62

Author unknown (1947) Neurosurgical treatment, indications and results (chapter 7, methods
of operation). J Intern Med 127:72-76

Adson AW, McCraig W, Brown GE (1936) Surgery in its relation to hypertension. Surg
Gynecol Obstet 62:314-331

Weiss E (1939) Recent advances in the pathogenesis and treatment of hypertension, a review.
Psychosom Med 1:180-198

Sen SK (1936) Some observations on decapsulation and denervation of the kidney. Brit J Urol
8:319-328

Papin E, Ambard L (1924) Resection of the nerves of the kidney for nephralgia and small
hydronephroses. J Urol 11:337-349



212

V. Papademetriou et al.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page IH, Heuer GJ (1935) The effect of renal denervation on the level of arterial blood pressure
and renal function in essential hypertension. J Clin Invest 14:27-30

Page IH, Heuer GJ (1935) The effect of renal denervation on patients suffering from nephritis.
J Clin Invest 14:443-458

Peet MM (1948) Hypertension and its surgical treatment by supradiaphragmatic splanchnicec-
tomy. Am J Surg LXXV:48-68

Smithwick RH, Thompson JE (1953) Splanchnicectomy for essential hypertension; results in
1,266 cases. J Am Med Assoc 152:1501-1504

Peet MM, Woods WW, Braden S (1940) The surgical treatment of hypertension. JAMA
115:1875-1885

Freis ED, Wanko A, Wilson IM, Parrish AE (1958) Treatment of essential hypertension with
chlorothiazide (diuril); its use alone and combined with other antihypertensive agents. J] Am
Med Assoc 166:137-140

VA Cooperative Study Group (1967) Effects of treatment on morbidity in hypertension.
Results in patients with diastolic blood pressures averaging 115 through 129 mm Hg. JAMA
202:1028-1034

Wallin BG, Charkoudian N (2007) Sympathetic neural control of integrated cardiovascular
function: insights from measurement of human sympathetic nerve activity. Muscle Nerve
36:595-614

Grassi G, Seravalle G, Quarti-Trevano F (2010) The ‘neuroadrenergic hypothesis’ in hyperten-
sion: current evidence. Exp Physiol 95:581-586

Fisher JP, Young CN, Fadel PJ (2009) Central sympathetic overactivity: maladies and mecha-
nisms. Auton Neurosci 148:5-15

Floras JS (2009) Sympathetic nervous system activation in human heart failure: clinical impli-
cations of an updated model. ] Am Coll Cardiol 54:375-385

Grassi G, Quarti-Trevano F, Seravalle G, Arenare F, Volpe M, Furiani S, Dell’Oro R, Mancia
G (2011) Early sympathetic activation in the initial clinical stages of chronic renal failure.
Hypertension 57:846-851

Sverrisdéttir YB, Mogren T, Kataoka J, Janson PO, Stener-Victorin E (2008) Is polycystic
ovary syndrome associated with high sympathetic nerve activity and size at birth? Am J Physiol
Endocrinol Metab 294:E576-E581

Prabhakar NR, Kumar GK (2010) Mechanisms of sympathetic activation and blood pressure
elevation by intermittent hypoxia. Respir Physiol Neurobiol 174:156-161

Stadlbauer V, Stadlbauer VP, Wright GA, Banaji M, Mukhopadhya A, Mookerjee RP,
Mookerjee R, Moore K, Jalan R (2008) Relationship between activation of the sympathetic
nervous system and renal blood flow autoregulation in cirrhosis. Gastroenterology
134:111-119

Schauerte P, Scherlag BJ, Scherlag MA, Goli S, Jackman WM, Lazzara R (1999) Ventricular
rate control during atrial fibrillation by cardiac parasympathetic nerve stimulation: a
transvenous approach. J Am Coll Cardiol 34:2043-2050

Schauerte P, Scherlag BJ, Pitha J, Scherlag MA, Reynolds D, Lazzara R, Jackman WM (2000)
Catheter ablation of cardiac autonomic nerves for prevention of vagal atrial fibrillation.
Circulation 102(22):2774-2780

Krum H, Schlaich M, Whitbourn R, Sobotka PA, Sadowski J, Bartus K, Kapelak B, Walton A,
Sievert H, Thambar S, Abraham WT, Esler M (2009) Catheter-based renal sympathetic
denervation for resistant hypertension: a multicentre safety and proof-of-principle cohort
study. Lancet 373:1275-1281

Symplicity HTN-2 Investigators (2010) Renal sympathetic denervation in patients with treat-
ment-resistant hypertension (the symplicity HTN-2 trial): a randomised controlled trial. Lancet
376:1903-1909

Brinkmann J, Heusser K, Schmidt BM, Menne J, Klein G, Bauersachs J, Haller H, Sweep FC,
Diedrich A, Jordan J, Tank J (2012) Catheter-based renal nerve ablation and centrally generated
sympathetic activity in difficult- to-control hypertensive patients: prospective case series.
Hypertension 60:1485-1490, 58



Renal Denervation: A Historical Perspective 213

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

Mahfoud F, Bohm M, Rump LC, Vonend O, Schmieder RE, Kintscher U (2013) Catheter-
based renal nerve ablation and centrally generated sympathetic activity in difficult-to-control
hypertensive patients: prospective case series. Hypertension 61:e17, 59

Schlaich M, Hering D, Lambert G, Lambert E, Esler M (2013) Blood pressure and sympathetic
nervous system response to renal denervation. Hypertension 61:¢13

Tsioufis C, Papademetriou V, Tsiachris D, Dimitriadis K, Kasiakogias A, Kordalis A,
Antonakis V, Kefala A, Thomopoulos C, Kallikazaros I, Lau EO, Stefanadis C (2014) Drug-
resistant hypertensive patients responding to multielectrode renal denervation exhibit improved
heart rate dynamics and reduced arrhythmia burden. J Hum Hypertens 28(10):587-593.
doi:10.1038/jhh

Papademetriou V, Tsioufis CP, Sinhal A, Chew DP, Meredith IT, Malaiapan Y, Worthley MI,
Worthley SG (2014) Catheter-based renal denervation for resistant hypertension: 12-month
results of the EnligHTN I first-in-human study using a multielectrode ablation system.
Hypertension 64(3):565-572

Papademetriou V, Rashidi AA, Tsioufis C, Doumas M (2014) Renal nerve ablation for resistant
hypertension: how did we get here, present status, and future directions. Circulation
129(13):1440-1451

Papademetriou V, Tsioufis C, Doumas M (2014) Renal denervation and symplicity HTN-3:
“Dubium Sapientiae Initium” (doubt is the beginning of wisdom). Circ Res 115(2):211-214.
doi:10.1161/CIRCRESAHA.115.304099. No abstract available

Bhatt DL, Kandzari DE, O’Neill WW, D’ Agostino R, Flack JM, Katzen BT, Leon MB, Liu M,
Mauri L, Negoita M, Cohen SA, Oparil S, Rocha-Singh K, Townsend RR, Bakris GL (2014)
SYMPLICITY HTN-3 investigators. A controlled trial of renal denervation for resistant hyper-
tension. N Engl J Med 370(15):1393-1401

Tellez A, Rousselle S, Palmieri T et al (2013) Renal artery nerve distribution and density in the
porcine model: biologic implications for the development of radiofrequency ablation therapies.
Transl Res 162:381-389

Atherton DS, Deep NL, Mendelsohn FO (2012) Micro-anatomy of the renal sympathetic ner-
vous system: a human postmortem Histologic study. Clin Anat 25:628-633

Sakakura K, Ladic E, Cheng Q, Otsuka F, Yahagi K, Fowler DR, Kolodgie FK, Virmani R,
Joner M (2014) Anatomic assessment of sympathetic peri-arterial renal nerves in man. JACC
64:635-643

Tzafriri AR, Mahfoud F, John H. Keating JH, Peter M, Markham PM, Spognardi A, Wong G,
Fuimaono K, Bohm M, Edelman ER (2014) Innervation patterns may limit response to endo-
vascular renal denervation. J Am Coll Cardiol 64(11):1079-1087.

Henegar JR, Yongxing Zhang Y, RamaDR, Cary Hata C, Michael E, Hall ME, Hall JE (2014)
Catheter-Based radiorefrequency renal denervation lowers blood pressure in obese hypertensive
dogs. Am J Hypertens 27(10):1285-1292

Mahfoud F, Tunev S, Ewen S, Cremers B, Ruwart J, Schulz-Jander D, Linz D, Davies J,
Kandzari DE, Whitbourn R, Bohm M, Melder RJ (2015) Impact of lesion placement on
efficacy and safety of catheter-based radiofrequency renal denervation. J Am Coll Cardiol
66:1766-1775

Booth LC, Nishi EE, Yao ST, Ramchandra R, Lambert GW, Schlaich MP, May CN (2015)
Reinnervation of renal afferent and efferent nerves at 5.5 and 11 months after catheter-based
radiofrequency renal denervation in sheep. Hypertention 65:393-400

Fischell TA, Vega F, Raju N, Johnson ET, Kent DK, Ragland RR, Fischell DR, Almany SL,
Ghazarossian VE (2013) Ethanol-mediated perivascular renal sympathetic denervation:
preclinical validation of safety and efficacy in a porcine model. Eurolntervention 9:140-147
Fischell TA, Fischell DR, Ghazarossian VE, Vega F, Ebner A (2015) Next generation renal
denervation: chemical “perivascular” renal denervation with alcohol using a novel drug
infusion catheter. Cardiovasc Revasc Med 16:221-227


http://dx.doi.org/10.1038/jhh
http://dx.doi.org/10.1161/CIRCRESAHA.115.304099

Procedural Aspects of Renal 1 4
Sympathetic Denervation
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Abbreviations

BP Blood pressure
HTN  Hypertension
RDN Renal denervation

14.1 Introduction

Renal sympathetic denervation (RDN) is a minimally invasive, percutaneous, endo-
vascular procedure for the transluminal disruption of efferent and afferent renal
sympathetic nerve fibers, most commonly utilized for the treatment of severe resis-
tant hypertension. Energy has to be delivered to the area where nerve fibers are
located while simultaneously preserving the renal arterial wall. Ablation with radio-
frequency energy is the most frequently utilized technique, while alternative meth-
ods include ultrasound and chemical ablation. As RDN is still, to a great degree, a
black box procedure, technique, and detailed knowledge of renal neurovascular
anatomy are required for effective ablation.

1. Zivanovic * S. Ewen * M. B6hm ¢ F. Mahfoud, MD, FESC (<)
Universititsklinikum des Saarlandes, Klinik fiir Innere Medizin III,
Kardiologie, Angiologie und Internistische Intensivmedizin, Kirrberger Str.,
Homburg/Saar, DE 66424, Germany

e-mail: felix.mahfoud @uks.eu

© Springer International Publishing Switzerland 2016 215
C. Tsioufis et al. (eds.), Interventional Therapies for Secondary and Essential

Hypertension, Updates in Hypertension and Cardiovascular Protection,

DOI 10.1007/978-3-319-34141-5_14


mailto:felix.mahfoud@uks.eu

216 I. Zivanovic et al.

14.2 Optimal Sites for RDN
14.2.1 Renal Vascular Characteristics

In the majority of patients, renal arteries originate from the aorta between the
upper L1 and lower L2 margin, just below the superior mesenteric artery, most
commonly at the level of the intervertebral disk (Fig. 14.1) [1, 2]. Both arteries
exit the aorta perpendicularly. The left renal artery originates more posterolater-
ally and travels posterior to the left renal vein. Renal artery variations are pres-
ent in 17-37 % and include prehilar branching as well as extra renal arteries,
leading either to the hilum (accessory artery) or the pole (polar artery) of the
kidney [1]. There are also variations in the origins of the gonadal and inferior
suprarenal arteries [3]. The latter, particularly important for the supply of the
adrenal gland, most often originates from the proximal part of the main renal
artery and should be avoided during RDN [3, 4].

14.2.2 Locating Sympathetic Nerves

The postganglionic efferent renal sympathetic nerves travel from the thoracolum-
bar sympathetic trunk and ganglia mainly through the outer adventitial and peri-
adventitial tissue [5]. Afferent sympathetic nerves transmit impulses centrally [6].
It was initially postulated a 2—4 mm ablation depth could reach the majority of the
sympathetic fibers. An analysis of nine human renal arteries found 90.5 % of all
nerves to be within a 2 mm interval from the lumen, distributed relatively evenly
around the renal artery circumference, and the number of nerves increasing dis-
tally [7]. A later study on porcine models revealed only 45 % of nerves were
located within 2 mm from the arterial wall [6]. The greatest nerve counts were

Fig.14.1 Renal angiogram
during a renal denervation
procedure
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Fig. 14.2 Diagram of the renal artery with periarterial nerve distribution [8]
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found proximally; the bundles, however, were progressing closer to the wall dis-
tally. Afferent nerves were scarcer compared to efferent nerves.

Finally, Sakakura et al. studied 20 patients with 10.329 individual nerves,
confirming that the path of the sympathetic plexus in relation to the renal artery
is not parallel nor are the fibers evenly distributed along the artery’s circumfer-
ence [8, 9] (Fig. 14.2). The number of nerves was greatest in the proximal
(39.6£16.7 per section) and middle (39.9+13.9 per section) renal artery seg-
ments, but the mean distance from the lumen was also highest proximally
(3.40+0.78 mm) as compared to the middle (3.10+0.69 mm) or distal segment
(2.60+0.77 mm) [8]. In the distal segment, the nerves were fewer (33.6 +13.1
per section), however converged on the renal artery. At a 3 mm distance from
the lumen, the cumulative percentile of nerves was approximately 50 % in the
proximal and middle segments and 75 % in the distal segment (Fig. 14.3) [9].
The circumferential distribution was greatest ventrally (11.0+3.5 per section)
and lowest dorsally (6.2+3.0 per section) (Fig. 14.3) [8, 9]. Afferent fibers,
which were lower in number, converged toward the proximal segment.
Sympathetic nerves also surrounded the accessory artery. No significant differ-
ences between hypertensive and non-hypertensive subjects were noted.
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Fig. 14.3 Periarterial distribution of sympathetic nerves [9]. Distribution of nerves stratified
according to the total number (each green dot represents ten nerves), relative number as percent per
segment, and distance from the lumen in relative (a) proximal, (b) middle, and (c) distal location

14.2.3 Lesion Sites for Increased Efficacy

With the data on sympathetic nerve location at hand, it was still unclear whether abla-
tions would be more effective proximally, where efferent and afferent nerve density is
greater, or distally, where the nerves run closer to the lumen. Recently, the impact of
denervation patterns on renal norepinephrine concentration and axon density was
studied in porcine models (Fig. 14.4) [10]. The study revealed that four, eight, or
twelve ablations within the main artery all produced a significant effect without a
significant dose—response relationship. Treatment of the branch arteries or the distal
main artery, however, reduced the variability of the response and yielded greater
reductions in renal norepinephrine concentration. When comparing treatment sites,
lesions in branch arteries (the V pattern group) resulted in greater reductions in corti-
cal norepinephrine concentrations and axon density compared to the main artery (the
I pattern group), while the effect was greatest after treating both the branches and the
main artery (the Y pattern group). The combination treatment effect also showed the
lowest variability as well as durability at 28 days post treatment. A second cycle of
combined treatment (the Y2 pattern group) did not improve its effectiveness, however,
and remained superior to non-combination treatments. Furthermore, the experience-
based recommendation that one ablation should be made superiorly, as close as pos-
sible to the main renal artery ostium, has been disputed. A study by Tzafriri et al.
revealed ablations 6 mm or more from the aorta affected up to 85 % of nerves, while
ablations up to 5 mm from the ostium only affected up to 40% [11].

The second question at hand is which quadrants should be ablated. Variable renal
nerve anatomy supports the notion of asymmetric nerve targeting along the artery
circumference. In an analysis of response predictors in the Symplicity HTN-3 trial,
blood pressure reduction correlated highly with the presence of four-quadrant abla-
tions and the number of ablation attempts [12]. While the protocol indicated the
delivery of at least one superior, one inferior, and two anterior/posterior ablations
within a main artery, this was implemented in only a quarter of patients. Although
several contributing factors for not reaching its primary end points have been sug-
gested by the authors, lesion placement may play a highly important role. A recent



14 Procedural Aspects of Renal Sympathetic Denervation 219

—47 + 38 % —33+28 % —54 +25 % —82+18 %

r/'

s

/ g

4 RFburns' *
per branch

7127 % 91+ 11 %

'/

Y main [
arteryand |
branches

Y, main
artery 2x |
and branches

I'main |

- V branches | «
artery only '\

only A

Fig. 14.4 Renal cortical norepinephrine concentration change in response to increasing numbers
of lesions in the main artery and treatment of branch arteries (fop) and in response to targeted treat-
ment of the distal main artery or branches (bottom) [10]. Percentage reduction=(mean control
NE - test sample NE)/mean control x 100. NE norepinephrine concentration, RF radiofrequency

study by Rosa et al. also noted greater blood pressure changes in the group of
patients who received four or more ablations [13].

RDN has previously been avoided in the accessory renal arteries. An observa-
tional study showed blood pressure lowering can be achieved effectively through
dominant-vessel treatment [14]. A prospective study which followed, however,
found the treatment was less successful in patients with accessory arteries and that
the effect doubled when they were ablated as well [15].

Studies to date suggest RDN may be most effective when treating the main artery
and its branches, as well as the accessory artery (given it is present and of a suffi-
cient diameter), with asymmetric four-quadrant ablation. These notions are being
tested in the currently ongoing Symplicity HTN trials and will shape pivotal clinical
trials which are to follow [16].

14.3 Modalities and Systems for RDN

Currently available systems for renal denervation utilize radiofrequency energy,
ultrasound energy, and chemical ablation (Table 14.1).
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14.3.1 Radiofrequency Ablation

Radiofrequency ablation is the most commonly used modality with the greatest
variety of available systems and clinical data. Systems were initially unipolar such
as Symplicity™ Flex and Iberis™, requiring two minutes for a single ablation and
their lesions being operator dependent [17—19]. Without a means to assess for suc-
cessful renal nerve ablation during the procedure, this was problematic, as several
factors influence a formation of a lesion: good wall contact with tissue and interface
temperature, power delivery, the impedance of target tissue, as well as the size of the
electrode [12, 20]. Considered together with the data on renal nerve anatomy, this
led to the development of multiple-ablation systems with helically or circumferen-
tially distributed electrodes. It not only shortens procedure time, but, more impor-
tantly, enables good wall contact and automatic four-quadrant ablation without
operator dependence. Examples include Symplicity™ Spyral in a spiral,
EnligHTN™ in a basket, and Vessix™ in a balloon form, all with asymmetrically
distributed ablation points [16, 21]. OneShot™, on the other hand, uses only one
helically shaped electrode. Radiofrequency catheters create lesions up to 2—4 mm
deep [20]. Ablation times for one four-quadrant ablation range from 30 to 120 s and
catheter sizes from 6 to 8 Fr. Some catheters, such as OneShot™, also feature an
additional cooling system for the protection of renal artery endothelium, while the
shape of Symplicity™ Spyral and EnligHTN™ enables cooling through blood flow
in the renal arteries.

14.3.2 Ultrasound Ablation

In contrast to other modalities, ultrasound ablation does not require contact with the
arterial wall. It is utilized in systems such as Paradise® and TIVUS™, Ultrasound
waves generate heat in the surrounding tissue, which is then transmitted to adjacent
tissue [22]. The Paradise® catheter incorporates a multidirectional circumferential
ultrasound transducer, encased in a balloon with internal cooling, thereby preserv-
ing arterial wall integrity [22]. The 6 Fr device offers different balloon sizes and
only takes ten seconds for a circumferential ablation. Although the circumferential
pattern could theoretically pose a threat of developing stenosis, studies so far have
proven the system’s safety. Furthermore, ultrasound RDN is not limited to intravas-
cular procedures. Surround Sound™, an investigational device, enables the extra-
corporeal delivery of ultrasound energy [23].

14.3.3 Chemical Ablation

Chemical ablation requires the contact of a neurolytic substance with sympathetic
nerves. The Peregrine System™ is an infusion catheter with three microneedles
positioned radially with 120° separation. Injecting dehydrated alcohol with the
Peregrine System™ enables circumferential denervation up to 13.5 mm deep at
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target sites with a short procedural time [24]. Studies so far have confirmed the
procedure’s safety, while it also seems promising for treating regions not possible
with radiofrequency energy; however, further trials are necessary to enable an accu-
rate comparison.

14.4 Prior to Procedure
14.4.1 Confirming Resistant Hypertension

Prior to procedure, it should be confirmed that the patient is suffering from severe
resistant HTN with an office systolic blood pressure (BP) >160 mmHg (>150 mmHg
in patients with diabetes type 2) in spite of treatment with three or more antihyper-
tensive drugs including a diuretic, in adequate doses [25]. Thorough history and
physical, correct office BP measurement, ambulatory BP monitoring, and additional
testing should be performed to rule out failure to comply to medication intake, con-
tributing lifestyle factors and drugs (e.g., nonsteroidal anti-inflammatory drugs),
pseudo-resistance (e.g., the white coat effect) as well as secondary causes of HTN
such as renal artery stenosis, hyperthyroidism, hyperaldosteronism, pheochromocy-
toma, Cushing’s syndrome, and obstructive sleep apnea syndrome (Fig. 14.5) [25,
26]. Work-up should be conducted by an HTN specialist or an HTN (excellence)
center team, while the final assessment should be done by a multidisciplinary, spe-
cialized RDN team [26, 27].

Non-adherence Pseudo-resistance BP elevating drugs Secondary causes

!

Lifestyle modification

Pharmacotherapy optimisation

Fig. 14.5 Approach to patients with resistant hypertension [25, 26]. BP blood pressure, RDN
renal sympathetic denervation
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14.4.2 Kidney Function

Studies have confirmed the safety of RDN in patients with an estimated glomerular
filtration rate (¢GFR) >45 ml/min/1.73 m?, calculated by the Modification of Diet
in Renal Disease (MDRD) formula [13, 17-19, 21, 26, 28, 29]. More recently, the
DENERHTN study included patients with an eGFR above 40 ml/min/1.73 m? [30],
while a pilot study by Ott et al. suggests RDN could slow or even halt the decline of
renal function in patients with chronic kidney disease at stages 3 and 4 [31]. RDN
has also been successfully applied to treat resistant HTN in patients with solitary
kidneys [32].

14.4.3 Age, Comorbidities, and Special Conditions

RDN is currently recommended for patients aged 18-80 years who have been
included in trials so far [13, 17-19, 21, 28-30]. The decision to treat patients within
3 months after a myocardial infarction, unstable angina pectoris, or a cerebrovascu-
lar accident should be made by a multidisciplinary team, as these patients have been
excluded from studies to date [13, 17-19, 21, 28-30]. Apart from radiation risks,
there is no data on risks and benefits of RDN in pregnancy, since pregnant women,
women nursing, or women planning to become pregnant have also been excluded
from clinical trials [13, 17-19, 21, 28-30]. In women of childbearing potential, a
pregnancy test is advised prior to procedure.

14.4.4 Imaging

To ensure the safety and efficiency of RDN, appropriate renal vascular anatomy
must be confirmed. Preferred imaging methods include renal duplex ultrasound,
magnetic resonance angiography, and computed tomography [1, 33]. Morphological
renal artery criteria for RDN, although differing slightly between RDN methods,
include the following [4]:

Main renal artery diameter of 4-8 mm

Main renal artery length prior to branching >20 mm

Main renal artery stenosis <50 %

Identification of existing accessory and polar arteries

Treatment possibility >5 mm from:

(a) Atheroma

(b) Calcification

(c) Aneurysm

(d) Fibromuscular dysplasia

(e) Renal artery stent, in which case treatment must be possible distally [34, 35]

Nk L=
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14.4.5 Prevention of Contrast Nephropathy

Preparation for RDN includes the prevention of contrast nephropathy by tem-
porarily withholding potentially nephrotoxic drugs such as nonsteroidal anti-
inflammatory drugs, metformin, and high-dose diuretics 48 h prior to procedure, as
well as pre-hydrating the patient. Pre-hydration may be oral or intravenous in cases
of significantly reduced renal function. Some centers even offer the option of car-
bon dioxide angiography. Antihypertensive therapy, as well as treatment for asso-
ciated comorbidities, such as statins and acetylsalicylic acid, should be continued.

14.5 Renal Denervation
14.5.1 Patient Preparation

To prevent aspiration of gastric contents, the patient should be in a fasting state.
Patient preparation consists of groin (or arm) sterilization, ground pad placement
(depending on the catheter), and the setting up of monitoring including ECG, intra-
arterial BP, and oxygen saturation.

14.5.2 Periprocedural Medication

Anticoagulation is required because RDN might induce thrombus formation [36].
To obtain an activated clotting time greater than 250 s, an intravenous heparin
bolus of 3,000-5,000 units should be administered and appropriately titrated [4].
Additionally, studies recommend initiating a 4-week antiplatelet treatment with
100-500 mg of acetylsalicylic acid or, alternatively, 300—600 mg of clopidogrel,
although without clear support by evidence. Nitroglycerine should be injected into
the main renal artery to prevent spasm. Because RDN is a relatively short proce-
dure, general anesthesia is normally not required. Some countries, however, may
require the presence of an anesthesiologist. Analgesics and sedatives are manda-
tory to control the pain from nociceptor stimulation during ablation.
Recommendations consist of:

¢ Sedation with midazolam 2.5 mg i.v. and an additional 1-1.5 mg bolus before
ablation, which can be repeated up to 10-15 mg in total

e Analgesia with fentanyl (0.05-1 mg i.v. with an equivalent bolus before abla-
tion), morphine (5 mg i.v. and a 2-3 mg bolus before ablation), or remifentanil
(continuous infusion)

¢ Oxygen flow of 2—6 I/min

Medication protocols during the procedure vary from center to center.
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14.5.3 Angiography

Initially, a 6-9 Fr sheath is introduced into the femoral artery, followed by an aor-
tography to confirm eligibility for RDN and select the guiding catheter [4]. The
renal double curve (RDC1) is recommended, but the internal mammary artery
(IMA)-shaped catheter is more appropriate for low take-off angles and an inferiorly
directed ostium. The 20-30 % left anterior oblique view is recommended for imag-
ing the renal artery origins and the anterior—posterior view for imaging the course.
A nonionic contrast in 1:1 or 1:2 dilution should be used for the renal arteriogram.

14.5.4 Renal Denervation Procedure

While the majority of catheters utilize a femoral approach, the Iberis™ system also
enables a radial approach. The systems’ sizes and characteristics are presented in
Table 14.1. The ablation catheter should pass the renal artery ostium under fluoros-
copy to prevent disengagement when inserting the ablation device. Treatment
should be done in a distal-to-proximal fashion while avoiding double treatment of
already treated sites. Proper electrode contact with the vessel wall is important for
radiofrequency ablations [24]. It can be assessed using fluoroscopy and the detec-
tion of appropriate impedance readings. An effective and safe ablation takes place
between 60 and 80 °C with a gradual impedance decline of 5-20 %. Rapid decline
might signal loss of contact or cloth formation, which may cause an automatic ter-
mination of ablation in some generators.

14.5.5 System-Specific Steps

14.5.5.1 Single-Electrode Systems

Once the Symplicity™ Flex denervation catheter is positioned, the denervation
catheter tip has to be deflected, pulling the lever on the handle. A stable impedance
(220-320+5 Q) is required prior to ablation, as it indicates proper contact with the
arterial wall. RDN should begin in an appropriately sized branch artery and contin-
ued proximally. The catheter tip should be pulled and rotated to perform four-
quadrant ablations with >5 mm distances between lesions.

The Iberis™ system may be applied femorally or radially. The later requires a
longer, 135 cm multipurpose catheter (Climber™, Terumo Corp.). After the inser-
tion of hydrophilic coated 0.035 inch guide wire, the latter is exchanged for Iberis™.
The following procedure is similar to Symplicity™ Flex. There is no cooling mech-
anism and the generated temperature is up to 70 °C.

14.5.5.2 Multielectrode Systems

The Symplicity™ Spyral catheter is advanced and removed over a 0.014 inch guide
wire, distal to the renal artery hilum. It takes on its spiral shape when the wire is
pulled back. Wall contact must be confirmed similarly to Symplicity™ Flex.
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Simultaneous four-quadrant ablations should include appropriate branches and the
main artery. If the main renal artery length is >20 mm, two ablations can be imple-
mented with a slight rotation in between.

The EnligHTN™ basket must be collapsed when moving and expanded for posi-
tioning. Before ablation, a check for wall contact must be conducted. The ablation
is then undertaken simultaneously with four electrodes in a fashion similar to
Symplicity™ Spyral.

14.5.5.3 The Paradise” Ultrasound System

The Paradise® catheter is advanced and placed just proximal to the renal artery
bifurcation and, if the balloon is not occlusive, it is changed to the next largest cath-
eter size. The transducer should be in the center of the balloon and in parallel with
the artery before treating. While flushing with cooling solution, the catheter is auto-
matically inflated to 2 atm, and the ultrasound energy is emitted circumferentially
for 30 s. After initial energy delivery, the balloon catheter is automatically deflated,
pulled back about 10 mm, and checked for balloon occlusion of the artery using
contrast injection.

14.5.5.4 Concluding RDN

After administering ablations, the renal angiogram should be repeated to check for
dissections, stenosis, or vasospasm. Ablation notches, discrete beady irregularities,
are normal phenomena due to intimal edema and spasm, which disappear within a
few hours [19]. Hemostasis at the puncture site can be achieved using manual com-
pression or closure devices. The patient is then moved to a recovery unit. Post-
procedural intravenous hydration for the prevention of contrast nephropathy is
recommended for patients at risk.

14.6 Follow-Up

Blood pressure changes in the following months are monitored during follow-up
visitsinthe RDN center as well as in the general practitioner’s clinic. Antihypertensive
drugs should be adjusted according to blood pressure, preferably additionally
assessed through ambulatory BP monitoring. Additionally, patient compliance
should be enforced, and patients should be advised not to change drug regimens
themselves.

14.7 Centers for Renal Denervation

An RDN center should include a hypertension excellence center with an HTN spe-
cialist and a multidisciplinary team. It should perform a minimal number of 25
RDN procedures per year and have the capabilities to treat potential complications
(i.e., percutaneous renal stenting). Renal duplex ultrasound, magnetic resonance
angiography, and/or computed tomography angiography should be available.
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14.8 Renal Nerve Stimulation

Due to a lack of intra-procedural markers of efficacy, RDN remains a procedure,
determined by anatomy. Studies, however, suggest optimal lesion sites could be
determined by sympathetic nerve stimulation, triggering a response in blood pres-
sure and heart rate [37]. Similarly, RDN efficacy could be assessed intra-procedurally
by restimulating these areas after ablation and observing a dampened response.

Conclusion

RDN represents an important therapy option for resistant HTN when pharmaco-
logical treatments are exhausted. Within the last 2 years, crucial advancements
have been made in the field of RDN. In addition to several studies confirming the
procedure’s safety and efficiency, expanding knowledge on sympathetic nerve
anatomy and effective lesion placement, the development of new ablation sys-
tems, and beginnings of intra-procedural assessment have contributed to RDN
gradually ceasing to be a black box procedure.
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Abbreviations

BP Blood pressure

CT Computed tomography

dRHT Drug-resistant hypertension

eGFR  Estimated glomerular filtration rate
HTN  Hypertension

MR Magnetic resonance

OCT  Optical coherence tomography
RDN  Renal denervation

15.1 Introduction

Even though surgical splanchnicectomy was an effective procedure that reduced
blood pressure (BP) in a substantial amount of patients with malignant hypertension
(HTN), it was accompanied by significant side effects, the most prominent being
postural hypotension. This is not the case for renal denervation (RDN) that is a
focused and far less radical nerve ablation procedure. Indeed, it has been variably
shown to be a safe treatment with rare periprocedural and longer-term side effects.

Safety data for RDN come from a few experimental studies, mostly uncontrolled
safety (and efficacy) trials of the various RDN systems, some controlled studies and the
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ever growing registries (Table 15.1). It is true that the greatest bulk of evidence comes
from studies using the Symplicity catheter, yet current safety results seem comparable
among different RDN systems. On the other hand, most trials have a duration of 6
months. Currently, only the Symplicity HTN-1 and two studies have reported a follow-
up period of up to 3 years and unfortunately not on the respective entire initial cohorts.

Main safety endpoints in RDN studies may be classified in two categories: (a) peri-
procedural events mainly represented by access site complications (e.g. haematomas
and aneurysms) and renal events (e.g. renal artery dissection or perforation, renal artery
embolism and infarction) and (b) longer-term events associated with development of
symptomatic hypotension, hypertensive emergencies, deterioration of renal function or
development of stenoses. Of note, an event inherent to the procedure is diffuse visceral
pain during energy delivery that is easily managed with sedation and analgesia, while
intraprocedural vagally mediated bradycardia is treated with atropine.

15.2 An Overview of Preclinical and Laboratory Data

In a preclinical study by Rippy MK et al., seven domestic swines underwent RDN with
the Symplicity catheter system, while renal angiography was performed before, right
after and 6 months after the procedure [7]. Histological examinations of the renal ves-
sels as well as gross and microscopic examination of the kidneys and urinary system
were also performed to assess for relevant abnormalities. Regarding renal nerve injury,
principal findings were fibrosis, nerve fascicle replacement with fibrous connective
tissue and modest thickening of the epineurium and perineurium. Other structural find-
ings included fibrosis of up to 25 % of the total media and underlying adventitia, with
mild rupture of the external elastic lamina and without changes on the smooth muscu-
lar layer. There were no angiographic or histological evidence of renal artery stenosis.
The kidney and urinary bladder presented no device-related abnormalities.

In another study, Steigerwald K et al. treated seven domestic female pigs with
RDN using the Symplicity catheter in order to elucidate morphological changes in
the vessel wall [8]. The protocol included blood analyses, quantitative renal angiog-
raphy, optical coherence tomography (OCT) imaging and histopathology including
immunostaining for nerve fascicles and neovascularisation. No signs of kidney fail-
ure were identified. Acutely after RDN, circumscribed transmural injury far into the
adventitia fatty tissue was noted. There was thrombus formation due to local loss of
the endothelial monolayer as well as cellular swelling and connective tissue coagula-
tion within the medial and adventitial layer reflected on local notches. Ten days after
RDN, the luminar surface was re-endothelialised, but scar tissue formation of the
media and transmural fibrosis, adventitial inflammation and reduction in nerve fas-
cicle quantity and size were observed. The study raised the question whether acute
yet local thrombus formation may lead to thrombotic closure of the artery as well as
thrombotic embolisation. Focal scar formation could also predispose to renal artery
aneurysm or dissection especially in atherosclerotic vessels. Nevertheless, both the
Steigerwald K et al. and the Rippy MK et al. studies show that a partial return to
normal anatomy may be expected at least 6 months post-RDN.
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P

Fig.15.1 Dissections after RDN as shown by optical coherence tomography. Endothelial detach-
ments (a, white box) and vessel wall dissections (b, red arrow) (Reproduced from Templin et al. [9])

In order to better understand the renal vascular changes of RDN in humans,
Templin C et al. studied using OCT the renal arteries of 16 patients with drug-resistant
hypertension (dRHT) on single antiplatelet therapy that underwent the procedure with
the use of either the Symplicity or the EnligHTN catheter [9]. Endothelial-intimal
oedema was found in 96 % of cases after RDN, and thrombus formation (more preva-
lent with the EnligHTN catheter) was a frequent finding. Other findings included dif-
fuse renal artery spasm, as well as an arterial dissection with the Symplicity catheter
and endothelial and intimal disruptions with the EnligHTN catheter (Fig. 15.1). Also,
a “pearl-of-string” pattern identified with OCT was attributed to the mechanical stress
by the ablation catheter. Overall, such findings may not have a clear clinical relevance
but signify the need for use of antiplatelet therapy in patients undergoing the
procedure.

It has been proposed that endovascular ultrasound-based RDN combined with a
cooling balloon preserves the integrity of the arterial wall while providing effective
ablation. In an experimental study, ten normotensive pigs underwent RDN with the
use of the Paradise system [10]. Acutely, renal artery staining showed viable tissue
consistent with preservation of the arterial medial layer. Histology showed no endo-
thelial injury and minimal to no injury to the media of the renal arterial wall at seven
days. Renal nerves were ablated circumferentially, and there was a significant
reduction in kidney norepinephrine.

15.3 Safety Data from Principal Trials
15.3.1 The Symplicity HTN-1 and HTN-2 Studies

In the proof-of-principle uncontrolled Symplicity HTN-1 trial, the safety evaluation
protocol included physical examination, basic blood chemistry and anatomic assess-
ment of renal vasculature by renal angiography before, immediately after and 14-30
days (in 18 patients) after the procedure and magnetic resonance (MR) angiography
6 months after the procedure (in 14 patients) [11]. Angiography showed focal renal
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artery irregularities right after radiofrequency energy delivery that were attributed to
minor spasm or oedema and were not flow-limiting. One out of the 45 patients had
renal dissection upon placement of the catheter and thus needed stenting, while
another had a pseudoaneurysm treated with antibiotics and analgesics. Short-term
angiograms and 6-month MR angiograms did not show any irregularities at the sites
of treatment. Renal function, available in 25 patients at both baseline and the
6-month follow-up, was stable.

In the 153 patients that were included in the extended Symplicity HTN-1 registry,
a total of three patients all treated with an 8F guide developed a pseudoaneurysm that
was managed conservatively [12]. Renal artery imaging with MR angiography, com-
puted tomographic (CT) angiography or duplex at 6 months (in 81 patients) did not
show any new stenosis, but there was one case of progression of a pre-existing proxi-
mal stenosis away from the energy application sites that was successfully stented.
Other events included flank pain, transient dizziness and pitting oedema as well as
two deaths considered unrelated to the procedure. The final 3-year report of the
study, on 88 patients, documented a new 80 % stenosis of the right renal artery in
need of stenting at 24 months, as well as in total 4 hypotensive episodes, 13 hyper-
tensive episodes and 3 deaths [1]. The estimated glomerular filtration rate (eGFR)
decreased from 83.6 ml/min/m? at baseline to 74.3 ml/min/m? at 36 months.

In the randomised Symplicity HTN-2 trial on 106 patients, apart from laboratory
tests (serum creatinine, cystatin C, urine albumin), the protocol included imaging of
kidneys at baseline and 6 months, mainly by renal duplex ultrasound and if needed
by CT or MR angiography [ 13]. Safety endpoints included a reduction of eGFR >25 %
or new stenosis >60 % confirmed by angiogram at 6 months and a composite cardio-
vascular endpoint. Only minor periprocedural events were noted including one pseu-
doaneurysm, one case of symptomatic hypotension in need of reduction of drugs,
one urinary tract infection (UTI), a case of paraesthesia and a case of back pain that
were resolved after 1 month. Seven patients had intraprocedural bradycardia requir-
ing atropine. At 6 months, imaging in 43 patients (of which by CT/MR angiography
in ten patients) showed a possible progression of a previous atherosclerotic lesion not
located at an ablation site, which required no intervention. After the initial 6-month
follow-up, a renal artery dissection prior to catheter insertion requiring stenting was
noted in the crossover group. Up to 1 year, there were a total of nine hypertensive
events and two hypotensive events requiring hospitalisation [14]. Between 12 and 36
months of follow-up and out of a total of 70 patients that underwent RDN, there were
only a few hypertensive and hypotensive events as well as three deaths unrelated to
the procedure [2]. Renal function was stable in both intervention and control groups
at 6 months and no change in mean eGFR was recorded at the 36-month follow-up.

15.3.2 The Symplicity HTN-3 Study

In the first single-blind, randomised sham-controlled study of the efficacy and safety
of RDN using the Symplicity catheter in 535 patients with dRHT (with increased
cardiovascular risk compared to the previous Symplicity trials), the primary safety
endpoint was a composite of major events (set as death from any cause, end-stage
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renal disease, an embolic event resulting in end-organ damage, renal artery or other
vascular complications or hypertensive crisis within 30 days or new renal artery
stenosis of more than 70 % within 6 months) [3]. The overall number of adverse
events was very low, and no significant differences were noted between groups.
Rates of major adverse events did not significantly differ between the denervation
group (1.4 %) and the control group (0.6 %). The documented access path complica-
tion rate of 0.3 % was rather low and may be attributed to the special care used for
study patients. In clinical routine, an average complication rate would be expected
to be at about 1.3 % [15]. Kidney function did not differ between groups at any time
point. Regarding an increase in creatinine by 50 % compared to baseline, it was
observed in 5 cases out of 352 (1.4 %) in the RDN group and in 1 case out of 171
(0.6 %) in the control group.

15.3.3 The EnligHTN | Study

The prospective multicentre EnligHTN I trial was the first-in-human trial that assessed
the safety of the multielectrode EnligHTN catheter on 46 patients with dRHT [4]. An
independent Clinical Event Committee adjudicated all adverse effects. Renal function
was followed with eGFR, cystatin C and urine albumin excretion. Renal artery anat-
omy was assessed with duplex ultrasonography and CT angiography. The first report
did not document any serious vascular access site or renal artery vascular adverse
events during the procedure (i.e. renal artery dissections, aneurysms or significant
vasospasm). Minor periprocedural events were rare, resolved without further sequelae
and included non-flow-limiting vasospasms, vascular access site haematomas, hypo-
tension and vasovagal episodes, bradycardia, transient haematuria, pain and nausea.
Computed tomographic angiography at 6 months showed asymptomatic worsening of
pre-existing renal artery stenosis in two patients. In one subject, the stenotic lesion
progressed to 75 % at about 10 months and was treated with stent implantation [16].
Yet, at the 18-month follow-up and with a poor BP response, a new angiogram was
performed revealing a new stenotic lesion of 70 % extending from the distal part of the
stent that was again treated with a new stent. Up to 24 months of follow-up, a trend for
a decrease in renal function was observed with eGFR decreasing from 84.7 ml/min/m?
at baseline to 76.4 ml/min/m? at 2 years [17]. However, albumin to creatinine ratio
showed a favourable decrease during follow-up.

15.3.4 The RAPID Study

The RAPID trial enrolled 50 patients and was a safety and efficacy study of the now
debunk OneShot balloon RDN system that was suggested to have a favourable pro-
file with respect to vasospasm, oedema or intraluminal thrombus formation [18].
With respect to acute procedural safety, there were no serious adverse events related
to groin and vascular access complications or renal artery injury. Up to 12 months,
three events were reported, namely, infection at access site due to use of a closure
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device, paraesthesia of the right groin and renal artery stenosis. Imaging at 6 months
revealed a non-haemodynamically significant stenosis of the left renal artery that
was within the treatment area.

15.3.5 The REDUCE-HTN Study

In the REDUCE-HTN study, 146 patients with dRHT underwent RDN by the Vessix
balloon multielectrode bipolar catheter [5]. Kidney function was monitored with
eGFR and kidney anatomy with renal ultrasound (in 123 patients) at 6 months. Only
a mild procedural vessel dissection was reported. Within the first month, the few
serious events that were recorded and resolved included two access site infections,
one access site pseudoaneurysm, one femoral artery thrombus and one haematoma.
Within 6 months, there was one case of hypertensive emergency and no cases of
orthostatic hypotension. Mean eGFR remained stable at 6 months, but there were 15
cases of eGFR reduction >25 %, two of which presenting as medication-related
acute renal failure. Imaging revealed progression to more than 60 % of pre-existing
mild renal artery stenosis in four patients.

15.4 Safety Data from Registries and Meta-analyses

In an initial report of the real-world ALSTER BP registry of 93 patients that under-
went RDN with the Symplicity catheter, renal function was stable during the
6-month follow-up [19]. One renal artery dissection prior to insertion of the ablation
catheter was recorded. There was one case of a small kidney infarct potentially
associated with a thrombus at the ablation sites, even though the patient was on dual
antiplatelet therapy.

The single-centre Heidelberg registry followed for 12 months a total of 63
patients that underwent RDN with the Symplicity catheter [20]. The registry
included patients with fibromuscular dysplasia, unilateral renal artery stenting and
single kidneys. Three patients presented vascular access complications (two aneu-
rysms and one acute arterial occlusion due to use of a closure device requiring sur-
gery). Renal function remained stable during follow-up. Renal duplex available in
15 patients at 6 months did not show any significant pathology.

In the open-label, multicentre Global SYMPLICITY Registry, data for the first
1,000 enrolled patients at 6 months are available [6]. Even though underreporting of
adverse events may have been possible, there were only six periprocedural adverse
events related to the procedure, including four vascular access site complications
(0.34 %) and two renal artery dissections that were stented. Other events included
five hospitalisations for hypertensive emergency (0.5 %), six for atrial fibrillation
(0.6 %), seven strokes (0.7 %), four hospitalisations for new onset heart failure
(0.4 %), seven myocardial infarctions (0.7 %) and two cases of new onset end-stage
kidney disease (0.2 %) that were considered unrelated to the procedure.



238 C. Thomopoulos et al.

A systematic review of 12 studies of RDN with five different catheters on 506
patients reported a total of five procedural complications (<1 %) including one renal
artery dissection and four pseudoaneurysms at the site of arterial puncture (all from
the initial Symplicity registry) [21]. In another meta-analysis of nine studies on
1096 patients, adverse events were rare and were represented mainly by femoral
access site complications, while renal function was preserved during the respective
follow-ups [22]. In a recent meta-analysis by the European Network Coordinating
Research on Renal Denervation (ENCOReD) Consortium of seven randomised tri-
als of RDN with the Symplicity catheter, a total of 985 patients were studied that
had been randomised to either RDN (n=588) or control (n=397) [23]. Major
adverse events were documented in 56 RDN patients and 29 controls (9.9 % and
7.4 %, respectively, p=0.20). The pooled estimate of renal function assessed with
eGFR over 6 months did not differ between groups.

15.5 Special Issues
15.5.1 Autonomic Dysfunction

Data collected so far show that a disturbance of the normal autonomic balance may
have been an issue for surgical denervation but not for RDN. Intraprocedural brady-
cardia may be considered only as an acute effect of RDN, since regulation of BP as
well as chronotropic competence is well preserved after the procedure. Furthermore,
cases of impressive BP decreases have been reported by most investigators, yet no
concern has risen regarding any debilitating effect that would not resolve with a
decrease in drugs. Similarly, orthostatic hypotension has been a rather rare adverse
event of RDN as documented in various patient series. This subject has been specifi-
cally studied in 36 patients that underwent tilt-table testing before and 3 months after
RDN [24]. Change in systolic BP and heart rate after tilting as well as total number of
(pre-) syncope was not influenced by the procedure. Nevertheless, it is unclear whether
the irreversible denervation of kidneys may affect circulatory homeostasis in cases of
extreme stress or in patients with, e.g. diabetes-induced autonomic neuropathy.

15.5.2 Renal Artery Stenosis

It has been feared that application of radiofrequency thermal energy may cause struc-
tural damage and subsequently renal artery stenosis, similar to what was seen in pul-
monary vein ablation [25] and currently remains a concern among experts. In the
various cohorts, renal artery stenosis has been unequivocally a rare complication
(<5%). However, assessment of renal artery anatomy has varied widely in terms of
standardisation and frequency (especially after the 6-month follow-up), and imaging
of renal arteries during follow-up has ranged from the simple Doppler ultrasound to
the more sensitive and specific CT and MR scans. In any case, slowly developing
changes in vascular wall morphology are hard to detect. In a study by Lambert T et al.,
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incidence of significant renal artery stenosis 6 months after RDN with the Symplicity
catheter was assessed in 76 patients via MR (87 %) or CT (13 %) angiography [26]. In
this series, there were only two cases of new nonsignificant stenosis.

A series of case reports have documented the development of unilateral or bilat-
eral significant renal artery stenosis, mostly in patients with a high atherosclerotic
risk [27-38]. These events were documented as early as 2 months and as late as 2
years after RDN and usually associated with a relapse of high BP or deterioration of
renal function or repeated pulmonary oedemas. The proposed mechanisms include
radiofrequency energy-induced tissue injury, cell proliferation, neointimal stenotic
lesions and fibrosis. Less likely causes are catheter-induced mechanical injury or a
new atherosclerotic lesion. It has been proposed that an abnormal vascular response
after application of energy such as a transient spasm may itself predict late arterial
disease [39]. Accordingly, it has been speculated that in patients with atheromatous
plaques or calcifications of renal arteries, delivery of energy near a diseased vessel
may trigger an augmented tissue response and damage, and this is particularly rel-
evant for cases of worsening of pre-existing stenosis.

The extent of vascular damage may be affected by a series of factors including
catheter design, use of an irrigation system, applied temperature and sites of abla-
tion. It is still unclear which RDN system would be associated with smaller renal
artery damage. A study investigated the anatomical impact of balloon-based sys-
tems (Paradise, OneShot and Vessix) compared to nonballoon-based systems
(Symplicity and EnligHTN) in 25 patients with dRHT with angiography, intravas-
cular ultrasound and OCT [40]. Vascular injury in the form of dissection, thrombus
or oedema and of a varying extent was observed with all systems. Balloon-based
RDN was associated with greater longitudinal extent of dissection, while nonballoon-
based RDN was associated with greater thrombus area. Acutely, a significant reduc-
tion in lumen size was observed only in nonballoon RDN. By OCT, dissection was
seen in 14 arteries (32.6 %), and frames with dissection were higher in balloon-
based systems, in which dissections were associated with a higher balloon/artery
ratio, thus underlining the importance of careful balloon size selection.

Interestingly, there have been a few reports of RDN in patients that had previously
undergone renal artery stenting [41-44]. Energy was preferred to be delivered 5 mm
distally to the placed stent, and the authors reported significant BP reductions and
preserved renal anatomy (assessed by renal duplex) and renal function as late as 24
months post-procedure. A preclinical study in porcine models with renal stents did
not document thrombus formation or histological changes in the kidneys but clarified
that ablation within the stent, unlike distally to the stent, does not produce significant
nerve ablation [44].

Current contraindications for RDN include previous renal artery interventions
and renal artery stenosis>50%, while energy delivery on atherosclerotic lesions
should be avoided. The few reports that incriminate RDN for development of renal
artery stenosis underline the importance of careful documentation of such events in
RDN studies and running registries. A careful selection of the correct RDN catheter
size (at least in the case of balloon-based devices) and the use of antiplatelet therapy
to limit the risk of dissection and thrombus formation respectively are advised.
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15.5.3 Kidney Function

Development of acute or chronic renal damage has been one of the initial concerns
regarding RDN, as a potential result of loss of autoregulatory mechanisms [45].
Accordingly, even though kidney disease is typically associated with sympathetic
overactivity, patients with significant chronic kidney disease (eGFR <45 ml/min/
m?) have traditionally been excluded from RDN trials. However, in practically all
studies, RDN has not been associated with significant deterioration of kidney func-
tion either acutely or in the mid- to long-term, at least, well beyond what is expected
in patients of high cardiovascular risk by definition and with the progression of age.
It is thus considered reassuring that overall a relatively stable renal function during
follow-up has been documented in uncontrolled studies and registries as well as
controlled studies.

The effect of RDN on renal function has been specifically investigated in 100
patients (88 of which underwent RDN with the Symplicity catheter and 12 served
as controls) via blood chemistry, urine albumin and renal duplex ultrasound [46].
Mean eGFR and cystatin C remained unchanged during a 6-month follow-up, but
the number of patients with microalbuminuria or macroalbuminuria decreased.
Renal resistive index was also stably reduced at the 3-month and 6-month follow-up
visits. In another study of 62 patients, who underwent RDN, there were no changes
in the early biomarker neutrophil gelatinase-associated lipocalin and kidney injury
molecule over the first 48 h or at a 3-month follow-up [47]. The eGFR and creati-
nine levels did not significantly change as well, and this was also observed in eight
patients that had an eGFR of <45 ml/min/m?.

On the other hand, in the 36-month report of the Symplicity HTN-1 registry,
eGFR was shown to have decreased by 9.3 ml/min/1.73 m?, significantly more
compared to other hypertension trials that included patients of high cardiovascular
risk. Albeit smaller decrease in eGFR was shown in the 24-month report of the
EnligHTN 1 trial. This decrease in eGFR as well as the recording of a few cases
with more than a 25 % drop in renal function among trials may have been due to
chronically uncontrolled HTN and the use of drugs such as diuretics, renin-angio-
tensin inhibitors and aldosterone antagonists. Again, careful long-term observation
of patients undergoing RDN in large registries will provide a clearer picture of
renal behaviour.
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Efficacy of Renal Denervation on Blood 1 6
Pressure Reduction

Costas Tsioufis and Dimitrios Tousoulis

Abbreviations

BP Blood pressure
dRHTN  Drug-resistant HTN
HTN Hypertension

RDN Renal denervation
SHR Spontaneously hypertensive rats
SNS Sympathetic nervous system

SSAHT Standardized stepped-care antihypertensive treatment

16.1 Introduction

The modulation of the increased sympathetic nervous system (SNS) activity for the
treatment of high blood pressure (BP) was applied at the first half of the twentieth
century for the management of malignant hypertension (HTN), a disease with a
5-year mortality rate in over 50% of cases [1]. Surgical sympathectomy, called
thoracolumbar splanchnicectomy, was effective not only in reducing high BP (with
ameaningful BP reduction in about two-thirds of patients undergoing the procedure)
but also in reversing target organ damage and reducing mortality. The use of surgical
sympathectomy was abandoned during the second half of the twentieth century, not
only due to significant perioperative mortality (3—-5%) and operation-associated
adverse effects but also due to the development of several antihypertensive drugs
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that were effective in reducing high BP in the majority of patients along with a
favorable safety profile with fewer and better tolerated adverse events.

The well-established reciprocal relationship between the HTN, the kidneys, and
the SNS activity was matched with recent technologic advancements permitting the
transcatheter injury of renal sympathetic fibers, in an attempt to better address an
unmet need in the management of patients with drug-resistant HTN (dARHTN) [2-6].
The latter is defined as the failure to achieve BP control despite the use of three or
more antihypertensive drugs, including a diuretic, in maximal tolerated doses [6].
Observational and randomized trials, including the sham-controlled HTN-3 trial,
proved that renal denervation (RDN) is a safe procedure, but its efficacy in BP control
in patients with dRHTN is still debatable [4, 7-14]. The present chapter firstly
provides a short overview of all RDN trials (preclinical studies, early observational
clinical studies, randomized trials with control group and blinded studies with sham
ablation arm, and registries) and secondly highlights the potential reasons explaining
the discrepancy in the BP reduction post RDN as well as the current status of RDN.

16.2 Preclinical Data

In various experimental forms of HTN (Table 16.1), complete RDN (in the vast
majority of cases, the technique employed produced a combined surgical-
pharmacological disruption of the entire renal nerve population, both afferent and
efferent) delays the development of HTN or attenuates the magnitude of the increase
of BP [2, 15]. In several of the models, the effect of complete RDN in hypertensive
process was associated with changes in renal function characteristic of decreases in
efferent renal sympathetic nerve activity. For example, in spontaneously hypertensive
rats (SHR), the effect of complete RDN to delay the development of the HTN was
associated with an increase in the fraction of the ingested sodium excreted in the
urine (denervation natriuresis, more negative sodium balance), and the subsequent
development of the HTN was paralleled by a return of renal tissue norepinephrine
content toward normal (evidence of renal reinnervation) and a decrease in the
fraction of the ingested sodium excreted in the urine (more positive sodium balance)
[2]. This effect of complete RDN to ameliorate HTN is not due to afferent RDN as

Table 16.1 Main models of experimental hypertension  §pontancously hypertensive rat
in which renal denervation prevents or delays the New Zealand spontaneously
development of hypertension hypertensive rat
Goldblatt, one kidney, one clip (rat)
Goldblatt, two kidneys, one clip (rat)
Aortic coarctation (dog)
Aortic nerve transection (rat)
DOCA-NaCl (rat)
DOCA (pig)
Obesity hypertension (dog)
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selective afferent denervation by dorsal rhizotomy (TgL,) had no effect on the
development of HTN in SHR. In the dog obesity model of hypertension, prior RDN
profoundly decreased the magnitude of the subsequent HTN (an approximate 80 %
reduction in the BP rise) in association with large decrease in sodium retention (an
approximate 45 % reduction). Despite the above uniform effect of complete RDN
on the development of HTN in such a diverse group of experimental forms of
hypertension, it should be noted that RDN does not affect the development of HTN
in the Dahl NaCl-sensitive rat or in the canine HTN induced by chronic NOS
inhibition [2]. Additionally, the issue of whether the effect of complete RDN is
mediated by interruption of afferent or efferent renal nerve activity has been studied
by more direct techniques involving selective interruption in the afferent renal
pathways. Thoracolumbar dorsal rhizotomy to produce selective afferent RDN
attenuated the severity of hypertension in rats with one-kidney, one-clip, and two-
kidney one-clip Goldblatt hypertension and in dogs with chronic aortic coarctation
HTN but not in SHR. With the use of intrathecal capsaicin administration to deplete
substance P and calcitonin gene-related peptide from primary afferent neurons in
the dorsal horn of the thoracolumbar spinal cord, the HTN of Goldblatt one-kidney,
one-wrap rats was enhanced, while that of DOCA NacCl rats was unaffected. The
effect of selective afferent RDN is mediated by a central feedback mechanism
involving a reduction in hypothalamic norepinephrine stores that results in a
decrease in peripheral SNS activity, thereby reducing BP. These results indicate that
afferent renal nerves are important modulators of central integrative centers involved
in the regulation of the peripheral SNS activity contributing to HTN. Renorenal
reflexes, which are mediated by both renal mechanoreceptors and chemoreceptors
with contribution in the coordination of renal excretory activity between the two
kidneys, are abnormal in SHR. This abnormality is related to the effect of arterial
pressure on the kidney, since the abnormality is not present in young hypertensive
SHR or in treated SHR who are normotensive.

16.3 Proof-of-Concept Studies

The first RDN proof-of-concept and safety study (Symplicity 1), published in
2009 in The Lancet included 45 patients with severe dRHTN (i.e., systolic office
BP>160 mmHg, three antihypertensive drugs including one diuretic) who
underwent bilateral RDN with the use of a single-electrode radiofrequency ablation
catheter inserted through the femoral artery (Symplicity flex), while five patients
with inappropriate renal artery anatomy for RDN served as controls (Table 16.2)
[4]. Blood pressure was gradually and impressively reduced during the follow-up
period of the study, reaching a 27/17 mmHg drop at 1-year post-procedure, while no
serious safety issues came up. In a small subset of ten patients, renal noradrenaline
spillover was reduced by 46 %, documenting that the procedure results in partial
RDN. Although these results were uncontrolled and unblinded, and should have
been assessed with caution, the study created a lot of enthusiasm. Many companies
with different RDN ablation systems (either using radiofrequency or ultrasound or
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chemical ablation) planned new observational studies and called for randomized
trials. Moreover, at 36 months post RDN, office BP fell further and the rate of
controlled (<140 mmHg) or at least to some extent controlled patients (140—
159 mmHg) nearly reached 50 and 85 %, respectively [16].

EnligHTN I was the first-in-human, prospective, multicenter study designed to
assess the safety and efficacy of multielectrode radiofrequency ablation system
(EnligHTN™) that can deliver lesions with a predetermined pattern in 46 patients
with dRHTN [7]. Renal sympathetic denervation, using the EnligHTN™
multielectrode catheter, provided a rapid and significant office, ambulatory, and
home BP reduction that was sustained through a follow-up period of 6, 12, and 24
months of the entire studied population of 46 patients with dRHTN [17, 18].

Few other studies (Reduce-HTN, RAPID) were able to confirm the BP-lowering
effect of RDN (ranging between 20-30 mmHg systolic and 7-15 mmHg diastolic)
in patients with dRHTN using different energy modalities and catheters [8, 11].
Overall, the inclusion and exclusion criteria as well as the results were in line with
the abovementioned Symplicity trials.

16.4 Randomized Controlled Studies

Four randomized controlled RDN trials provided controversial results regarding the
efficacy of RDN on BP reduction: two studies were in favor of RDN (HTN-2 and
the DENER study) [9, 13], one study was neutral (the Prague-15) [10], and one
study was negative (the Oslo study) [12] (Table 16.3).

In the first prospective, randomized clinical trial of RDN (Symplicity 2) also
published in The Lancet only 1 year after Symplicity 1, 106 patients with dRHTN
were randomly assigned either to RDN by using the Symplicity catheter (Medtronic)
(n=>52 patients) or continuation of previous administered antihypertensive medica-
tion (n=>54 patients) [9]. At 6 months post RDN, the primary end point was met:
office BP was significantly reduced by 32/12 mmHg, while there was no significant
difference in the BP of the control group (change of only 1/0 mmHg). The percent-
age of responders, defined as a fall in systolic BP by 10 mmHg, was 85 % in the
RDN group and 35 % in the controlled treated with medication. However, it was
noted that the study was not blinded and not appropriately controlled, since no BP
reduction was observed in the control group, which is highly unusual and subject to
bias. Regarding the long-term follow-up data of Symplicity HTN-2, after 6 months,
37 control subjects crossed over to RDN, and 40 subjects from the original RDN
group and 30 from the crossover group were followed up for 3 years. The systolic
and diastolic BP reduction at 36 months for the initial RDN group was
—33/-14 mmHg, starting from baseline BP 178/97 mmHg. In the crossover group,
baseline BP increased throughout the first 6-month (waiting) period to
191/100 mmHg, but dropped by —33 mmHg at 36-month follow-up visit [19]. In
summary, RDN resulted in a sustained lowering of BP during 3 years in a selected
population of subjects with severe dRHTN without serious safety concerns
(Table 16.4).
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Table 16.3 Published randomized RDN controlled studies: effects on blood pressure

OSLO
HTN-2 RDN Prague-15 DENERHTN
NCT 00888433 01673516 01560312 01570777
First author/year  Esler [9]/2010 Elmula [12]/2014 Rosa [10]/2015 Azizi
of publication [13]/2015
Comparator RDN plus RDN plus RDN plus optimal RDN plus an
(RDN vs. control) previous previous antihypertensive ~ SSAHT vs. an
antihypertensive  antihypertensive  therapy vs. SSAHT
treatment vs. treatment vs. intensified guided by
previous clinically adjusted pharmacological home BP
antihypertensive  drug therapy by treatment
treatment using the including
HOTMAN spironolactone (if
System tolerated and not
contraindicated)
Entire study 106 (52 vs. 54) 19 (9 vs. 10) 106 (52 vs. 54) 106 (53 vs. 53)
population (n)
(RDN vs. control)
Age (years) 58 60 58 55
Confirmation of  No Yes Yes Yes
dRHTN with
ABPM
Number of 52vs.53 5.1vs.5 5.1vs.54 The same
antihypertensive SSAHT
medications at
baseline (RDN vs.
control)
Baseline office BP 178/97 vs. 178/98 156/91 vs. 160/89 159/92 vs. 155/89 159/93 vs.
(mmHg) (RDN 155/91
vs. control)
Baseline 24-h BP  NA 151/89 vs. 149/85 149/86 vs. 147/84 151/90 vs.
(mmHg) (RDN 146/88
vs. control)
Baseline daytime NA 152 vs. 152 152 vs. 150 155 vs. 151
SBP (mmHg)
(RDN vs. control)
Changes in office —32 vs. +1 —8 vs. -28 —12.4 vs. -14.3 —15.1 vs. -9.5
SBP (mmHg)
(RDN vs. control)
A in changes in -33 +20 -5.8 -5.6
office SBP
between groups
(mmHg) (RDN
vs. control)
Changes in office —12 vs. 0 —2vs. 11 =7 vs. =7 —9vs. -6

diastolic BP
(mmHg) (RDN
vs. control)

(continued)
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Table 16.3 (continued)

OSLO

HTN-2 RDN Prague-15 DENERHTN
Changes in 24-h  -11/-3 -10/-21 —8.6 vs. =8.1 —15.4 vs. -9.5
SBP (mmHg)
(RDN vs. control)
Changes in 24-h ~ -7/-1 -7/-11 -6 vs. =5 -9.7 vs. =6.6
DBP (mmHg)
(RDN vs. control)
A in changes in -8 NA -0.5 (NS) -5.9
24-h SBP between
groups (mmHg)
(RDN vs. control)
Changes in NA —10 vs. -19 -9vs.9 -15.8 vs. -9.9

daytime SBP

(mmHg) (RDN

vs. control)

A in changes in NA 9 1.9 =59
daytime SBP

between groups

(mmHg) (RDN

vs. control)

RDN device Symplicity Symplicity Symplicity Symplicity
Assessment of Diary Investigator Plasma drug Morisky score
medication witnessed intake ~ concentrations plus drug
adherence of their concentration

antihypertensive

morning

medications

SSAHT standardized stepped-care antihypertensive regimen, NA not available

Prague-15 study, a prospective, randomized, open-label multicenter trial, evalu-
ated the efficacy of catheter-based RDN (Symplicity, Medtronic) (n=52) versus
intensified pharmacological treatment including spironolactone (if tolerated)
(n=54) in patients with dRHTN [10]. This was confirmed by 24-h ambulatory BP
monitoring after excluding secondary HTN and confirmation of adherence to
therapy by measurement of plasma antihypertensive drug levels before enrollment.
Regarding the primary end point of the study, a significant reduction in 24-h average
systolic BP after 6 months (-8.6mmHg; p<0.001 in RDN versus —8.1 mmHg
p=0.001 in the pharmacological group) was observed, which was comparable in
both groups. Similarly, a significant reduction in systolic office BP (-12.4 mmHg;
p<0.001 in RDN versus —14.3 mmHg; p <0.001 in the pharmacological group) was
observed. Between-group differences in change were not significant. Prague-15
showed that RDN is not superior to intensified pharmacotherapy in dRHTN in
reducing BP but it is important to note that the average number of antihypertensive
drugs used was significantly higher (+0.3 drugs; p<0.001) and the serum creatinine
was significantly increased in the pharmacological group at 6 months post RDN.
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Table 16.4 HTN-3 randomized, blind, and sham-controlled RDN studies: effects on blood
pressure

HTN-3 Symplicity flex

RDN vs. sham arm RDN vs. sham arm
NCT 01418261 01656096
First author/year of publication Bhatt [14]/2014 Desch [23]/2015
n 364 vs. 171 35 vs. 36
Age (years) 57.9 vs. 56.2 64.5 vs. 57.4
Baseline office BP (mmHg) 180/97 vs. 180/99 NA
Baseline 24 h BP (mmHg) 159/88 vs. 160/91  140/78 vs. 140/81
Baseline daytime BP (mmHg) 163/91 vs. 164/94  144/80 vs. 143/82
Baseline nighttime BP (mmHg) 152/82 vs. 151/84  130/68 vs. 132/73
Baseline 24-h heart rate (bpm) T1/72 NA
Baseline number of medications 5.1vs.5.2 44vs.43
Changes in office SBP at 6 months —14 vs. 12 NA
(mmHg)
Changes in 24-h SBP at 6 months —6.7 vs. —4.8 —7 vs. =3.5 (intention to
(mmHg) treat, p=ns)

—8.3 vs. =3.5 (per protocol,
p=0.042)

Changes in 24-h DBP at 6 months (mmHg) —4.1 vs. -3.1 2.8 vs. 2.1
A in changes in office systolic BP at 6 —2.39 (ns) NA
months between groups (mmHg)
A in changes in ambulatory systolic BP at  —1.96 (ns) NA
6 months between groups (mmHg)
Changes in 24-h heart rate (bpm) —-14vs. 1.3 NA
RDN device Symplicity Symplicity

The small randomized OSLO study investigated the BP-lowering effect of RDN
(n=9, performed with Symplicity catheter) versus clinically adjusted drug treatment
(n=10), with the use of noninvasive integrated hemodynamic measurements of
impedance cardiography with the HOTMAN System in true dRHTN after excluding
patients with confounding poor drug adherence [12]. For the definition of dRHTN,
ambulatory daytime SBP >135 mmHg after witnessed intake of antihypertensive
drugs was required. The investigators stopped the study earlier because systolic and
diastolic BP were significantly lower in the drug-adjusted group at 6 months and
absolute changes in SBP were larger in the drug-adjusted group (p=0.008).
Ambulatory BPs changed in parallel to office BPs. This study suggested that adjusted
drug treatment has superior BP-lowering effects compared with RDN in patients
with true dRHTN. However, the study results should be evaluated with caution
because of methodological limitations and questionable clinical extrapolations (there
are small number of studied patients, the decision to prematurely interrupt the study
as “unethical” is not statistically justified, conclusions are based on an interim analy-
sis of an underpowered study, the HOTMAN System has not been applied to the
RDN arm and in the BEAUTY study the selection of antihypertensive drugs guided
by the HOTMAN system did not resulted in greater BP reduction compared to the
conventional selection of medications, etc).
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The Renal Denervation for Hypertension (DENERHTN) trial was a prospective,
open-label randomized controlled trial with blinded end point evaluation in 106
patients with dRHTN from 15 French tertiary care centers specialized in HTN man-
agement [13]. Eligible patients (aged 55 years old) received a standardized stepped-
care antihypertensive treatment (SSAHT) of indapamide 1.5 mg, ramipril 10 mg (or
irbesartan 300 mg), and amlodipine 10 mg daily for 4 weeks to confirm treatment
resistance by ambulatory BP monitoring before randomization. Patients were then
randomly assigned (1:1) to receive either RDN plus the abovementioned SSAHT
regimen (RDN group) or the same SSAHT regimen alone (control group). The ran-
domization sequence was generated by computer and stratified by centers. For
SSAHT, after randomization, spironolactone 25 mg per day, bisoprolol 10 mg per
day, prazosin 5 mg per day, and rilmenidine 1 mg per day were sequentially added
from months two to five in both groups if home BP was more than or equal to 135/85
mmHg. The primary end point, i.e., the mean change in daytime ambulatory systolic
BP at 6 months, was met: —15.8 mmHg in the RDN group and —9.9 mmHg in the
control group with a baseline-adjusted difference of —5.9 mmHg (-11.3 to -0.5;
p=0.0329). The number of antihypertensive drugs and drug adherence at 6 months
were similar between the two groups. Accordingly, the carefully designed and con-
ducted DENERHTN study concluded that in patients with well-defined dRHTN,
RDN was effective in decreasing ambulatory BP at a 6-month follow-up period.

Symplicity HTN-Japan is a prospective, randomized, controlled trial comparing
RDN with standard pharmacotherapy treatment of dRHTN. When Symplicity
HTN-3 failed to meet the primary efficacy end point, the HTN-Japan enrollment
was discontinued before completion and consequently was underpowered for the
primary end point analysis. Accordingly, the available data at a 6-month follow-up
period (for 22 patients in RDN group and 19 patients in the control group) showed
that the between-group difference in SBP change was not significant [20].

16.5 Registries: Real-World Data

In addition to prospective observational and randomized RDN trials, the safety and
efficacy of RDN has been assessed in real-world patients with dRHTN. In this
setting, a first report from the Global Symplicity Registry, a prospective, open-label,
and multicenter registry with 6-month outcome for 998 resistant hypertensive
patients, was published in 2015 [21]. Baseline systolic office and ambulatory BP
(163 and 151 mmHg, respectively) were reduced by 11.6 and 6.6 mmHg,
respectively. This registry also confirmed that RDN-induced BP-lowering effect is
directly related to the height of baseline BP. Accordingly, in the subcohort (n=323)
with comparable BP entry criteria to the HTN-3 trial, office systolic BP was reduced
by 20.3 and ambulatory systolic by 8.9 mmHg at 6 months post RDN.

In the UK experience, 253 patients with dRHTN (office BP, 185/102 mmHg)
from 18 centers were treated with the use of five different RDN ablation systems
(Symplicity flex, Simplicity spiral, Boston Vessix, EnligHTN, and OneShot) [22].
Office and ambulatory BP was significantly reduced by 22/9 and 12/7 mmHg,
respectively, at an average follow-up of 11 months.
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16.6 Randomized Sham-Controlled Studies
16.6.1 Symplicity HTN-3 Trial

The results of Symplicity HTN-3 trial tempered the enthusiasm of the scientific
community and industry toward RDN. The Symplicity HTN-3 study was a
prospective, randomized (2:1), masked (sham) procedure, single-blind study, which
aimed to establish the safety and efficacy of RDN in 535 resistant hypertensive
patients in the USA [14]. Inclusion criteria were similar to those of Symplicity
HTN-1 and HTN-2, with the additional confirmation of 24-h ambulatory
BP>135 mmHg. Before randomization, patients were receiving a stable
antihypertensive regimen for at least 2 weeks involving maximum tolerated doses of
at least three antihypertensive drugs, including a diuretic. The primary safety end
point was met but the primary efficacy end point was not achieved. Office systolic
BP at 6 months dropped by —14.1 in the RDN and —11.7 in the control (sham) group,
respectively, with the difference of 2.39 mmHg not reaching statistical significance
(p=0.26, with a superiority margin of 5 mmHg). The change in ambulatory BP at 6
months was —6.7 mmHg in the RDN and —4.7 mmHg in the sham ablation arm
(difference of —1.96 mmHg) (p=0.98, with a 2 mmHg superiority margin). The
observations regarding systolic BP were consistent when diastolic BP was examined.

A study from Germany by S. Desch examined the effectiveness of RDN in
patients (n=71) with mildly elevated BP (daytime systolic BP 135-149 and diastolic
BP 90-94 mmHg on 24-h ambulatory measurement). Patients were randomized in
a 1:1 ratio to RDN with the Symplicity flex catheter (Medtronic) or an invasive
sham procedure [23]. In patients with mild resistant hypertension, RDN failed to
show a significant reduction in the primary end point of 24-h systolic BP at 6 months
between groups in the intention to treat analysis, but in the per-protocol cohort,
which is likely a better indicator of biological effectiveness of the intervention, 24-h
systolic BP was significantly reduced. Due to the small sample and the discrepant
results between the intention to treat and per-protocol population, these results
should be perceived as explanatory and be interpreted with caution.

16.7 Controversial BP Reduction Post RDN: Possible
Explanations

Symplicity HTN-3, except from the fact that was larger than the first two Symplicity
studies (Symplicity 1 and 2), was a well-designed study with the use of sham
procedure in the control group. However, the execution of the study has been
questioned [24-26]. Some months later after the publication of Symplicity HTN-3,
a subsequent comprehensive subanalysis by Kandzari et al. along with interesting
new preclinical data regarding the location and distribution of renal fibers in the
renal arterial wall highlighted a number of potential confounding factors that may
explain, at least partially, the unexpected BP responses in both RDN and sham abla-
tion groups as well as the huge variability in BP response post RDN. The list of
these confounders includes incomplete denervation, poor antihypertensive
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medications stability and adherence, selection of non-appropriate population and
selection of office BP as end point of RDN efficacy [27-32].

16.7.1 Incomplete Renal Denervation in Many Patients

Symplicity HTN-3 was a US trial with 88 sites and no fewer than 111 operators
performing the procedure. The procedure per operator ratio is approximately
3.3, while 34 % of the interventionists carried out only one single procedure
raising concerns about the “learning curve” effect [27, 31, 32]. Additionally,
proctoring in the study sites was largely undertaken by nonclinical staff. In a
recent post hoc analysis of the Symplicity 3 when procedural data were carefully
evaluated, it was found that the BP response increased with increasing number
of ablations delivered and the successful delivery of circumferential (four-
quadrant) ablations. The mean number of ablation attempted (energy application)
per artery was 4.7, whereas in Symplicity HTN-1, the corresponding number
was 8.6, suggesting a “dose-response” dependency between the number of
ablation attempts and the efficacy of RDN. Additionally, in Symplicity HTN-3
only a small proportion of patients (n=19) had successful ablation across all
four quadrants of the renal artery. Similarly, in HTN-3, it was shown that a
successful four-quadrant ablation in both renal arteries was associated with the
greatest BP drop (office systolic) of 24.3 mmHg, while with one-artery four-
quadrant ablation, BP reduced to 16.1 mmHg and with no four-quadrant ablation,
BP reduced to 14.2 mmHg.

In the years following the first studies on RDN, our view on the technique has
significantly changed; RDN is now recognized as a complex, specialized therapy
with a large list of influencing factors and uncertainties. Accordingly, our
knowledge about the peri-arterial renal nerve distribution in chronically
hypertensive patients is very limited and it is unclear to what extent preclinical
results can be applied to vessels subjected to atherosclerosis. The optimal degree
of pressure against the wall, the depth of ablation, and time/amount of energy
delivered to provide the best procedural results are still being investigated.
Recently, it has been shown that the highest average number of nerves was
observed in the proximal and middle segments of the renal artery and the lowest
in the distal segments [28, 29]. Even more important, the mean distance from the
lumen to the nerve was the longest in the proximal and the lowest in the distal
segments. These clinical and some preclinical observations suggest that
asymmetric and most probably distal renal artery targeting is required to achieve
effective ablation of renal sympathetic nerves. However in many clinical trials
including HTN-3, ablation wasn’t performed in this area, potentially reducing
the efficacy of the procedure.

The lack of reliable markers of procedural success to establish on time whether
denervation has been completely achieved in a specific patient remains the major
unmet need [33, 34]. As a result, it remains uncertain whether the negative trials
arise from suboptimal application of the technology or whether the technique in the
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way it was applied is not effective. A number of efficacy markers have been explored
(i.e., acute changes in renal hemodynamics, changes in BP after high-frequency
stimulation in the renal artery, etc.), but there is no consensus on their usefulness
[34, 35].

16.7.2 Medication Stability and Adherence

Medication stability and patient adherence is critical at study baseline and during
study [36]. Post hoc analysis of HTN-3 indicated that frequent drug changes and
variable medication adherence may have interfered with the observed BP reduc-
tion post RDN [27]. In HTN-3, 38 % of patients have changes in their medica-
tions, while in the positive DENERHTN study, a standardized treatment protocol
was followed. In HTN-3, the prespecified subgroup analysis for ethnicity deserves
specific attention, and perhaps changes in the adherence rate may contribute in the
discrepancy of RDN efficacy. Changes in office systolic BP in the African-
American subgroup were not significant largely due to the large drop in BP in the
sham group (-17.8 mmHg). In the non-African-American subgroup (in which
more than 95 % were Caucasians), a significant difference in office systolic BP
was observed (—15.2 in the denervation and —8.6 mmHg in the control (sham)
group, p=0.012). Similarly, in the Global Symplicity Registry, the subset of non-
African-American individuals with similar clinical characteristics to those
included in the HTN-3 trial had a mean office systolic BP drop of 17.3 mmHg
which was quite identical to the systolic BP reduction observed in the RDN group
of HTN-3 [21]. Differences in the rate of adherence may explain, at least partially,
these unexpected effects in HTN-3. For this reason, European experts on RDN
suggest that in future RDN trials, it is crucial to standardize concomitant antihy-
pertensive therapy (preferentially all treated with the combination of a renin-
angiotensin blocker, calcium channel blocker, and diuretic) with a stable run-in
period of at least 4-8 weeks and to monitor drug adherence as potential con-
founder of BP response (pill counting, electronic pill dispenser, toxicological
drug analysis) [37]. However, it needs to be highlighted that the abovementioned
confounders of BP response to RDN come from a post hoc analysis of the study.
Therefore, the findings should be considered as exploratory and hypothesis gen-
erating and should be confirmed by appropriately designed prospective studies
addressing these issues.

16.7.3 Appropriate Hypertensive Population for RDN:
Identification of Responders Post RDN

All the RDN trials have clearly shown a pronounced heterogeneity in the BP
response post RDN: BP is excessively reduced in some patients; some other
patients experience a modest but still clinically significant BP reduction, whereas
in some patients the BP is either minimally decreased or even increased [6-14,
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21]. The heterogeneity of BP response to RDN is not surprising and should be
considered in the general context of drug- and/or device-based antihypertensive
therapy [37]. Accordingly, historical data with sympathetic splanchnicectomy
showed that only 45 % of the surgically treated patients experienced a substantial
BP reduction [1]. Besides that, HTN, and particularly dRHTN, is a multifactorial
disease with several mechanisms involved in its pathogenesis [5, 6]. The long
experience for pharmaceutical trials in HTN clearly shows that inhibition of any
mechanism implicated in BP elevation is effective only in a certain percentage of
patients (30-50 %). Based on the above, it is of paramount importance to identify
predictors of BP response to RDN that will help identify the “right patient” for
this interventional approach. Up to now, only largely elevated BP (systolic
>180 mmHg) has been associated with greater reductions of BP, a fact that is
evident with drug therapy as well [38]. This does not mean that all patients with
largely elevated BP respond to RDN [21]. From a pathophysiological point of
view, it seems rational to assume that RDN would be effective in patients with
evident sympathetic overactivity, but there is a lack of clinically applicable mea-
sures of “increased sympathetic activity” that could be used to guide treatment
decisions [39]. However, up to now there is no clear established link between SNS
activity and response to RDN and clearly, there is a need for more research on this
topic [40].

Preliminary data indicate that isolated systolic HTN, the predominant hyperten-
sive subtype in elderly patients, is associated with limited response to RDN [41].
Accordingly, increased central pulse pressure indicative of aortic stiffness is related
to worse BP response after RDN. It can be questioned whether older patients or
patients with long-standing HTN may respond, compared to younger patients, given
their commonly lower degree of SNS activation and their increased aortic stiffness.
It has also been postulated that the most suitable population for RDN would be
patients with earlier stages of HTN whereas the ultimate risk/benefit ratio of RDN
remains to be elucidated [37, 41, 42].

16.7.4 Blood Pressure Measurements: Ambulatory-Office Blood
Pressure Disparity

Data from trials using antihypertensive medications show that there was a dispro-
portionally greater decrease in systolic office BP than in ambulatory BP which,
for both office and ambulatory BP, seems to depend on the pretreatment BP levels
[43-45]. Two meta-analyses comparing ambulatory and office BP reduction in
patients with essential HTN revealed that the ambulatory response to drug treat-
ment is about two-thirds of the office BP response [44]. Similarly, an in-depth
overview of the published studies with RDN reveals a marked disparity between
office and ambulatory BP reductions: the dramatic falls in office systolic and dia-
stolic BP are not accompanied by similar reductions in ambulatory values. The
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absence of ambulatory BP measurements has been considered as a weakness of
earlier RDN trials. Indeed, in the proof-of-concept study (Symplicity 1) and the
randomized study (Symplicity 2), ambulatory systolic BP reduction was only
41 % and 38 % of the observed office BP pressure reduction, respectively. The
white coat effect, which is very frequently encountered in dRHTN, might have
contributed to this marked disparity [38, 43, 44]. It is well accepted that ambula-
tory BP is less susceptible to bias, placebo effect, regression to the mean, Hawthorn
effect and day-to-day variability than office BP, can easily be analyzed blind to the
allocation of treatment, and allows appropriate selection of patients for
RDN. Patients with white coat HTN are not likely to show any effect on
BP. Accordingly, 346 patients from ten centers from Germany and Australia who
were enrolled following the extended Symplicity protocol were classified to true
resistant HTN (n=303) (office and ambulatory systolic BP of 172 and 154 mmHg,
respectively) and to pseudoresistant HTN (n=43) (office and ambulatory systolic
BP of 161 and 121 mmHg, respectively) [46]. At 6 months post RDN, systolic
ambulatory BP decreased by 10.2 mmHg in patients with true dRHTN, which is
similar to the 24-h BP decline observed in Symplicity HTN-2, while there was no
effect on ambulatory BP monitoring in pseudoresistant patients, whereas office
BP was reduced to a similar extent. Similarly, participants in Symplicity HTN-3,
whereas the white coat effect was excluded per protocol, did not demonstrate a
significant difference between groups for both office and ABPM. In contrast, the
French DENERHTN study, a prospective open-label randomized trial with
blinded end point evaluation, used ambulatory BP as primary objective demon-
strating a greater daytime BP response in the RDN group than in the control

group.

16.7.5 Durability of BP Reduction: Long-Term Effects of RDN
on BP

Experimental findings suggest regeneration mainly of renal efferent sympathetic
fibers post RDN. Whether reinnervation actually takes place in humans, and if so
whether the reinnervation is functional and not only anatomic, remains questionable
[47]. However, data from clinical trials and registries indicate that changes in BP
persist long term (available follow-up to 3 years) in patients with dRHTN after
RDN [19].

In 88 out of 135 patients enrolled in the HTN-1, from a mean BP of 175/98 mmHg
at baseline, office BP dropped by —32/—14 mmHg after 36 months, with a response
rate of 93 % at 36 months [16]. The absence of any relapse or attenuation of the
antihypertensive effect suggests that there is no evidence of functional reinnervation
at 3 years.

In the entire population of the EnligHTN I (n=46), reduction in office BP at 24
months from baseline was —29/-13 mmHg, while the reduction in 24-h ambulatory
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BP and in home BP at 24 months was —13/-7 mmHg and —11/-6 mmHg, respec-
tively (p<0.05 for all cases) [17, 18].

According to HTN-3 protocol, subjects in the sham group meeting eligibility
requirements could undergo RDN. Therefore, in denervation subjects, the 12-month
office systolic BP change was greater than that observed at 6 months (-18.9 vs.
—15.5 mmHg, p=0.025) but the 24 h systolic BP change was not significantly
different at 12 months [48]. Thus, all of the above indicate that there is evidence that
RDN results in a decline in office systolic BP and that this is maintained over a
longer period of follow-up albeit in a smaller patient group.

16.8 RDN Efficacy on BP Reduction: Where Do We Stand?

In the latest guidelines of the European Society of Hypertension/European Society
of Cardiology (ESH/ESC) for HTN management, the recommendation of treatment
strategies in hypertensive patients with dRHTN suggested that in case of ineffec-
tiveness of drug treatment, invasive procedures such as RDN may be considered as
last resort [6]. However, after the publication of the Symplicity HTN-3 trial, the
design, conduct, and interpretation of all RDN trials have been discussed exten-
sively. On one hand, whatever the associated shortcoming of each trial may be, there
is strong possibility that the observed BP reductions were due to the placebo effect,
the Hawthorne effect, regression to the mean, drug changes and adherence, study
population, and procedural methods or other biases. On the other hand, current evi-
dence also seems insufficient to declare the technology a proven failure. Given that
not one RDN study provided any serious safety concerns, all agree that a second
chance is really needed to test the effectiveness of this new therapeutic approach. In
this setting, a clinical consensus conference provided some considerations on future
RDN clinical trials: selection of population, design of study, and study outcome
(Box 16.1) [37]. Accordingly, the SPYRAL HTN Global Clinical Trial Program
(using the Symplicity Spyral multielectrode renal denervation catheter) is designed
to address limitations associated with predicate studies and provide insight into the
impact of pharmacotherapy on RDN efficacy and already has enrolled patients in
the USA and Europe [49]. The two initial trials of the program focus on the effect
of RDN in hypertensive patients in the absence (SPYRAL HTN OFF-MED) and
presence (SPYRAL HTN ON-MED) of antihypertensive medications. The
SPYRAL HTN ON-MED study requires patients to be treated with a consistent
mono or double or triple-therapy antihypertensive regimen, whereas the SPYRAL
HTN OFF-MED study includes a 3—4-week drug washout period followed by a
3-month efficacy and safety end point in the absence of antihypertensive medica-
tions. The studies will randomize patients with combined systolic-diastolic HTN to
RDN or sham procedure. Both studies allow RDN treatments in renal artery
branches and accessories. Of similar design was the ongoing RE-INFORCE study
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Box 16.1: Recommendation for Future Randomized Controlled Trials on Renal
Denervation in Hypertensive Patients

Study Population

* Include patients with moderate rather than resistant hypertension reflecting
the pathogenetic importance of sympathetic activity in earlier stages.

e Exclude patients with stiff large arteries (e.g., isolated systolic
hypertension).

Study Design

e Perform washout period only in highly experienced centers (safety
concerns).

» Standardize concomitant antihypertensive therapy (preferentially all
treated with the combination of a RAS-blocker, calcium channel blocker,
and diuretic in the run-in period).

* Monitor drug adherence as potential confounder of blood pressure response
(e.g., pill counting, electronic pill dispensers, toxicological drug
analysis).

Study Outcomes

* Use change in ambulatory blood pressure as the primary efficacy end point
(strictly standardized), while change in office blood pressure should be
considered as secondary parameter.

* Delineate clinically easy accessible predictors for blood pressure efficacy.

(using the Vessix RDN system) with the primary end point of ambulatory BP
changes at 8 weeks post intervention. Table 16.5 summarizes the on going random-
ized RDN trials using different technology for ablating the renal fibers (radiofre-
quency, ultrasound, chemical etc).

Hopefully these ongoing and future appropriately designed trials will eventually
resolve most of the uncertainties regarding the BP effects of RDN and help defining
its place in clinical practice without denying an effective therapy in those patients
who really need it and without putting those at risk from procedures that aren’t ben-
eficial. Until more evidence is available concerning the long-term BP efficacy and
safety of RDN, it is recommended that these procedures remain in the hands of expe-
rienced operators while diagnosis and follow-up should be restricted to hypertension
centers.
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Abbreviations

BP Blood pressure

dRHTN  Drug-resistant hypertension
LV Left ventricle

RDN Renal denervation

SNS Sympathetic nervous system

17.1 Introduction

Enhanced sympathetic nervous system (SNS) activity constitutes an important
pathway involved in the initiation and progression of the hypertensive disease [1, 2].
Sympathetic overactivity increases progressively and in parallel with hypertension
stages, while accelerated cardiac damage reflected by left ventricular (LV) hypertro-
phy compared to normal geometry is accompanied by greater norepinephrine spill-
over [3]. The latter is typical of the hypertensive phenotype characterized by
increased heart rate, cardiac output, and renovascular resistance. Similarly, the
hallmark of renal disease is sympathetic overdrive, and microneurography studies
revealed high muscle sympathetic nerve activity in patients with renal dysfunction
[3, 4]. In these lines, SNS activation is related with the pathogenesis of arrhythmias,
as well as it is involved in glucose metabolism regulation [3, 5]. Thus in this chapter,
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the effect of sympathetic nervous system modulation by means of renal denervation
(RDN) on the intermediate end points related to the heart, kidney, arteries, arrhyth-
mias, and glucose metabolism will be analyzed.

17.2 Effects of RDN on Kidney Damage

Even the beginning of end-stage renal disease is accompanied by significantly high
levels of catecholamines indicating the importance of SNS activation in the initia-
tion of the detrimental effects of adrenergic overdrive on renal tissue [1, 11].
Recently it was shown that in patients with a stable and moderate chronic renal
failure (mean estimated glomerular filtration rate, 40.7 mL/min per 1.73 m?), SNS
activity is already elevated as compared to age-matched healthy controls, and the
sympathetic overdrive exhibits an inverse relationship with renal function [6]. In a
cross-sectional study of 496 subjects of the general population including hyperten-
sives, urinary albumin excretion was strongly related with plasma norepinephrine,
even after exclusion of patients with renal disease and accounting for age, body
mass index, and ambulatory blood pressure (BP) [3]. SNS overdrive could mediate
early glomerular permeability damage, as reflected by heightened albuminuria
before or in parallel with clinical renal function decline, and this is genetically sup-
ported [7].

Animal studies provide promising data on the potential renoprotective effect of
RDN. For example, in Dahl salt-sensitive rats, RSD causes decrease in albumin-
uria, less glomerulosclerosis, and overall less podocyte damage [3, 8]. In normal
dogs and rats, surgical removal of basal renal sympathetic nerve did not alter renal
blood flow, whereas studies in healthy rabbits revealed that RDN resulted in aug-
mentation of renal flow [3, 9]. Electrocoagulation to achieve RDN in male Wistar
rats caused increase in cortical flow, and similarly resistive index was significantly
reduced by the RDN procedure in acute and chronic setting. In another study
however, performed in Sprague Dawley rats, RDN did not influence either renal
blood flow or renal vascular resistance [3, 9]. These discrepancies might be due to
differences among animal species as well as the method of RDN. In a recent
study, it was shown that catheter-based RDN by radiofrequency ablation exerts
acute effects on renal hemodynamics in a healthy animal model that persist at 1
month after the procedure [9]. More specifically, RDN augmented average peak
velocity and renal blood flow, whereas reduced resistive index and renal flow
reserve acutely and after 1 month [9]. The absence of sympathetic tone due to
radiofrequency ablation leads to a maximal vascular dilatory state that cannot be
altered to a further degree by intrarenal administration of a powerful stimulus
such as dopamine. Accordingly, RDN shifted the autoregulatory kidney mecha-
nisms to a state of greater baseline renal blood flow with a lessened flow reserve
range due to successful withdrawal of basal effective SNS outflow on renal micro-
circulation. Nevertheless, renal hemodynamic changes after radiofrequency RDN
could be also used as an invasive but readily available tool to determine proce-
dural success directly in the catheterization laboratory.
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Coming to the human clinical setting of percutaneous transluminal RDN in the
Symplicity HTN-1 trial, renal safety assessed by renal angiography and/or magnetic
resonance angiogram revealed no instances of renal artery aneurysm, or stenosis, or
other long-term adverse events [10]. Although participating patients were repeat-
edly exposed to contrast media during serial angiographies, renal function was not
compromised. Paired baseline and 6-month follow-up estimated glomerular filtra-
tion rate (eGFR) data were available in 25 patients and were 79+21 and 83 +25 mL/
min/1.73 m% Notably, patients with low eGFR before RDN exhibited a trend for
greater increase in eGFR [10].

In the first year of the extended Symplicity HTN-1 cohort, eGFR remained sta-
ble, and after 2 years, there were no cases of doubling of serum creatinine, develop-
ing class IV chronic kidney disease or requiring dialysis [11]. However, it is of note
that in ten patients in whom there are post-procedure renal data at 24 months show
an average reduction of eGFR=—16 ml/min/1.73 m?. This drop of eGFR was attrib-
uted to the inclusion of anti-aldosterone therapy (spironolactone) in five hyperten-
sives after the 1 year follow-up. In the other five patients without the newly added
spironolactone, an inferior decrease of 7.8 ml/min/1.73 m? was shown [11]. This
fall, evident after the first 6 months period, is larger compared to the one presented
in studies with antihypertensive drugs like ramipril (—1.96 mL/min/1.73 m?) and
telmisartan (—3.05 mL/min/1.73 m?) for the same follow-up period in the Ongoing
Telmisartan Alone and in Combination With Ramipril Global Endpoint Trial in
high-risk patients but not in the resistant hypertension setting [3]. This observation
can be explained partially by the fact that these patients had initially excessively
high BP levels that although BP was reduced by percutaneous RDN, most subjects
were still hypertensives at 2 years of follow-up. Moreover, the extent of renal func-
tion decline within 12 months was favorably less than expected based on current
evidence.

In Symplicity HTN-2, serum creatinine, eGFR, and cystatin C levels were
unchanged from baseline in both groups at 6 months [12]. However, in the above-
mentioned Symplicity and EnligHTN I studies, patients with impaired eGFR <45 ml/
min/1.73 m? were excluded, and more insight on the renal impact of RSD in lower
levels of baseline kidney function was not available [12—14]. In the randomized
sham-controlled study Symplicity HTN-3, an increase of >50 % in glomerular filtra-
tion rate was observed in 1.4 % of the patients in the RDN group and 0.6 % in the
sham-ablation arm with no statistical difference [15]. Focusing in the EnligHTN-1,
population renal function as assessed by eGFR changed from 12 to 18 months but
remained stable up to 24 months [14]. Some decline in eGFR is to be expected over
time in this high-risk population with drug-resistant hypertension dRHTN and sev-
eral comorbidities. In the absence of matched controls, however, it is difficult to
assess whether it is procedure related. The change is small and unlikely to be due to
effects of RDN.

Microalbuminuria is an established marker of diffuse vascular dysfunction and
target organ damage. In 59 dRHTN patients with elevated albumin to creatinine ratio
at baseline underwent catheter-based RDN using the Symplicity Flex™ catheter, a
significant reduction in albuminuria occurred in all patients, irrespective of baseline
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presence of microalbuminuria [16]. Regression analysis revealed a modest positive
relationship between the decrease of albuminuria and the fall of systolic BP indepen-
dent of renal function that remained unchanged after RDN [16]. In another landmark
study of Mahfoud et al., average albuminuria did not change significantly after RDN
at 3 and 6 months [17]. However, the number of patients with normal albumin to
excretion ratio increased by 5% and 12 % at 3 and 6 month timepoint, respectively,
whereas the number of patients with micro- and macroalbuminuria decreased by
10% and 23 %, respectively. In the same study 3 and 6 months after the procedure,
ultrasound renal resistive index decreased significantly after RDN, whereas there
were no significant changes in renal resistive index in control patients during follow-
up [17]. Interestingly, the decrease in renal resistance did not correlate with systolic
BP reduction after 6 months, and systolic BP reduction showed no correlation to
renal resistive index at baseline. In these lines, in EnligHTN-1 study microalbumin-
uria was reduced 24 months after RDN by 10 mg/g in the entire population.

In summary, although there is a current need for more evidence on the long-term
effects of RDN on renal end points in diverse settings of the hypertensive disease,
studies up to now have verified the neutral and/or beneficial effect of the procedure
on kidney function regulation.

17.3 Effects of RDN on Cardiac Function and Structure

In experimental animal models, administration of norepinephrine causes augmenta-
tion of left ventricle (LV) mass, while chronic activation of SNS leads to hypertro-
phy via interaction with inflammatory pathways [3, 6, 18]. Furthermore, in humans,
LV hypertrophy state identified by echocardiography or magnetic resonance imag-
ing is accompanied by increased cardiac norepinephrine spillover and muscle sym-
pathetic nerve traffic [3, 18]. Even in the absence of hypertrophied myocardium,
SNS overdrive is also linked to unfavorable alterations of LV geometry [3].
Starting from the case-report study of a patient with resistant hypertension, there
was evidence that RDN results in LV mass reduction from 184 to 169 g at 1 year
after the procedure [3]. These findings were further supported and extended by a
pioneer study including 46 patients with resistant hypertension enrolled in
Symplicity HTN-2 trial [19]. LV mass index was reduced by 13 % after 1 month and
17 % after 6 months reflecting a drop of LV hypertrophy incidence from 63 % at
baseline to 33 % after 6 months [19]. The beneficial effect of RDN on LV is corre-
lated with the degree of hypertrophy before the procedure, and it is more evident in
those with LV hypertrophy at baseline. Left atrium size was significantly reduced at
follow-up and those with left atrium diameter above 44 mm were 55 % at baseline
but after RSD decreased by 20 %. Patients without initial LV hypertrophy did not
result in cardiac atrophy, and some patients did not exhibit regression of LV mass.
The control group of resistant hypertensives did not achieve, despite optimal antihy-
pertensive drug therapy, the above beneficial alterations in cardiac structure [19]. In
the same study, the improvement in systolic function after RDN was reflected by the
attenuated LV end-systolic volume accompanied by an increase in LV ejection
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fraction [19]. Mitral E-wave deceleration time shortened after RDN as well as iso-
volumic relaxation time. The ratio of mitral inflow velocity to annular relaxation
velocity (lateral E/E’) that reflects LV diastolic filling pressure was decreased early
after RDN at 1 month and continued to drop to 6 months. From a more clinical point
of view, patients with normal LV filling pressures presenting an E/E’ ratio <8 were
38 % at baseline but increased to 58 % and 68 % at 1 and 6 months period respec-
tively [19]. In these lines, the percentage of patients with E/E’ > 12 (increased LV
filling pressures) was reduced from 29 to 4 % after RDN. The decrease in the E/E’
was significant in those with baseline LV hypertrophy and those with higher E/E’
[119]. Focusing on the confounding effect of BP reduction by RDN on the benefi-
cial impact on LV structure and function, further analysis was made, showing that
the higher the BP drop, the higher the reduction in LV mass and E/E’. However,
patients exhibiting <10 mmHg lowering after 6 months although characterized as
“non-responders” had a significant reduction in LV mass index, suggesting an effect
of RDN on these cardiac indices independently of RDN-induced BP control [3, 18,
19]. After RDN, in the EnligHTN-1 study, the mitral valve E’/A’ ratio increased at
6 months, 12 months, and 24 months respectively, and the mitral lateral E/E’ was
reduced. There was a significant reduction of left atrial diameter and left atrial vol-
ume at 6 months after RDN, but the corresponding changes at 12 months and 24
months after RDN were not significant when compared with baseline [20, 21]. In
the echocardiographic study of the Symplicity 2 patients, left atrial diameter at 6
months post RDN was reduced from 45.2 to 42.5 mm, while a recent meta-analysis
confirmed at 6 months the reduction of left atrium studies by echocardiography but
showed no changes when left atrium is assessed by cardiac magnetic resonance
[18].

In a subgroup of the EnligHTN-1 population [20, 21], LV mass index was reduced
at 6 months and continuously at 12 and 24 months respectively. Most importantly,
after RDN, 9 (52.9 %), 10 (58.8 %), and 12 (70.6 %) patients showed improvements
in the degree of LV hypertrophy at 6 months, 12 months, and 24 months, respec-
tively, with nine patients improved by one level, two patients improved by two levels,
and one patient improved by three levels from baseline at 24 months [21]. The num-
ber of patients with severely abnormal or moderately abnormal level of LV hypertro-
phy decreased from 9 (52.9 %) patients at baseline to 7 (41.2%), 6 (35.3 %), and 5
(29.4 %) patients at 6 months, 12 months, and 24 months, respectively; the number
with mildly abnormal level of LV hypertrophy decreased from 8 (47.1 %) patients at
baseline to 5 (29.4 %) patients at 6 months, but increased back to 8 (47.1 %) patients
at 12 months and then decreased again to 6 (35.5 %) patients at 24 months; and the
number with LV mass/height>” achieved the normal range increased from none at
baseline to 5 (29.4 %), 3 (17.6 %), and 6 (35.3 %) patients at 6 months, 12 months,
and 24 months, respectively. No statistically significant association was observed
between the changes in office and ambulatory BP and the changes in LV mass index
at any study timepoints [20, 21] (Fig. 17.1).

Apart from studies using echocardiography [19-21], cardiac magnetic resonance
imaging [22, 23] has verified the beneficial effects of RDN on LV mass. In the study
by Doltra A et al., LV mass index was reduced 6 months post RDN from
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Fig. 17.1 Degree of LV hypertrophy at baseline and 6, 12, and 24 months post RDN in patients
with dRHTN

41.83+10.20 g/m'7 to 37.72+7.44 g/m'7 (p=0.001), similar to the reduction in a
work by Mahfoud F et al., exhibiting a drop of LV mass index from 46.3+13.6 g/
m!7 to 43.0+12.6 g/m'” (p<0.001) [22, 23]. Contrariwise, in another magnetic
resonance imaging study, mean body surface area indexed LV mass decreased by
3% in 44 patients with dRHTN showing no important impact of RDN on LV mass,
despite reduction of ambulatory BP [24] (Table 17.1).

The above results could be attributed from a pathophysiological point of view, to
the fact that RDN improves LV structure and function by affecting not only both
beta- and alpha-receptor-mediated sympathetic nervous system hyperactivity but
also by attenuating insulin concentration, myocardial fibrosis, as well as renin-
angiotensin-system overdrive [3, 6, 18-24]. In this sense, cardiac alterations are not
a result of BP reduction per se in patients after RDN but a synergistic effect of ben-
eficial pathways of myocardial unloading and remodeling. Moreover, the extent of
LV mass beneficial alterations is larger than that observed in previous pharmaco-
logical studies and at the same time of a greater degree compared to other settings
of pressure-overload removal, such as in aortic stenosis [3]. The diverse impact of
sympathetic modulation on LV, diastolic function, and left artium size as well as the
variability in the degree of the beneficial effect through the course of time could be
attributed to the complex interplay of mechanisms related with subclinical inflam-
mation, heart remodeling, and hormonal axis along with changes of the hemody-
namic burden induced by this intervention [3, 6, 18].
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17.4 Effects of RDN on Arrhythmias

Alterations of the SNS-baroreflex axis constitute independent predictors of
arrhythmogenic death even after accounting for reduced ejection fraction [6, 25].
The increase in SNS activation to the heart increases abnormal calcium cycling and
decreases the myocardial contractility. Patients with arrhythmias detected in Holter
monitoring (ventricular ectopy, atrial fibrillation (AF), sudden cardiac death) are
characterized by higher muscle sympathetic nerve traffic further supporting the
arrhythmogenic nature of SNS activation in the heart. It is well established that SN'S
activation and heightened plasma catecholamines are accompanied by increased
heart rate and may exert direct pro-arrthythmic effects by facilitating reentry, trig-
gered activity, automaticity or increasing excitability [25]. In animal models epi-
sodes of atrial fibrillation during short-term rapid atrial pacing or mediated through
tracheal occlusion could be decreased by RDN. This beneficial impact of RDN on
arrhythmic burden and heart rate could be attributed to the reduction of central sym-
pathetic cardiac driving although the latter is not consistently exhibited in all stud-
ies. Improvement in BP control and regression of LV hypertrophy could also play a
role in the decrease of cardiac arrhythmias.

In humans, Pokushalov et al. studied 27 moderately hypertensive patients with
atrial fibrillation treated with pulmonary vein isolation alone and in combination
with RDN and resulted in decreased atrial fibrillation relapse with RDN plus pul-
monary vein isolation compared with the latter alone (69 % versus 29 %) [26]. In
these lines, patients with paroxysmal atrial fibrillation or persistent atrial fibrillation
and moderate dRHTN or severe dRHTN were randomized to pulmonary vein isola-
tion or pulmonary vein isolation with RDN. At 12 months, 63 % were atrial fibrilla-
tion free in the RDN group compared to 41 % in the non-RDN group. The superior
efficacy of adding RDN was most apparent in persistent atrial fibrillation and severe
hypertension [6, 26]. Currently there are many ongoing randomized controlled stud-
ies examining the efficacy and safety of RDN as an add-on therapy to AF ablation.

Besides the important effect of RDN on heart rate and arrhythmic events, a sig-
nificant improvement in both the time and frequency heart rate variability (HRV)
parameters was evident in patients with dRHTN at 1 month and was even more
pronounced at 6 months after the procedure [25]. The findings of this study regard-
ing the impact of RDN on heart rate variability parameters are concordant with
pharmacological reduction of sympathetic overactivity after long-term p-blocker
therapy.

From a clinical point of view, RDN may provide a novel approach to attenuate
heart rate and improve the arrhythmia profile and heart rate variability status in
patients with dRHTN beyond BP reduction. Toward this end, 21 patients with per-
sistent atrial fibrillation and hypertension underwent RDN and completed 7-day
follow-up evaluations, including 24-h Holter monitoring. It was shown that RDN
improved ventricular heart rate control in patients with persistent atrial fibrillation,
slowing conduction in baseline heart rate-dependent manner [26].

Lastly, the potential of RDN to favorably modulate ventricular tachycardia in
humans has been studied in small population. Based on these preliminary results in
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diverse clinical settings of ischemic, dilated, and hypertrophic cardiomyopathy,
RDN proved its beneficial impact on ventricular ectopy [26]. Whether RDN has an
antiarrhythmic effect beyond normalization of blood pressure and LV mass, amelio-
ration remains to be determined.

17.5 RDN Effect on Arterial Properties

The impact of sympathetic modulation on large arteries has not been extensively
explored. In a pioneer controlled study of 110 hypertensive patients, bilateral RDN
caused a reduction of aortic augmentation index and carotid to femoral pulse wave
velocity at 6 months after the procedure [6]. Consistently, ejection duration and
aortic systolic pressure load were significantly diminished, indicating improvement
of cardiac work load by RDN. In this work, no significant changes were obtained in
the control arm for any of the abovementioned parameters. Assessing sympathetic
nerve activity in addition to arterial stiffness alterations by RDN in dRHTN pro-
vides valuable clinical information as shown in the study by Hering D et al. [27] in
which RDN significantly reduced BP, augmentation index, and muscle sympathetic
nerve activity. Of note, changes in augmentation index with RDN were unrelated to
systolic BP and diastolic BP (as well as muscle sympathetic nerve activity changes).
There were no changes in BP, augmentation index, and sympathetic drive in the
non-RDN group. However, in another report of 54 dRHTN patients, there is a lack
of beneficial effect of RDN on pulse wave velocity that was increased, whereas
augmentation index did not change 12 months post RDN [24]. Therefore, the
changes on arterial properties by RDN should be further investigated in adequately
powered controlled studies in order to elucidate the confounding effect of BP reduc-
tion and neuromodulation.

17.6 Effects of RDN on Glucose Metabolism

SNS overdrive is involved in glucose metabolism and decreasing insulin secretion,
and vice versa insulin resistance causes further SNS overdrive [6, 28-30]. In various
experimental models, which include obesity-induced hypertension, deoxycortico-
sterone acetate-induced hypertension, and aortic coarctation, the magnitude of
hypertension has been reduced during the observation period post RDN. Central
sympathetic output reduction causing an alteration in afferent sympathetic action,
an inhibition of the renin-angiotensin-aldosterone-system, a decrease in vascular
alpha adrenergic tone resulting in skeletal muscle vasodilation, and an improved
glucose transport to the skeletal muscle are suggested mechanisms linking RDN
with glucose regulation.

In animals made hyperinsulinemic by insulin infusion via osmotic minipumps
implanted subcutaneously, surgically bilateral RDN prevented the development of
hyperinsulinemia-induced hypertension, suggesting that RDN not only prevents
hypertension but also reverses the pressor effects of insulin [6, 29].
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Table 17.2 Major studies of RDN effect on glucose status

Glucose
metabolism
Time of Change in BP parameters
Study Treatment Patients follow-up after RDN changes
Mahfoud RDN 37 with 3 months 132/12 mmHg | Fasting glucose
et al. [28] Optimal dRHTN 13 (office) by 10 mg/dL
medical with | Insulin levels by
therapy dRHTN 11.5 mIU/mL
| C-peptide levels
by 2.3 ng/mL
| Homeostasis
model assessment—
insulin resistance
(HOMA-IR by 3.6)
Witkowski ~ RDN 10 with 6 months 134/13 mmHg | Plasma glucose
et al. [30] dRHTN and (office) concentration 2-h
metabolic after oral glucose
syndrome tolerance test by
0.6 mmol/L
IHbAlc by 0.5%
Verloop Wi RDN 29 patients 12 months 16/5 mmHg No significant
etal. [31] with (ambulatory) changes in fasting
metabolic glucose and
syndrome insulin sensitivity

RDN renal denervation, dRHTN drug-resistant hypertension

Based on this pathophysiological evidence, catheter-based RDN was tested on
glycemic control. The landmark study in this field is the one by Mahfoud et al. [28],
investigating the effect of RDN on glucose metabolism and insulin resistance in
patients with dRHTN. Three months after RDN, besides mean BP reduction, fasting
glucose was statistically significantly reduced from 118 to 108 mg/dL, insulin levels
from 20.8 to 9.3 mIU/mL, C-peptide levels decreased from 5.3 to 3.0 ng/mL, and
homeostasis model assessment—insulin resistance (HOMA-IR) improved from 6.0
to 2.4, while no BP reduction and metabolic marker changes were observed in the
control group (Table 17.2).

The favorable effect of RDN on glucose metabolism is also shown in a report for
two female patients with polycystic ovary syndrome in whom fasting plasma glu-
cose declined and insulin sensitivity improved 3 months after RDN, and this was
accompanied by reduction of SNS activity assessed by muscle sympathetic drive
and norepinephrine spillover [29]. Another study carried out in ten obese dARHTN
patients with obstructive sleep apnea syndrome in whom plasma glucose concentra-
tion of 2-h after oral glucose tolerance test significantly reduced from 7.0 to
6.4 mmol/L and HbA 1c decreased from 6.1 to 5.6 % at 6 months after neuromodula-
tion therapy [30].

Nevertheless, the denervation of the renal arteries in the metabolic syndrome
(DREAMS-Study) investigating the effects of RDN on insulin sensitivity and BP in
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patients with metabolic syndrome, questioned the beneficial impact of RDN on
insulin metabolism. More specifically, 29 patients fulfilling the criteria for meta-
bolic syndrome and who used a maximum of one antihypertensive and one antidia-
betic drug or one of both were treated by RDN. Median insulin sensitivity as
assessed by the simple index assessing insulin sensitivity oral glucose tolerance test
did not change at 6- and 12-month follow-up. Measurements of sympathetic activity
showed no reduction in SNS activity [31] (Table 17.2). The results are limited by
the non-randomized nature of the design, the lack of control group, and the fact that
patients with type 2 diabetes were underrepresented in the total population. Currently
there is a need for randomized controlled studies in hypertensive patients with meta-
bolic syndrome and/or diabetes mellitus in order to better define the effect of RDN
on the glucose status.
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Abbreviations

BP Blood pressure

HF Heart failure

HTN Hypertension

SNS  Sympathetic nervous system

18.1 Activation of the Sympathetic Nervous System
in Heart Failure

In chronic heart failure (HF), the activation of the sympathetic nervous system
(SNS) [1] and the renin-angiotensin system [2] as well as pro-inflammatory activa-
tion [3] is associated with remodeling processes and maladaptive cardiac signal
transduction [4]. Sympathetic activation plays a crucial role and is closely related to
cardiovascular outcomes as judged from circulating norepinephrine (NE) concen-
trations [5, 6]. It is also likely to be involved in progression of the syndrome because
norepinephrine concentrations are already increased in asymptomatic left ventricu-
lar dysfunction before clinical relevant heart failure symptoms develop [7].
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Sympathetic activation is generated by the nucleus tractus solitarius in the midbrain
and rostral ventrolateral medulla [8]. Efferent signaling to the heart adapts cardiac out-
put to peripheral stress situations with an increase of chronotropy, inotropy, and drom-
otropy as well as increasing intraventricular conduction velocity (bathmotropy). After
long-standing activation, cardiac phenotypes can change resulting in hypertrophy and
fibrosis making the heart more prone to arrhythmia development, as well as pump
function and relaxation disturbances. In HF, vasoconstriction and sodium retention are
the results of a-adrenoceptor stimulation [9], whereas after long-standing neuroendo-
crine stimulation, endothelial dysfunction and oxidative stress are harbingers of struc-
tural changes of the vasculature [8] and end-organ damage, in particular impaired renal
function [10, 11]. In the liver, SNS activation increases gluconeogenesis and glycoge-
nolysis. Furthermore, SNS activation by a-adrenoceptor-mediated vasoconstriction
shifts the blood flow away from insulin-sensitive organs and might make patients more
prone to develop impaired glucose tolerance and diabetes mellitus type 2 [12, 13]. In
the central nervous system, CO, sensitivity is enhanced contributing to dyspnea and in
conditions like HF [14], in particular with congestion and volume overload [15].
Furthermore, sleep apnea is associated with sympathetic activation in hypertensives
and patients with chronic HF [16, 17]. Blood pressure (BP) is upregulated by an
increase of Pl-adrenoceptor-mediated renin activation, sodium retention, and an
impairment of renal blood flow [8]. All these conditions resemble those disturbances
that are observed in chronic HF and in patients presenting with impaired myocardial
function, associated with a high likelihood of developing comorbidities like diabetes
mellitus type 2, renal impairment, and arrhythmias like atrial fibrillation or even sud-
den cardiac death [18]. The interaction of centrally generated sympathetic drive with
peripheral organs is summarized in Fig. 18.1.

Among these mechanisms, the interplay between renal sympathetic activity and
the central nervous system is crucial [19]. While activated efferents from the brain
activate sodium retention and reduce renal blood flow, the renal afferents provide
feedback to the brain with some of the signals being mediated by adenosine, oxida-
tive stress, ischemia, and acidosis [11, 20, 21]. Afferent stimulation of the brain
further increases sympathetic efferent activation leading to a vicious cycle in the
interaction between the brain and kidneys to further enhance total body SNS activ-
ity [8, 11]. It has been shown that SNS activation occurring in different forms of
hypertension (HTN) [22] is further enhanced in HF [1] and its comorbidities like
metabolic syndrome [13] and renal failure [23]. Thus, a sympathetically cardioreno-
vascular continuum occurs during the progression from mild to severe organ dam-
age and contributes to cardiac or renal-associated comorbidities.

18.2 Maladaptive Beta-Adrenergic Signal Transduction

Norepinephrine released from the sympathetic nerves in the heart produces exces-
sive beta-adrenergic receptor stimulation [24]. As a consequence, beta receptors are
downregulated [25], and post-receptor events like an increase of inhibitory
G-proteins [26] produce an impaired effectiveness of cAMP-dependent positive
inotropic agents like beta-adrenergic agonists and phosphodiesterase type 3 inhibi-
tors [25, 26]. Beyond the receptor and post-receptor defects, there is a depletion of
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Fig. 18.1 Pathophysiological interaction between the brain, the kidney, and other peripheral
organs like the heart, liver, and vasculature after sympathetic activity is enhanced. Generated in the
sympathetic nervous system, efferent signals stimulate the heart and other organs producing mal-
adaptive responses. In the kidney, sympathetic activation reduces renal blood flow, increases
sodium retention, and activates renin-angiotensin system. Efferents further enhance sympathetic
outflow providing a vicious cycle in the stepwise increase of the sympathetic activation in the
interaction between the heart and the brain (Modified from Bohm et al. [11])

cardiac norepinephrine storing and a defect of uptake in the failing heart [27, 28]
(Fig. 18.2). Serum norepinephrine concentrations are associated with mortality in
chronic heart failure [5, 6]. In addition, not only cardiac but also renal norepineph-
rine spillover is increased and related to the severity of heart failure ([29], Fig. 18.3).
Interestingly, also renal spillover is associated with poor outcomes ([30], Fig. 18.4).
Abovementioned aspects gave the pathophysiologic background for the hypothesis
that an intervention at the renal SNS could influence the outcome in chronic heart
failure by reducing detrimental sympathetic activation.

18.3 Renal Denervation in Hypertension

The first clinical studies on lumbar splanchnicectomy involving sympathetic renal
denervation (RDN) were done in severe HTN in the 1950s. Total paralumbar
splanchnicectomy led to an increase of survival rates in patients with severe HTN
and cardiovascular disease [31-33]. Severe adverse effects and high mortality were
observed, and the method was left after the development of efficient and tolerable
antihypertensive drugs.
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18.4 Interventional Renal Denervation

Renal sympathetic denervation was performed in patients with resistant HTN
(patients being on three or more drugs, one has to be a diuretic, not achieving an
optimal blood pressure control). The associated BP reduction was not accompanied
by chronotropic incompetence [34-39], but was able to reduce peripheral artery
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stiffness [40] and reduces myocardial hypertrophy, at least partly BP independent
[41]. These studies in hypertensives provided evidence that reducing sympathetic
activity is able to reduce cardiovascular function due to reducing myocardial hyper-
trophy [41], thus setting the stage to perform trials in heart failure.

18.5 Pilot Studies in Heart Failure

Heart failure is often affected by low BP hampering the possibilities to apply
evidence-proven drugs often associated with further BP reductions to improve the
outcomes. For this reason, a first pilot study (REACH, NCT 01639378) has studied
HF in patients with reduced ejection fraction and a BP above 120 mmHg systolic
[42]. Blood pressure before and after RDN remained stable in these patients at 6
months follow-up. Interestingly, after RDN there was an increase of 6 min walk test
despite no change in BP. The reason might be that RDN might redistribute the blood
flow after reduction of sympathetic activation and counteract the sympathetically
mediated reduction of the venous reservoir and sodium-water retention, thereby
reducing congestion [43].

18.6 Accompanying Diseases in Heart Failure
18.6.1 Atrial Fibrillation and Sleep Apnea

Atrial fibrillation is due to functional changes of the atria, which follows the pro-
gressive remodeling of the ventricles in hypertrophy with preserved or impaired left
ventricular fraction. There is a high prevalence and incidence of atrial fibrillation in
HF which produces a symptomatic burden in these patients and also increases the
risk of stroke [18]. Furthermore, HF is associated with sleep apnea, which in turn is
associated with atrial fibrillation. In an experimental study, intermittent negative
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tracheal pressure was associated with an enhanced inducibility of atrial fibrillation,
which was accompanied by a shortening of the atrial effective refractory period
[44]. Renal denervation abolished the electrophysiological effect and reduced atrial
fibrillation by 70 % [45]. The atrial fibrillation cycle length was not affected, but
there was a better rate control reflected by an increase of the cycle length of the
ventricle during atrial fibrillation. Trials are ongoing to study the effect of RDN on
atrial remodeling and the recurrence rate after pulmonary vein isolation [46].
Interestingly, RDN was associated with a reduction of atrial size as judged by echo-
cardiography [47] and magnetic resonance imaging [48]. Remodeling of the atria
was observed to be independent of BP, but related to fewer atrial ectopies (Fig. 18.5)
[49]. In a sheep model of atrial remodeling, RDN inhibited the renal sympathetic
nerve sprouting in the atria [50].

18.6.2 Ventricular Arrhythmias

In a model with acute myocardial ischemia and reperfusion in pigs, RDN reduced
ventricular ectopies and ventricular fibrillation [51]. This effect was not accom-
panied by action-potential changes and was not occurring during reperfusion
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showing that abolition of ventricular fibrillation during ischemia might be
directly due to an effect of sympathetic withdrawal by RDN. There is a prelimi-
nary report on two patients with cardiomyopathy suffering an electrical storm. In
these patients RDN on the background of full antiarrhythmic therapy and opti-
mized heart failure treatments abolished discharges from an implanted cardiac
defibrillator [52] (Fig. 18.6). More data and larger case series have been recently
presented [53].

18.6.3 Renal Dysfunction

In patients with resistant HTN, the method was safe in terms of deterioration of
renal function in the Symplicity-HTN trials. However, in these trials only patients
with a glomerular filtration rate (GFR) >45 ml/min were enrolled. In preliminary
studies it was shown that BP reduction was similar in patients with impaired renal
function [36] or terminal renal failure [54]. Even at lower levels of GFR, there was
no signal of deterioration of renal function, at least when RDN was performed by
investigators experienced with the technique and careful use of contrast medium
[36, 54]. Indeed, RDN was able to reduce microalbuminuria, most likely by an
improvement of intrarenal hemodynamics [55]. In sleep apnea induced in pigs,
RDN was able to abolish the drop in renal perfusion and attenuated the rise in renin
activation after obstructive episodes [56]. Data on the long-term renal effects in
conditions other than HTN are presently lacking.
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18.6.4 Diabetes

Patients with symptomatic HF suffer from insulin resistance and diabetes in 50 % of
the cases. Insulin resistance is depending on SNS activation and is most likely due
to a shift of blood flow away from insulin-sensitive organs [11-14]. In patients with
resistant HTN, RDN has been shown to improve an impaired fasting glucose level.
Furthermore, there was a reduction of fasting insulin and fasting C-peptide concen-
trations. Insulin sensitivity was improved in patients with glucose intolerance and
resistant HTN as judged from the HOMA index [57]. However, it appears likely that
RDN could provide an upstream therapy for the development of metabolic disease
in situations where SNS activation is enhanced.

18.7 Perspective

Heart failure is associated with activation of the SNS which presumably results in a
progression of the syndrome and thereby in poor outcome. Renal denervation
should be studied in conditions with enhanced SNS activity. In HF, the first studies
are ongoing assessing whether RDN can improve myocardial function and signs
and symptoms of HF in patients with both preserved and reduced ejection fraction.
It is necessary to study clinical outcomes in larger prospective trials involving sham
procedures because symptomatic improvements are affected by placebo and
Hawthorne effects in interventional trials. Furthermore, novel interventional
approaches [58], devices, and trial designs [59] according to recent consensus con-
ferences [60] must be taken into consideration. Renal denervation is a promising
approach to improve outcome in patients with different cardiovascular disease
including chronic HF.
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MDRD  Modifications of diet in renal disease
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19.1 Introduction

Chronic kidney disease (CKD) is a worldwide problem, and its prevalence is con-
tinuing to increase considerably contributing to the global burden of cardiovascular
(CV) morbidity and mortality.

A. Vrdoljak ¢ V. Premuzi¢  B. Jelakovié (P<)

Department of Nephrology, Hypertension, Dialysis and Transplantation,
School of Medicine, University of Zagreb, University Hospital Centre Zagreb,
Kistpaticeva 12, Zagreb, Croatia

e-mail: jelakovicbojan@gmail.com

© Springer International Publishing Switzerland 2016 293
C. Tsioufis et al. (eds.), Interventional Therapies for Secondary and Essential

Hypertension, Updates in Hypertension and Cardiovascular Protection,

DOI 10.1007/978-3-319-34141-5_19


mailto:jelakovicbojan@gmail.com

294 A.Vrdoljak et al.

In CKD patients, the risk of CV morbidity is higher then the risk of developing
end stage renal disease (ESRD) and need for renal replacement therapy. Hypertension
(HTN) is highly prevalent (65-95 %) in patients with CKD [1], the majority of
patients are uncontrolled, and many of them could be classified as resistant hyper-
tensive patients. Data from Reasons for Geographic and Racial Differences in Stroke
(REGARDS) cohort revealed an increasing prevalence and risk of true drug-resistant
hypertension ({ARHTN) among patients with lower glomerular filtration rate (GFR)
and higher albuminuria and albumin-to-creatinine ratio (ACR) [2]. On the other
hand, the prevalence of CKD, defined as estimated glomerular filtration rate
(eGFR) <60 ml/min among dRHTN, is remarkably high, being 40.1 and 37.8 % in
the reduction of atherothrombosis for continued health (REACH) registry and
national health and nutrition examination survey (NHANES) 2008, respectively [3].
In CKD hypervolaemia, inappropriately activated renin-angiotensin-aldosterone
system (RAAS) and oxidative stress have important role in the pathogenesis of
HTN. However, there is growing evidence that sympathetic overactivity contributes
to the pathogenesis of HTN in CKD, and it was even questioned whether this is one
of the most important determinants of increased CV risk in this particularly high-
risk population. Furthermore, much of the increased sympathetic tone observed in
essential HTN and heart failure is directed towards the kidney, forcing renin release,
increasing GFR, tubular sodium reabsorption and pressure natriuresis. This has led
to the concept of ‘neurogenic hypertension’ and the development of nerve ablation
therapies to lower blood pressure (BP) [4]. Although renal sympathetic nerve activ-
ity is not measurable in humans, muscle sympathetic nerve activity (MSNA) and
norepinephrine spillover are common findings particularly in younger patients with
essential HTN. Growing evidence is proclaiming kidney to be both a target and a
contributor in ‘neurogenic hypertension’ and in all other sympathetically driven dis-
eases (diabetes mellitus, polycystic ovary syndrome and obesity). Kidney injury
itself via increased afferent renal activity significantly contributes to increased sym-
pathetic activity, making CKD patients potentially very appropriate candidates for
sympathectomy and RDN.

19.2 Sympathetic Overactivity, Hypertension and CKD

Already in 1983, Ishii et al. [5] reported on elevated concentrations of plasma
catecholamines in patients with CKD, and Converse [6] documented increased
MSNA in ESRD patients undergoing dialysis. Various mechanisms contribute to
increased sympathetic activity in CKD: impaired nitric oxide bioavailability (due to
inflammation, oxidative stress, uraemia and accumulation of asymmetric dimethy-
larginine) [7, 8], increased concentration of angiotensin II which has sympathico-
excitatory effects [9, 10], reduced renalase availability [11], etc. However, there
is growing evidence that kidney disease per se importantly contributes to sympa-
thetic overactivity. Grassi et al. [12] documented increased adrenergic activation
in the early stages of CKD, and the magnitude of sympathetic activity was related
to the severity of CKD. Penne et al. [13] reported that severity of CKD correlates
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positively with MSNA. In animal models, it was found that minimal renal damage
which did not alter GFR induced sustained HTN which was prevented by renal
sympathectomy [14]. It was also observed that after intervention, BP could not be
increased with infusion of adenosine. In humans with autosomal dominant poly-
cystic kidney disease, MSNA was increased even in those with normal GFR [15].
In kidney-transplanted patients, normalization of renal function was not associated
with reduction in MSNA, and this was achieved only after bilateral nephrectomy of
native kidneys [16]. As already mentioned, MSNA is increased in dialysis patients,
whereas after bilateral nephrectomy, it becomes similar to healthy subjects [17].
Unilateral nephrectomy for living kidney donation, which results in decreased
renal mass but in the absence of renal parenchymal disease, did not affect MSNA
measured several months after donation [18]. These data strongly indicate that the
diseased kidneys, independent of renal function and CKD stage, contribute to sym-
pathetic overdrive.

Kidneys are connected with the central nervous system with both efferent and
afferent nerve fibres. The efferent fibres innervate predominately the renal vascula-
ture, proximal tubules and juxtaglomerular cells. The main neurotransmitter of
efferent fibres is norepinephrine, and the stimulation of efferent fibres leads to
increased tubular sodium reabsorption (o-adrenoreceptors), reduced renal blood
flow and glomerular filtration (at higher level) and increased renin release
(B-adrenoreceptors on juxtaglomerular cells) [19]. All mechanisms significantly
contribute to the development of systemic HTN. Importantly, juxtaglomerular and
tubular cells are more sensitive to changes in sympathetic activity than other renal
structures; thus tubular sodium and water reabsorption and renin release are present
in cases with mild sympathetic activation even without vasoconstriction or reduc-
tion in GFR [20]. In addition to efferent activity, there is evidence that increased
afferent activity can cause hypertension [21, 22]. Contrary to healthy kidneys where
afferent activity is mostly inhibitory, in injured kidney, it is excitatory. The develop-
ment of ‘neurogenic hypertension’ is a consequence, at least in some part in impaired
renorenal reflex, as shown in animal studies [23]. The mechanisms of the hyperad-
renergic state are manifold and include reflex and neurohumoral pathways [24-26].
Mechanism of afferent activation in kidney injury is not completely elucidated, and
various processes and substances may be involved (ischaemia, RAAS activity, ade-
nosine, chemoreflex activation, decreased nitric oxide and renalase availability)
[27-29]. Recently, Muariello et al. [30] reported on the morphological basis under-
lying sympathetic hyperactivity in ESRD patients identifying an anatomical sub-
strate. Patients undergoing dialysis showed a significant increase in nerve density in
the internal area of the peri-adventitial tissue of renal arteries compared with the
controls. Furthermore, hypertensive patients with signs of severe arteriolar damage
had a greater number of nerve endings in the most internal adventitia, and this num-
ber was significantly higher compared with patients without hypertensive arteriolar
damage. Finding of increased activity in sympathetic endings present only in the
internal area of the adventitia, closest to the vessel wall, might have practical impli-
cation influencing the amount of energy required to achieve catheter-based
RDN. This is in accordance with the results of Kiuchi et al. who achieved success
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in CKD patients probably because the number of applications of radiofrequency
energy within the renal arteries (an average of nine in each artery) was higher than
in other studies and routine work [31].

All mentioned data on increased sympathetic outflow associated with kidney
impairment and other listed reasons indicate that RDN would be particularly useful
in CKD patients starting from early renal impairment to ESRD.

19.3 RDN Across CKD Stages

Sympathetic overactivity occurs early in the course of CKD and parallels deteriora-
tion of kidney function. For several reasons mentioned in the previous paragraph, all
CKD patients with dRHTN without anatomical or other contraindication are appro-
priate candidates for RDN.

In the first human study conducted on 15 patients with CKD stages 3 and 4, BP was
reduced significantly during the 12-month follow-up period [32]. Significant restora-
tion of a dipping pattern was observed which could be attributed to the achieved lower
sympathetic activity after RDN. Recently, Kiuchi et al. [33] reported on the effect of
RDN on 24 patients with dRHTN in CKD stages 2—4. At 180 days after the procedure,
ambulatory BP significantly decreased to 132/80 mmHg which was associated with
the improvement in kidney function. There were no major complications. The same
group of authors followed 27 CKD patients for 12 months and concluded that improve-
ment in renal function is related to BP control [34]. Ott et al. [35] in an observational
study in patients with CKD stages 3 and 4 observed significant decrease of office and
ambulatory BP after RDN. They failed to find correlation of eGFR with the change of
ambulatory BP values and proposed that RDN may attenuate renal function decline
independently of the effect on BP. Importantly, acute (24 h) reduction in BP after
RDN was observed, and this effect sustained during the follow-up period [36]. RDN
was reported to be effective in a patient with autosomal dominant polycystic kidney
disease. After intervention BP significantly decreased, but it was also associated with
rapid resolution of pain which was maintained at 12-month follow-up [37].

In ESRD, Schlaich et al. tested the feasibility of RDN in nine patients undergo-
ing haemodialysis [38]. After RDN BP decreased significantly, change to normal
dipping pattern was observed, and reduced number of antihypertensive drugs was
needed to the end of 12-month follow-up. Those changes parallel reduced renal
noradrenaline spillover and caused reduction in MSNA.

Besides this small study, only case reports were published on safety and signifi-
cant BP decrease after RDN in patients undergoing dialysis [39—41].

High sympathetic activity is frequently present in patient after renal transplanta-
tion which is perpetuated by the preservation of renal afferent fibres from native
kidneys. Schneider et al. [42] reported the effect of RDN in kidney-transplanted
patients. Patients with resistant post-transplant HTN were randomized to receive
RDN or medical therapy alone. The ablation catheter was introduced in each native
renal artery, and six ablations were performed in both renal arteries. At the end of
follow-up, office BP was significantly lower in RDN group. There were no
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differences in ambulatory BP values, but in the RDN group, more patients converted
from non-dippers to dippers. There were no difference in renal outcome, and no
adverse events were reported. This study demonstrated feasibility and safety of
RDN in kidney-transplanted patients. However, more results are needed before
RDN could be suggested as effective method for post-transplant resistant HTN.

19.4 Effects of RDN on Renal Function

There is particular concern of RDN impact on renal function in all patients undergo-
ing this intervention and particularly in CKD patients.

Animal studies have shown beneficial effects of lowering sympathetic drive on
renal function and proteinuria [29, 43]. In patients with advanced CKD (GFR
<30 ml/min/1.73 m?), it was reported that moxonidine, the sympatholytic agent,
slowed down progression of kidney impairment and decreased proteinuria in dia-
betic nephropathy independently of blood pressure [44, 45].

However, concerns have been raised because of the limited follow-up data on
whether RDN might negatively influence renal function [46]. As eGFR lower than
45 ml/min/1.73 m? was arbitrarily chosen as a contraindication for RDN, there is
even less evidence about the effect of RDN in moderate-to-severe CKD.

A significant reduction in renal resistive index and office BP was reported in a
group of 88 patients with dRHTN and preserved renal function at 6 months after the
RDN. eGFR (cystatin C) was unchanged, and the proportion of patients with normal
urinary albumin excretion increased by 12 %, while proportion of patients with
microalbuminuria and macroalbuminuria decreased by 10 and 23 %, respectively
[47]. In 19 patients with normal renal function, renal perfusion and renal vascular
resistance were noninvasively assessed by magnetic resonance imaging with arterial
spin labelling [48]. After 3 months, renal perfusion was not statistically different
while renal vascular resistance dropped. There were no changes in renal function at
any time point. Thus, despite reduced systemic BP, renal perfusion and function did
not change after RDN. Authors concluded that autoregulation of renal perfusion did
not appear to be adversely affected and confirmed the absence of hyperfiltration
after RDN in all patients, including those with diabetes. In another study, renal
function was evaluated for up to 3 years prior and 1 year after RDN in 27 patients
with CKD stages 3 and 4 [35]. Before RDN, eGFR (modifications of diet in renal
disease (MDRD) equation) declined by —4.8+3.8 ml/min/1.73 m? per year, and
after RDN, eGFR improved by 1.5+ 10 ml/min/1.73 m? at 12 months (P <0.009).
According to the authors, these results indicate that treatment of HTN with RDN
decreases BP and slows or even halts the decline of renal function in CKD patients
at stages 3 and 4. Keeping in mind that patients with eGFR <45 ml/min/1.73 m?
were excluded from Symplicity HTN-2, long-term follow-up data from this study
showed no change in eGFR from the baseline at 3 years among patients who under-
went RDN at enrolment (eGFR 76.7+18.8 ml/min/1.73 m? versus 77.1+18 ml/
min/1.73 m?). Finally, Kiuchi et al. reported on 30 patients with dRHTN and CKD
stages 2-4 who underwent RDN [31]. At the end of 12-month follow-up,
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ambulatory blood pressure decreased significantly, eGFR (CKD-EPI equation)
increased from 61.9+23.9 mL/min/1.73 m? to 88.0+39.8 mL/min/1.73 m?
(P<.0001), and urine ACR decreased from 99.8 mg/g (IQR 38.0-192.1) to
11.0 mg/g IQR 4.1-28.1; P<.0001 mg/g). Importantly, at the end of the follow-up
period, 70 % of patients were no longer classified as having CKD (eGFR >60 ml/
min/1.73 m? and ACR<30 mg/g). These data support a potential renoprotective
effect of RDN, either as a result of BP lowering alone or in conjunction with
decreased global and/or renal sympathetic activity.

The majority of clinical studies indicate that RDN is not detrimental for kidney
function; it is at least neutral and, according to some results, could be even benefi-
cial. Murray Esler [49] raised several important questions related to the observed
beneficial effects of RDN on renal function: Is this attributable to beneficial prerenal
influences on GFR from the reduction in antihypertensive dosing? Or could RDN
change vascular glomerular dynamics in such a way as to improve GFR and to
lessen microalbuminuria? Could there really be improvement in renal parenchymal
disease? If this is the case, he concluded that this will be the victory for the method.
However, long-lasting prospective studies on renal function after RDN are war-
ranted before final conclusion is reached. Several large trials with thousands of
enrolled patients are currently underway (ClinicalTrials.gov; NCT numbers:
01418560, 01442883, 01534299). Blankestijn et al. are conducting the clinical trial
SYMPATHY which will examine whether RDN added to standard care reduces
ambulatory BP, and this will be analysed in specific GFR strata (20-60 ml/
min/1.73 m? and >60 ml/min/1.73 m?) [50].

19.5 Limitations, Concerns and Possible Solutions

Few concerns and a couple of issues regarding potential risks and questions on
safety have arisen and deserve further consideration.

* First, renal anatomy and changes in haemodynamics. In patients with advanced
CKD, and particularly in patients with ESRD, renal artery diameters are usually
small, which in addition to low renal blood flow could induce overheating of tis-
sue resulting in pain during the procedure and tissue damage. Consecutively,
RDN may not be technically feasible in some ESRD patients. However, this is
not the case in early CKD stages as shown by Kiuchi et al. [31].

» Second, the potential risk of renal artery stenosis. Catheter-based radiofrequency
ablation induces intimal injury increasing the risk for renal artery stenosis. Data
from the majority of follow-up studies are reassuring, while no signs of renal
artery stenosis were found.

» Third, the risk of contrast-induced nephropathy. In all CKD patients, the risk of
contrast-induced nephropathy is higher than in other patients undergoing this
procedure as well as any other imaging procedure with radiocontrast media.
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However, RDN is an elective procedure, thereby allowing adequate prehydration
to minimize the risk of contrast nephropathy. Hydration before, during and after
the procedure could protect CKD patients from this complication. It seems rea-
sonable to propose adequate hydration with iv sodium bicarbonate (3 mL/kg)
and 0.9 % saline for 1 h, as prophylaxis for attenuation of iodinated contrast
media-associated nephrotoxicity, and at the end of procedure another infusion of
sodium bicarbonate (1 ml/kg/h) for 6 h [31]. The other possibility to minimize
administered radiocontrast volume is to use, where available, carbon dioxide
angiography which reduces the risk of renal damage.

* Fourth, potential sympathetic reinnervation. However, sustained and long-lasting
blood pressure reduction observed in various trials is a strong argument against
reinnervation. Nevertheless, even longer period of follow-up is needed.
Importantly, the cell bodies of afferent renal sympathetic nerves are located in
the anterior horn of the spinal cord. Therefore, afferent regeneration would be
much more difficult than efferent regeneration (which cell bodies lay in the gan-
glia around the renal artery).

 Fifth, one must be aware of increased susceptibility to the development of pseu-
doaneurysm at the femoral vascular access [38].

Keeping in mind the ‘primum nil nocere’ axiom and knowing that CKD patients
have higher risk for all listed complications than other resistant hypertensive
patients, they should be carefully selected, prepared and strictly monitored during
long-term follow-up.

Conclusion
Increased sympathetic overflow is a characteristic of CKD; thus those patients
should be considered prime candidates for RDN. However, there is scarce evi-
dence on the effects of RDN in CKD because renal impairment was among the
exclusion criteria in several landmark studies. Nevertheless, available data con-
firmed the presumption that this procedure is effective and safe in all CKD
stages. However, because of higher risk of complications and less experience,
CKD patients should be closely monitored during the procedure and during a
longer period after intervention. It is important to notice that in CKD patients,
RDN decreases BP, diminishes cardiovascular risk but also reduces progression
of CKD which additionally lowers global risk. It is especially important to real-
ize which patients are likely to benefit, i.e. proper patient selection based on the
knowledge of the pathophysiology and anatomy is crucial. Unfortunately, there
are no clinical characteristics that can predict response to RDN other than basal
level of the office systolic BP and probably lower eGFR.

Finally, CKD patients with dRHTN should be considered for RDN. In this
group of patients, this procedure is effective and keeping in mind several limita-
tions could be safe as in all other patients.
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Effects of Renal Denervation 2 0
on Sympathetic Nervous System Activity

Gino Seravalle, Gianmaria Brambilla, and Guido Grassi

Abbreviations

BP Blood pressure

HTN  Hypertension

NTS  Nucleus tractus solitarius
RDN Renal denervation

SNS  Sympathetic nervous system

20.1 The Sympathetic Nervous System

The sympathetic nervous system (SNS) has a fundamental role in maintaining the
physiological homeostasis of the cardiovascular system. It is also involved in the
genesis and progression of several cardiovascular and non-cardiovascular patho-
physiological conditions other than hypertension (HTN).

After the initial studies on physiological-based mechanisms, the later pathophys-
iological evaluations and the clinical implication of the studies during the past cen-
tury have brought renewed interest for the SNS. This vision is greatly changed
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during the last 30 years due to the development of the modern neurobiology and the
progressive improvement of methods to investigate the noradrenergic system.

This chapter will briefly overview the anatomical aspect of the SNS both at cen-
tral and peripheral levels, the distribution in the kidney and in particular at the renal
artery level, and the effects of non-pharmacological interventions (radio-frequency
ablation of renal nerves) acting on the sympathetic drive on several pathophysiolog-
ical conditions characterized by a sympathetic hyperactivity.

20.2 Anatomical Aspects: From Central to Peripheral Level

Starting from the studies of Dittmar and colleagues, the role of the vasomotor center
in the nucleus tractus solitarius (NTS) and the different areas and loci in the medulla
oblongata has been established [1, 2]. Cardiovascular sensory afferent fibers termi-
nate in the dorsal part of the medulla oblongata, in the nucleus tractus solitarius.
Their terminations are, in part, organized topographically based on the function of
the receptor. NTS neurons also project to higher brain regions, and at each neural
level, inputs arising from the periphery can integrate with others ascending and
descending the neuraxis into more complex patterns of autonomic, behavioral, and
endocrine responses [3, 4] (Fig. 20.1).

The SNS is organized at a spinal and peripheral level such that cell bodies within
the thoracolumbar segments of the spinal cord provide preganglionic efferent
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Fig. 20.1 Schematic diagram of the possible interconnections between regions of the central
nervous system involved in the central nervous integration of cardiovascular control
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innervation to sympathetic neurons that reside in ganglia dispersed in paravertebral,
prevertebral, and previsceral or terminal ganglia. The outflow from the spinal cord to
the peripheral ganglia is segmentally organized with some overlap (Fig. 20.2). The
distribution of postsynaptic fibers also follows a regional pattern. Multiple supraspi-
nal descending pathways provide a dense innervation of major autonomic cell groups
in the spinal cord, but clearly specific topographic responses exist. Each pregangli-
onic neuron innervates from 4 to 20 postganglionic sites, and each spinal outflow
level may reach multiple peripheral ganglia. At each thoracic level, there are an esti-
mated 5000 preganglionic neurons that have a powerful base to influence greater
than 100,000 postganglionic neurons. The autonomic neuroeffector junction is gen-
erally a poorly defined synaptic structure. The unmyelinated postganglionic fibers
become beaded with varicosities as they approach their targets. The number of vari-
cosities varies from 10,000/mm? to over 2 million per mm® depending on the target
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Fig. 20.2 Schematic distribution of efferent and afferent sympathetic fibers to/from the renal
arteries and kidneys. NT'S nucleus tractus solitarus, RVLM rostral ventrolateral medulla




306 G. Seravalle et al.

being innervated. The varicosities are packed with mitochondria and vesicles con-
taining various transmitters and are at different distances from their target organs.
The principal neuronal phenotype in peripheral sympathetic ganglia is the noradren-
ergic neuron which is generally multipolar in character with synapses mainly located
on dendrites. 80-95 % of ganglion cells contain catecholamines, while the remaining
contain a mixture of transmitters or are postganglionic cholinergic cells [5, 6].

20.3 Methods to Evaluate the Sympathetic Nervous System

As previously described, there are multiple levels of the SNS with quantitative and
qualitative differences: (1) central regions, (2) ganglionic transmission, (3) junctional
modulation of neurotransmitters, (4) clearance and reuptake of neurotransmitter,
(5) adrenergic receptors, and (6) the responsiveness of the effector. Due to this com-
plexity, a single method is not able to obtain an overall assessment of the SNS [7, 8].

20.3.1 Heart Rate

Assessment of heart rate is based on the evidence that heart rate is regulated by the
positive chronotropic effects of catecholamines and negative vagal parasympathetic
inhibitory influence on the sinus node [9]. There are, however, several limitations to
heart rate as specific markers of sympathetic activity due to the vagal cholinergic
influences. There are also quantitative and qualitative differences between sympa-
thetic activity to the heart and other districts like the kidney or skeletal muscle. It is
possible to observe conditions characterized by an increase in norepinephrine spill-
over rate or muscle sympathetic nerve activity in which heart rate is in the normal
range [10]. This suggests that heart rate may not reflect sympathetic overdrive to
other important regional circulations and cannot be taken as a marker of cardiac
sympathetic adrenergic activity.

20.3.2 Power Spectral Analysis

Power spectral analysis of heart rate has gained popularity for the assessment of car-
diac sympathetic and parasympathetic cholinergic influences on the sinus node since
it is noninvasive, relatively easy to perform, and inexpensive. Despite this, the method
has significant limitations as a quantitative and specific indicator of cardiac SNS activ-
ity, and its insight does not extend beyond sympathetic control of heart rate [11].

20.3.3 Plasma Catecholamines
The advantages of this approach are the relatively easy performance and wide appli-

cability. However, the sensitivity and reproducibility of the measurements are far
from optimal [7, 8]. The sensitivity of the method is more challenging as a result of
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several factors. First, circulating norepinephrine levels are only a minor fraction of
the amount secreted from sympathetic nerve terminals. As a result, plasma norepi-
nephrine values may not reflect sympathetic neural drive and secretion of the neu-
rotransmitter [12, 13]. There is also a conceptual limitation to the measurement of
plasma norepinephrine as an indicator of sympathetic activity. In this case, the SNS
is considered as a unit while, as mentioned before, there are multiple levels and
components, and it is possible to observe profound regional differences in sympa-
thetic nerve activity. It has also been shown that the reproducibility of the norepi-
nephrine approach can be improved by increasing the number of blood samples.
Three norepinephrine samples are required to achieve such a goal and to make
reproducibility closer to the one of microneurography [14].

20.3.4 Norepinephrine Radiolabeled Technique

The norepinephrine isotope dilution method involving infusion of small doses of
radiolabeled norepinephrine represents an approach that overcomes several limita-
tions related to plasma norepinephrine measurement [7, 8]. During constant-rate
infusion of radiolabeled norepinephrine, the regional rate of spillover of norepi-
nephrine to plasma can be determined by isotope dilution according to the
formula:

Regional norepinephrine spillover =x [(C\, -C, ) +C, xE J x PF

where Cy and C, are the plasma concentrations of norepinephrine in regional venous
and arterial plasma, E is the fractional extraction of tritiated norepinephrine at
steady state in passage through the organ, and PF is the organ plasma flow [15].
This method allows precise quantification of the net release of the adrenergic neu-
rotransmitter undergoing clearance from the bloodstream. Given the regional differ-
ences in sympathetic regulation, an advantage of the norepinephrine spillover
method is its ability to quantify sympathetic drive selectively to several regional
districts, like the kidney and heart. No other method currently available provides
direct quantitative measurement of sympathetic adrenergic drive at these levels. An
example of this advantage is the evidence that in normotensive obese humans, there
are marked increases in renal norepinephrine spillover but decreases in cardiac nor-
epinephrine spillover, despite the frequent increase in heart rate values [16]. Limits
of this technique are the use of radiolabeled norepinephrine in humans and the cath-
eterization of renal vessels and the coronary sinus for assessment of renal and car-
diac norepinephrine spillovers, respectively.

20.3.5 Efferent Postganglionic Nerve Traffic Recording

The intraneural recording of efferent postganglionic sympathetic nerve activity
to the skeletal muscle and skin has contributed greatly to study the sympathetic
cardiovascular drive in humans [17]. The microneurographic technique is
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minimally invasive, requiring the percutaneous insertion and positioning of tung-
sten recording electrode in superficial nerves (peroneal or radial nerve) [7, 8].
The advantages of this technique include (a) a direct measurement of the central
nervous system sympathetic neural outflow either to skeletal muscle circulation
or to the skin, (b) a continuous recording of sympathetic nerve traffic allowing a
dynamic assessment of sympathetic drive in a given experimental session, (c) the
ease of performing repeated recordings over time, and (d) the high reproducibil-
ity of the activity between recordings in two different nerves and over time [7].
This technique presents also several limitations. First, postganglionic sympa-
thetic nerve traffic may not always reflect the release of the neurotransmitter at
the neuroeffector junction. Second, microneurographic recordings do not pro-
vide direct information on sympathetic activity to visceral tissues such as the
kidney and heart. In healthy humans, there are good relationships between the
microneurographic data collected in the peripheral nerve and the ones character-
izing the cardiac or the renal neural network, but this may not pertain in patho-
logical states [7, 8]. The single-unit recording [18] coupled with catheterization
and norepinephrine isotope dilution has recently shown that a relationship exists
between single-unit firing patterns and cardiac and whole-body norepinephrine
spillover to plasma [19]. Using microneurographic recording, evidences for a
marked sympathetic overdrive have been obtained in several pathophysiological
conditions [20-38].

All these pathophysiological conditions represent the target for pharmacological
and non-pharmacological approaches able to reduce the hyperadrenergic state.

20.4 Renal Innervations

Nerves carrying fibers to or from the kidney are derived from the celiac plexus that
consists of the aortic-renal ganglion, the celiac ganglion, and the major splanchnic
nerves. The renal sympathetic nerves originate from the intermediolateral column
of the spinal cord from T9 to T13. Several nuclei in the brainstem project to inter-
mediolateral column, including the medullary raphe nuclei, the rostral ventrolateral
medulla, and the paraventricular hypothalamic nucleus. Baroreceptor regulation of
sympathetic outflow is regulated through the rostral ventrolateral medulla by neu-
rons that control sympathetic outflow to various organs [39, 40].

Efferent nerves enter the kidney along renal artery and vein. The afferent renal
nerves travel from the kidney toward the dorsal root ganglia along the spinal cord
and have a role in the water and salt homeostasis. The efferent renal nerves are post-
ganglionic, and the majority contain norepinephrine varicosities at their nerve ter-
minals. They are distributed to all segments of the intrarenal vasculature in the renal
cortex and outer medulla, including the interlobar, arcuate, and interlobular arteries
and the afferent and efferent glomerular arterioles [41]. All parts of the nephron are
innervated by sympathetic nerves [42].

Efferent renal nerve fibers are known to influence renal hemodynamics by mod-
ifying arteriolar vascular tone, renin release by a direct action on juxtaglomerular
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cells, and the excretion of sodium and water by changing tubular reabsorption of
sodium and water at the different tubular levels [43, 44]. In animals, efferent renal
sympathetic nerve activity is recorded by an amplified signal from an electrode
placed around the central portion of a cut renal nerve bundle or placed around
intact nerve (conscious animals). In basal conditions, these recordings most likely
represent efferent activity [45]. In animals, the electrical stimulation of afferent
renal nerve fibers can either increase or decrease systemic arterial pressure. The
hypertensive response to electrical stimulation of renal afferents is the result of
widespread activation of the sympathetic nervous system, leading to an increase
in peripheral vascular resistance. Activation of afferent renal nerve fibers by an
intraneural artery infusion of adenosine elicits increases in arterial pressure, heart
rate, and cardiac output without changing total peripheral resistance, indicating
reflex activation of the sympathetic nervous system, predominantly restricted to
the heart [46]. There is evidence that tonically active contralateral renorenal
reflexes, which are inhibitory in nature, mainly control the secretion of renin and
the tubular reabsorption of sodium and water [47]. The potential of therapeutic
denervation to attenuate hypertension and the progression of renal disease has
been obtained in experimental studies. Dorsal rhizotomy prevents the rise of BP
in 5/6 nephrectomy rat model of chronic renal failure and HTN [48], suggesting
that afferent impulses from the kidney may be responsible for the increase in BP
levels. The HTN induced by unilateral renal injury in rats is accompanied by
increase in norepinephrine secretion from the posterior hypothalamus and increase
in renal sympathetic efferent and afferent nerve activity of both kidneys [49].
Studies of the effects of increases in efferent renal SNS activity on renal function
have most commonly applied electrical square-wave signals at different intensi-
ties and frequencies via electrodes placed around the peripheral portion of one
renal nerve bundle. Numerous studies have shown that this technique results in
frequency-dependent changes in renin secretion, urinary sodium excretion, and
renal blood flow, resembling those elicited by reflex renal nerve stimulation and
thus suggesting that this techniques mimics physiological changes in efferent
renal sympathetic nerve activity [50, 51]. Surgical bilateral native renal removal,
but not renal transplantation, is able to reverse sympathetic activation of end-stage
renal disease and HTN [35, 52].

Given the importance of the renal afferent nerves in generating high sympathetic
nervous activity in renal hypertension and end-stage renal disease and the relation
between plasma concentration of norepinephrine and prediction of incidence of car-
diovascular events and survival [53], there might be a special place for catheter-
based RDN in the treatment of hypertension of renal disease. To this aim, two
uncontrolled small studies reported positive results in renal hypertension and in
end-stage renal disease [54, 55].

The technical problems that should be overcome are first the avoidance of radio-
contrast nephropathy during the necessary angiographic procedure by the use of
carbon dioxide imaging and second the need for the denervation procedure to be
often performed on small-diameter renal arteries with low blood flow which
increases the risk of damaging the artery.
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20.5 Microanatomic Evaluation: From Animals to Humans

As percutaneous technologies have emerged, the swine model became the most
frequently used because of its similarity to the renovascular anatomy and size in
humans [56, 57].

Recent data in pigs have shown that nerve density is higher in proximal segments
of the renal arteries, although with increasing distance from the aorta, nerve and
ganglia are localized closer to the lumen. At a distance of about 3 mm from the
aorta, nerves are localized at radial depths of 2—8 mm, whereas at a distance of
6 mm, nerves are localized at radial depths of 1-5 mm. These significant differences
imply that 75 % of nerves were located within 9.3, 6.3, and 3.4 mm of the lumen of
the aorta and 3 and 6 mm into the renal artery. Ganglion distributions display a simi-
lar trend with 75% located within 10.8 mm from the lumen at the aorta.
Circumferential distributions show differences with distance from the aorta, as
shown by quadrant-level composite maps. At the aorta, nerves and ganglia are more
abundant in the superior-posterior and particularly the superior-anterior quadrants,
but most were localized at >5 mm from the lumen (Fig. 20.3). At 3 mm from the
aorta, nerves were more abundant in the anterior and superior-posterior quadrants
and were localized at >5 mm from the lumen. At 6 mm from the aorta, ganglia (but
not nerves) are more abundant in the superior quadrants at >5 mm from the lumen
[58]. Although generally similar to humans, caution should be warranted in translat-
ing animal findings to humans due to the differences in length, tortuosity, compli-
ance, and calcification in human renal arteries.

Recent microanatomic studies have reported the evidence of renal sympathetic
nerve distribution in humans [59]. Renal arteries were harvested from human autop-
sies, sectioned into three parts, and prepared for microscopy with hematoxylin and
eosin staining to visualize the renal nerves. Nerve numbers have been obtained by
manual count. The investigators have found a circumferential distribution of the
nerves around the renal artery. In particular, the number of nerves appears to increase
along the length of the artery due to the arborization pattern of the nerves [60, 61].
This is in contrast with the hypothesis that the renal sympathetic nerves increase in
number near the ostium of the artery.

A micrometer measurement of radial distances from the lumen-intima interface
allowed to group each nerve into 0.5 mm deep rings. It has been found that 90.5 %
of all renal sympathetic nerves reside within 2 mm of the renal artery lumen
(Fig. 20.4). The use of special stains has been employed in an effort to distinguish
the efferent and afferent nerves. Functionally, these nerves differ in more ways than
simply the direction of nerve traffic. For example, the efferent nerves use norepi-
nephrine as its neurotransmitter (sympathetic fibers), and the afferent nerves (sen-
sory fibers) use substance P or calcitonin gene-related peptide [62, 63].

This information represents an important tool for all subjects dedicated to the
endovascular catheter-based approach using radiofrequency ablation and, in partic-
ular, to those using the single catheter method as an aid in the development of pre-
cise and more efficient procedures and technologies for renal ablation [64].
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20.6 Sympathetic Deactivation: Physiological and Clinical
Effects

With this background in mind, it is clear that sympathectomy could represent an effec-
tive approach to control high BP levels. Starting from 1930, sympathectomy, splanch-
nicectomy, and celiac ganglionectomy were used but poorly tolerated due to their
significant side effects including orthostatic hypotension, palpitations, anhidrosis, and
incidence of fatal events [65—-67]. The surgical approach was abandoned despite the
evidence for a consistent BP reduction. Recently, a renewed interest, accompanied by
a more conservative approach, has been performed at the level of thoracic vertebra
[68], but again, although with satisfactory results, the adverse systemic effects dis-
couraged many from performing this. Then the attention has been shifted toward drug
therapies to control severe HTN reserving sympathectomy for drug resistant HTN
(dRHTN) not responsive to medications.

During the last years, evidences from physiological studies on the role of renal
sympathetic efferent nerves and the development of a radiofrequency catheter-based
procedure for selective RDN in humans induced a great and renewed enthusiasm.
Although a big amount of data has been published on the effects of this procedure
on BP values in resistant hypertensive subjects and in subjects with HTN-related
pathological conditions, two main questions deserve to be better understood: the
timing between sympathetic deactivation and clinical responses and how to test for
achieved sympathetic deactivation.

20.6.1 Timing Effects of Sympathetic Deactivation

Studies on dRHTN have clearly shown in these patients a marked sympathetic acti-
vation and a baroreflex impairment [69] that could be reversed by RDN, but some
studies provided conflicting results [70-73]. One study failed to detect any effect of
the procedure on sympathetic nerve traffic [71], while others reported a significant
reduction in sympathetic nerve traffic but of modest degree compared with the con-
comitant marked reduction in BP values [72, 73]. These studies have two common
limitations: first, sympathetic activity has been assessed only once or twice after
renal nerve ablation, thus failing to provide serial information over an extended
follow-up period, and, second, these studies didn’t measure the earliest post-RDN
phases, thus lacking to determine whether the hypothesized sympathetic effects pre-
ceded were concomitant to or followed the BP ones. A recent study evaluated these
aspects in true resistant hypertensives [74] by serial measurements of office and
ambulatory BP and sympathetic nerve traffic according to a study design which
included sessions performed before and after 2 weeks and 1,3, and 6 months after
bilateral RDN. In this study, it is possible to observe that RDN had BP-lowering
effect starting one month from the procedure but not at the early evaluation per-
formed 15 days after the procedure. The decrease in BP was less pronounced for
24 h and finger than for office BP. Renal deactivation did not significantly affect
heart rate. Regarding the effects on sympathetic nerve traffic, this parameter was
unchanged 15 and 30 days after the procedure, whereas a significant reduction was
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Fig.20.5 Office (left) and ambulatory (middle) systolic (S) and diastolic (D) blood pressure val-
ues and muscle sympathetic nerve activity (right panel; MSNA) expressed as burst incidence cor-
rected for heart rate values before (baseline), 15 days, 1 month, 3 months, and 6 months after
bilateral renal denervation. Data are expressed as mean+SEM. Asterisks (*p<0.05, **p<0.01)
refer to the statistical significance between values recorded after the renal denervation procedure
and those recorded before the intervention

observed after 3 and 6 months (Fig. 20.5). A specular behavior was also observed
for baroreflex-muscle sympathetic nerve activity values. At the 6-month follow-up,
the sympathetic nerve traffic reduction had a similar magnitude in patients display-
ing a BP reduction greater or lower the median value. Similarly, the BP reduction
detected six months after renal deactivation was similar in patients displaying a
sympathetic reduction greater or lower than the median value. The two major infor-
mations provided by the study are the following: (a) no quantitative relationship has
been detected between BP and the sympathetic responses to the renal nerve ablation
at any time during the 6-month follow-up, and (b) patients having a marked BP
reduction in response to RDN can display a reduction in adrenergic tone superim-
posable to that observed in patients with a BP lesser pronounced. Thus, RDN can
lower sympathetic activity even when BP is not or not yet reduced. Furthermore,
when the denervation procedure markedly lowers BP, this can occur also in the
absence of any similarly marked alterations of sympathetic drive and vice versa.
These temporal, quantitative, and qualitative discrepancies suggest that the
BP-lowering effects of renal deactivation are not necessarily dependent to, and thus
not necessarily triggered by, a decrease in central sympathetic outflow. The observed
improvement in baroreflex-sympathetic sensitivity is also unlikely to play a major
role because, like the sympathetic nerve traffic, it shows a temporal discrepancy and
no quantitative relationship with the BP effects. Thinking about other mechanisms,
it is possible to suggest that (a) sympathetic nerve traffic does not reflect overall
sympathetic deactivation, which is not in line with its close relation with general
markers of sympathetic activity, such as plasma norepinephrine or norepinephrine
spillover [75, 76], (b) BP reduction was accounted for by a better adherence of the
patients to the prescribed drugs [77], (c) RDN might affect in a different way single
fiber versus multifiber sympathetic nerve traffic recordings, taking into account that
the single fiber approach has been shown to provide a more sensitive assessment of
sympathetic nerve traffic when compared with the multifiber nerve recording [72],
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(d) renal nerve ablation modifies the cardiovascular influence of neural pathways
other than the sympathetic ones [78], or (e) factors such as reduction of blood vol-
ume and cardiac output by denervation diuresis are involved [79, 80].

Another interesting aspect coming from this study is that heart rate does not
show any significant change in the short-term period after RDN in contrast with the
marked concomitant sympathetic nerve traffic modifications. It is possible to specu-
late that the dissociation between the behavior of heart rate and peripheral sympa-
thetic nerve activity reflects the fact that RDN, despite having peripheral
sympathoinhibitory effects, does not affect cardiac sympathetic outflow. This data
is confirmed in recent large-scale studies with a prolonged follow-up showing a
significant increase of heart rate after RDN [81, 82].

20.6.2 Testing for Achieved Sympathetic Deactivation

The renal nerve ablation procedure necessitates that the effectiveness of denervation
should be confirmed in studies of surgical RDN in experimental hypertension, doc-
umenting 90-95 % reduction in the kidney content of norepinephrine. RDN has
been confirmed in the Symplicity HTN-1 trial by means of measuring norepineph-
rine spillover as a validated test for denervation. Measurement of regional norepi-
nephrine spillover is well established as a valid test for sympathetic denervation,
having been applied for two decades in the diagnosis of pure autonomic failure [83].

The degree of RDN achieved in the Symplicity HTN-1 trial was less than expected
(on average 47 %) but was accompanied by an adequate antihypertensive response. It
should be noted, however, that denervation is often incomplete and nonuniform
between patients. It may be less than 25 %, which is inadequate for a full therapeutic
effect. Although the denervation catheter technique might look easy, compared with
other interventional procedures, achieving denervation is difficult. As previously
described, some asymmetries in terms of nerve distribution around the artery are
reported, favoring the ventral surface, but a significant number of nerves occupy each
quadrant of the renal artery wall. These anatomic considerations suggest that the
optimal renal nerve target injury zone may be the most distal of the renal artery
where the nerves are closer to the catheter tip [59]. It remains unknown whether all
renal nerve fibers must be ablated for successful BP lowering or if there is some criti-
cal threshold effect. Furthermore, it is unclear whether it is more important to inter-
rupt efferent or afferent nerve traffic. Given that, these nerves travel together; they are
injured simultaneously with the current renal ablation techniques.

20.7 Perspectives

All the studies, in which RDN procedures were delivered, were not accompanied by
major complications both in the short- and long-term follow-up periods. It has been
also shown that about 40 % of the denervated patients at the 18-month follow-up
had achieved full BP control allowing them to substantially reduce in daily dosage
of antihypertensive drugs. The evidence obtained by microanatomic studies has
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Table 20.1 Different techniques of renal denervation

Approach Technique Device Population
Invasive RF ablation Balloon:
OneShot Human
Vessix Human
Non-balloon:
Symplicity Human
Spiral Human
EnligHTN Human
Ultrasound Paradise Human
Tivus Human
Others Beta-Cath radiation Human
Noninvasive Ultrasound Verve Human
Chemical Cisplatin Animal
Vincristine Animal
Guanethidine Animal
Neurotoxin Animal

clearly suggested that the nonselective partial RDN of both efferent and afferent
nerve fibers (Table 20.1, 83) is likely to play a causative role for the effective treat-
ment of resistant hypertension in the major trials like Symplicity HTN-1 [83] and
Symplicity HTN-2 and EnligHTN [84]. While new devices will be disposable in the
future, more attention should be obtained during the procedures with the application
of thermal energy on the ventral region of proximal and middle arterial segments in
which peri-arterial sympathetic nerve fibers are concentrated. The technological
improvement both in the devices and in the ablative approach, accompanied by a
demonstrated safety profile, will allow to apply this technique to several patho-
physiological conditions characterized by a sympathetic overdrive and high cardio-
vascular risk other than subjects with difficult BP control.
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Abbreviations

ABP Ambulatory blood pressure

BP Blood pressure

CTA Computed tomography angiography
dRHTN Drug-resistant hypertension

FSE Fast spin echo

HIFU High-intensity focused ultrasound
MRgHIFUS = Magnetic resonance-guided high-focused ultrasound
MRI Magnetic resonance imaging

OCT Optimal coherence tomography
RDN Renal denervation

21.1 Introduction

To date, the main approaches and hence data about renal denervation (RDN) in
drug resistant hypertension (IRHTN) are based on endovascular catheter-based
delivery of “energy” for disrupting sympathetic (efferent) and sensory (afferent)
nerve fibers running along the renal arteries. After the first success [1, 2], uncer-
tainty or even disillusions have grown, since the apparently rigorously conducted
randomized and sham-controlled Symplicity HTN-3 trial has failed to prove its
primary efficacy end point [3]. However, post hoc analysis revealed
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Table 20.1 Clinical indications/scenarios for alternative methods of renal denervation
Anatomic abnormalities (e.g., narrow or short main trunk) or hemodynamically relevant
stenosis of renal artery
History of prior renal artery intervention (e.g., balloon angioplasty or stenting)

Severe chronic kidney disease which is more prone to contrast nephropathy
Intolerance to antiplatelet agents or bleeding disorders
Unresponsiveness to endovascular approaches

methodological concerns [4], and additional preclinical data (e.g., autopsy study)
showed that nerve fibers vary widely regarding distribution and depth from the
lumen along the renal artery [5]. According to these data, currently used catheter-
based radiofrequency systems may be unable to apply an adequate energy deposi-
tion from the intraluminal side to all nerves, thereby leaving a substantial number
of nerve fibers unharmed. Moreover, several clinical conditions are known that
limit the use of “traditional” endovascular catheter-based RDN (Table 20.1).

In the recent years, there was large effort for alternative approaches of
RDN. Several technologies may overcome discussed limitations (e.g., insufficient
energy deposition far away from the lumen side) by targeting the nerves from the
extraluminal side. This chapter emphasizes these new alternative, non-endovascular
methods of RDN. Since these approaches are at different stages of development and
yet undergoing clinical evaluation, available data are limited.

21.2 Focused Ultrasound for RDN

Several approaches based on delivery of externally focused ultrasound have been
developed or adapted from other interventional fields. The nature of this technique
offers the opportunity of completely noninvasive RDN, thus overcoming several
concerns of endovascular RDN (e.g., radiation exposure, contrast agent applica-
tion). Moreover, it overcomes the anatomical limitation of a distinct minimum
length of renal arteries, since external ablation can be achieved along a relatively
short segment.

In general, a therapeutically focused ultrasound method is based on high-
frequency sound waves (i.e., rapid mechanical oscillations) emitted by several
piezoelectric transducers that are focused on a small tissue area and is a noninva-
sive method. In contrast to diagnostic imaging purposes of the ultrasound tech-
nique that uses low-intensity ultrasound with negligible tissue heating, the
administered high-frequency ultrasound waves pass through the tissue and gener-
ate frictional heating of soft tissue in the proposed depth (hence resulting in a
thermal ablation of, in this case, renal nerves along the renal artery) by directing
several high-power ultrasound beams on a small tissue area. In principle, this tech-
nique enables the discrete damage of soft tissue within small boundary of less than
ten cells wide [6].
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21.2.1 Surround Sound System™

The Surround Sound System™ (Kona Medical Inc., Bellevue, Washington, USA) is
a single mobile patient platform unit (Fig. 21.1), which consists of three major com-
ponents: the generator, a treatment module with an imaging probe, and a water
conditioner. The generator serves as the overall system controller, energizes and
directs the treatment module, powers and processes signals from the targeting sub-
system, and drives the applicator-positioning mechanisms.

Once the renal artery is localized with the imaging probe (a diagnostic 3-MHz
ultrasound array with a focal range of 8—13 cm), the imaging probe is fixed to assure
a secure imaging array. The treatment module contains a phased array therapeutic
ultrasound transducer consisting of 220 individually phased elements to deliver
high-energy ultrasound waves with water atop the transducer for cooling purposes
and is positioned against the subject’s skin for acoustic coupling. Necessarily, the
imaging and the treatment module are interconnected, meaning that automatic
tracking allows correction for slow motions of the kidney due to breathing in real
time during the treatment (Fig. 21.2a). In case of excessive motions (e.g., whole
snoring), which are beyond the tracking boundaries, administration of treatment
ultrasound energy is automatically paused, but is completed after stable targeting
and tracking has been achieved again.

The treatment itself contains nowadays delivery of focused therapeutic ultra-
sound energy in a specific annular pattern of 14 ellipsoid-shaped foci positioned
within a 12-mm-diameter circle around the renal artery (Fig. 21.2b). Each individ-
ual ellipsoid-shaped focus has an average diameter of 2.3 mm on its short axis and
about 15 mm along the long axis, i.e., the beam direction. The targeted tissue
encompasses about 50 % of the total focused ultrasound energy and according to

Fig.21.1 Tllustration of Surround Sound System™ (Kona Medical)
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focal therapeutic ultrasound (TS)

diagnostic Doppler device (DD)

Fig. 21.2 (a) Illustration of externally delivered focused ultrasound to the renal artery and sur-
rounding nerves. (b) Illustration of ablative field formation with 14 ellipsoid-shaped foci within a
12-mm-diameter circle relative to the renal artery

preexperiments is heated up to 50-75 °C. In contrast, although within the ultrasound
field, the high-blood flow preserves a negligible rising of the temperature of the
renal artery including its endothelium. The total treatment time is less than 3 min
per side and each of the 14 energy delivery episodes lasts 7 s. The energy delivery
is done in a robotic way and not dependent on the skills and experiences of the
interventionalists.

21.2.1.1 Development/Evaluation Program
Based on the extensively conducted studies of simulation, bench working, and ani-
mal experiences, the energy delivery algorithm has been verified, and the develop-
ment program comprised three consecutive prospective, multicenter, non-randomized
smaller studies (WAVE I-III) using externally focused therapeutic ultrasound in
subjects with uncontrolled hypertension (office systolic blood pressure [BP]
>160 mmHg, although treated with at least three antihypertensive medications).
The WAVE I feasibility study, comprising 24 patients, assessed acute and chronic
safety and efficacy. Subjects underwent RDN with externally focused ultrasound,
effecting 18 focused lesions in about 13 min per side. However, for targeting and
tracking reason, a 5-F intravascular catheter was inserted in the renal artery. This
approach allowed understanding and assured correct delivery of focused ultrasound
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energy from an external position to the renal arteries and enabled subsequently the
implementation of duplex-ultrasound image-guided targeting that takes renal artery
movements due to normal breathing into account. An optimized treatment protocol
was used in the WAVE 1I trial, causing 14 focused ellipsoid tissue lesions (in less
than 3 min) per side [7]. A total of 18 subjects were enrolled in this study. Again an
invasive catheter was inserted to direct and control energy delivery. In the WAVE III
(NCTO01926951) study, the first five patients underwent RDN by using also inserted
catheter for targeting and the image-guided targeting of energy delivery to validate
the performance and accuracy of a fully noninvasive duplex-ultrasound image-
guided approach (Fig. 21.2). Thereafter, the other 22 patients with resistant hyper-
tension included in WAVE III had a completely noninvasive duplex-ultrasound
image-guided approach.

21.2.1.2 Efficacy
In total, the WAVE I-III studies comprise 69 patients with “severe” dRHTN, with at
least 6 months of follow-up [8]. Office BP was 180+19/98+14 mmHg at baseline
despite treatment with an average of 4.6 antihypertensive medications and was
remarkably reduced by—24.6+28/-9.0+15 mmHg after 6 months, which remained
stable (—23.8 £24/-10.3+ 13 mmHg) after 12 months (N=66) (Fig. 21.3). In addition,
response rate (defined as decrement of office systolic BP >10 mmHg) was observed
in 75 % of the patients after 6 months and 77 % after 12 months, respectively.
Specific attention is given to the subset of 22 patients (WAVE III study) who had
a fully noninvasive externally delivered focused ultrasound approach. At 6-month
follow-up, office BP was reduced by—19.8+18/-6.2+15 mmHg and at 12-month

3 Week 6 Week 12 Week 24 Week 52 Week
SBP | DBP SBP | DBP SBP | DBP SBP | DBP SBP | DBP
0.0 | N=68 | N=68 N=69 | N=69 N=68 | N=68 N=69 | N=69 N=64| N=64
-5.0 i
—6.7 L
-10.0 —
-9.0 -9.9 -9.0
[}
I -10.3
E —-15.0 l
-16.2
—22.3
-25.0
—24.4 -24.6 -23.8
-30.0
Error bars calculated as 1.96SE (Cl)

-35.0

Fig. 21.3 WAVE I-II studies aggregate average office BP response (N=69)
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Fig. 21.4 WAVE III study average office BP response for patients with fully noninvasive RDN
(N=22)

follow-up by—28.6+19/-11.3+10 mmHg, respectively (Fig. 21.4). Overall, BP
reduction at 12-month follow-up in these noninvasively treated patients was compa-
rable to the BP reduction observed in the whole study population (WAVE I-III).

21.2.1.3 Safety

Regarding safety emphasis has been given to local vascular injury, since thermal
injury of the vessel wall may potentially lead to extensive media fibrosis, with the
consequence of late renal artery stenosis, aneurysmatic dilation, or thromboembolic
occlusions of segmental arteries [9, 10]. Indeed, case reports with development of
renal artery stenosis after invasive endovascular radiofrequency-based RDN have
been published [11-13]. Recent observations on post-procedural imaging of the
renal vasculature with optical coherence tomography (OCT) raised concerns of vas-
cular lesions induced by invasive endovascular RDN. Diffuse renal artery constric-
tion and local tissue damage at the ablation site with edema and thrombus formation
in varying extent have been described. Importantly, angiographic examinations
were unable to detect these alterations [10, 14-16].

In face of these potential complications of invasive interventions of RDN, it is
noteworthy to mention that in the WAVE I study, OCT of the renal artery was per-
formed at baseline and immediately following RDN. In contrast to the described
findings of invasive endovascular RDN, OCT examinations in five subjects revealed
no evidence of thrombus formation, endothelial damage, or dissection of the renal
artery after an externally delivered focused ultrasound for RDN (Fig. 21.5). In addi-
tion, control magnetic resonance imaging (MRI) scans at 3 weeks and 24 weeks
posttreatment supported safety aspect by revealing no evidence of spasm, stenosis,
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Fig.21.5 Representative A Length: 5.08mm 3/11/2013 12:54:11 PM
0010
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thrombosis, dissection, aneurysm, pseudoaneurysm, fistula, or any other vascular
abnormalities of the renal artery as well as alterations of the kidney and other
abdominal surrounding organs [8].

The most common adverse event reported across the three studies was posttreat-
ment back pain, which was reported in 32/69 subjects. However, these cases have to
be classified as clinically insignificant, since no motor and sensory deficits were
found, and back pain spontaneously resolved in the majority of patients within 3
days. Moreover, modifications of the energy delivery doses and pattern in WAVE
I-III have resulted in a decreasing incidence of this complaint by the subjects.

21.2.1.4 Future

The WAVE 1V trial (NCT02029885), a prospective randomized sham-controlled
study using Kona Medical’s Surround Sound® Renal Denervation System, has started
enrollment. In total 132 patients with severe dRHTN (office systolic BP >160 mmHg
and average systolic ambulatory blood pressure (ABP) >135 mmHg) will be ana-
lyzed, with the option of crossover after 12 months for patients of the sham-control
group. In addition, toxicological urine analyses and pill counting are conducted,
thereby assessing medication adherence. Hence, this study has the potential to answer
several important questions which have repeatedly arisen [17].

21.2.2 High-Intensity Focused Ultrasound Tumor Therapeutic
System

Based on the clinical treatment of different types of tumors, including the kidney with
high-intensity focused ultrasound (HIFU) [18], this applied technique has been
expanded in recent years. The feasibility and safety of the HIFU tumor therapeutic
system (Model-JC200, Chongqing Haifu Technology Co. Ltd., Chongging, China)
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for RDN was investigated in a preclinical canine model [19]. The therapeutic trans-
ducer verified an acoustic intensity at focus from 467 to 7,785 W/cm? (under a
degassed water acoustic environment). Physical focal region has an ellipsoid shape
(<2 x 2 mm). Location of target tissue was verified by using a diagnostic probe coaxi-
ally to the therapeutic beam (Fig. 21.6). For treatment, the therapeutic beam could be
adjusted to 1 by 1 mm (in all three dimensions).

In a sham-controlled animal study, 3-5 color Doppler flow imaging sets were
obtained for adjusting the position of the transducer in relation to the renal arteries.
In total 36.3 +2.8 therapeutic ablations (each for 2 s) were applied within 27.4 min.
In the treatment group, invasive BP was significantly reduced (—15.9/13.6 mmHg,
both p<0.001) after 28 days, but remained unchanged in the sham-controlled group.
Accordingly, plasma noradrenaline concentration was significantly lower (-55.4 %,
p<0.001) on day 28 after ablation in the actively treated group, but again was
unchanged in the sham-controlled group. Gross and histological examinations
revealed disruption of nerve fibers in the target region, but showed also an intact
endothelium and vascular smooth muscle layers. Moreover, no significant injuries
along the acoustic path (e.g., skin, tissue around the target region) were observed.

Recently, the first in-man data (Chinese Clinical Trial Registry, ChiCTR-
ONC-13003231) using the HIFU procedure were reported [20]. In a single-center
study, 10 patients with resistant hypertension (but not consistent with the defini-
tion of ESH/ESC for dRHTN [21]) or intolerant to antihypertensive medications
underwent the noninvasive HIFU-based RDN and were followed up for 6 months.
By adjusting the color Doppler flow imaging, 5-6 targets longitudinally (every
5 mm), and rotationally (covering a four-quadrant ablation), and in the middle and
distal segment of the renal artery were treated. Repeated acoustic energy emis-
sions (50 x 2 s) with therapeutic power of 200-300 W were used for each target.
Applied acoustic energy was 293.8 £43.2 kJ within 19.0+0.9 min ablation time.
Baseline office BP (24-h ABP) was 159+9/91 £ 11 mmHg (169+6/91+11 mmHg)
although treated with on average 4.8+0.5 antihypertensive mediations. After

Q0

( Diagnose )
| transducer |+
—_—
| Treatment
| transducer

Fig.21.6 (a) Illustration of RDN with HIFU tumor therapeutic system; green spot indicates focal
spot of energy. (b) Ablated foci (red spots) on the renal artery (yellow arrow); kidney (white arrow)
[19]



21 Alternative Methods for Renal Denervation 329

6 months, office BP was reduced by—-29.2+6.8/-11.2+9.7 mmHg and 24-h ABP
by-11.4+4.8/-4.8+4.8 mmHg (all p<0.01), respectively. Surprisingly, no myal-
gia or back pain was reported after RDN. Moreover, renal artery imaging (color
Doppler flow imaging or computed tomography angiography CTA in brackets
showed no presence of a new hemodynamically relevant renal artery stenosis in
the (relative short-term) follow-up, and renal function judged by estimated glo-
merular filtration rate remained unchanged.

21.2.3 Magnetic Resonance-Guided Ultrasound

Another noninvasive approach is based on magnetic resonance-guided high-focused
ultrasound (MRgHiFUS), which is approved for treatment of uterine fibroids and
painful bone metastases (in Europe and the USA), but also under consideration for
other indications including RDN. The feasibility, safety, and efficacy were investi-
gated in a normotensive domestic swine model (N=10), since renal anatomy and
morphology is similar to that of humans [22]. A clinical MR imaging-integrated
focused ultrasound system (ExAblate 2000, Insightec-TxSonics, Haifa, Israel) with
a transducer operating between 1.0 and 1.5 MHz was used for RDN. Target volume
was based on pretreatment imaging using T2-weighted fast spin echo (FSE)
sequences in three orthogonal planes. For calibration issues, 1-5 test sonications
(targeting the ipsilateral longissimus lumborum muscle) were performed. After
achievement of temperature elevation at target spot verified with real-time proton
resonance frequency MR thermometry, focus has been moved to the originally pro-
posed target of the periarterial tissue (Fig. 21.7). Applied acoustic energy was based

Fig.21.7 Sonication
planning image of
magnetic resonance-guided
high-focused ultrasound for
RDN (adapted from [22])
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on the established protocols for treatment of uterine fibroids. Starting at the ostium
of the right renal artery (left artery served as intra-individual control) on average
9.8+2.6, ablation spots (completely covering the periarterial tissue) with an acoustic
energy of 2.67+0.5 kJ were applied. After the intervention increased, signal intensity
(due to edema in response to thermal injury) was used as a parameter of technical
success, which however only was evident in 3 out of 9 treated pigs. Histopathological
evaluations showed no disruption of nerve fibers, and norepinephrine concentration
in the renal tissue did not clearly differ between treated (right) and untreated (left)
sides (391.7+110 vs. 442.2+121 ng/g, p=0.078). In summary, in this small animal
study, MRgHiFUS failed to achieve effective RDN, which may be based on insuffi-
cient energy deposition most likely attributed to the small acoustic window and
energy absorption by prominent transverse process and its adjacent fascia. In humans,
however, a larger acoustic window can be assumed, and further investigations are
necessary to delineate the true therapeutic efficacy in humans.

21.3 Chemical RDN with Alcohol Injection

There are several approaches for “chemical” extraluminal RDN. It has to be kept in
mind that all of these techniques are of invasive nature and require, at least in part,
radiation.

Ethanol is an FDA-approved drug for neurolysis and is frequently used for treat-
ment of chronic pain (neural plexus) or spasticity (peripheral nerves) [23]. Moreover,
CT-guided ethanol injection into the celiac plexus has been shown to be safe and
effective for pain release due to pancreatitis and pancreas tumor, respectively [24, 25].
Beyond that, popularity of ethanol as a neurotoxic agent is driven by the facts of easy
availability, inexpensiveness, and the relatively easy handling.

Based on these experiences and the underlying pathophysiology, the image-
guided percutaneous ethanol injection in the surrounding tissue of renal arteries has
been investigated.

21.3.1 MRI

In animal experiments (domestic pigs), the feasibility and efficacy of MR-guided
ethanol injection for RDN has been tested [26]. Pre-procedural anatomy of renal
arteries and skin entry was determined by axial and/or coronal fat-suppressed
T2-weighted (T2w) spin echo images. Skin entry and adjustments of the 20-G nee-
dle during its path to the target (in near-real time) was done with an interactive T1w
FSE sequence. Consecutively 1-ml bupivacaine-gadolinium-based contrast agent
and a (600:1) mixture of 95 % ethanol and Gadovist (5 ml for the first two and 10 ml
for the other four pigs) were injected. Ethanol was injected unilaterally, hence each
animal served as its own control. Distribution of applied solution, as a measure of
technical success (defined by homogenously periarterial spreading along the renal
artery), was monitored in real time in all treated animals. Regarding efficacy, there
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was no significant change of norepinephrine concentration in the renal parenchyma
in the first two pigs treated with 5-ml solution. In contrast, in animals treated with
the increased dose application of 10 ml, there was a significant reduction of norepi-
nephrine concentration of renal parenchyma by about 53% (536+312 vs.
254+176 ng/g, p=0.017) between untreated and treated side, confirmed by histo-
logically observed neural degeneration. Regarding safety, hydronephrosis was
detected in one animal treated with the increased application of 10 ml in the 4-week
follow-up MRI, probably due to diffuse spread in the retroperitoneum.

21.3.2 Computed Tomography

At present, similar approaches of percutaneous ethanol application for RDN, how-
ever using CTA (due to practicable issues) instead of MRI, were evaluated in a case
report [27], an animal model [28], and a first-in-human study [29].

In animal experiments (using sheep, since swine are not available in Iran), feasi-
bility and efficacy of CT-guided ethanol injection for RDN was evaluated [28].
Using spiral CT scan, a 22-G needle was positioned from the posterolateral angle
adjacent to the right renal artery, and final position was checked by injection of
10-ml 2 % lidocaine and 2-ml contrast agent. Thereafter, 99.6 % ethanol (note: the
volume is not reported) was injected. Left renal artery, which is less accessible
(large stomach), served as its own control. After 4 weeks, norepinephrine concen-
tration of renal parenchyma was reduced by 40 % on average (9.73 (range 5.78-
21.31) vs. 5.8 (range 1.07-15.29) ppm, p=0.0016). In accordance, histological
assessment revealed effective denervation, and no injury of the artery, ureter, and
renal parenchyma were reported. Follow-up MRI, MR angiography, and urography
showed no renal artery stenosis or other alterations.

To date, a first phase II single-arm open-label pilot trial, comprising 11 patients
with “severe” dRHTN (BP >160 mmHg, despite treatment with at least three anti-
hypertensive medications including a diuretic), assessed safety and preliminary effi-
cacy data of CT-guided ethanol injection for RDN [29]. Prior to intervention, a CTA
(slice thickness, 1 mm) was performed to assess the anatomy of renal arteries
(Fig. 21.8a). Under control with CT fluoroscopy, correct placement of an 18.5-G
needle next to the renal arteries was verified, and consecutively 1-2-ml of 2 % lido-
caine and a mixture of 95 % ethanol with 2-ml iodine contrast agent was adminis-
tered (Fig. 21.8b, c). This has the advantage that correct needle tip position can be
verified as well as the appropriate distribution pattern can be visualized (Fig. 21.8d).
In two cases distribution pattern was only 90° on one side, all others had at least
180°, but a distribution of 360° around the renal artery (indicative of a full four-
quadrant ablation) was only evident in three cases (one of them on both sides).

Notably, antihypertensive medication was changed in all patients during the
6-month follow-up. After 6 months, office systolic BP was significantly reduced by
—32.3 mmHg (baseline 195/100 mmHg, p=0.003), but change of 24-h systolic ABP
by —6.3 mmHg (baseline 165/94 mmHg, p=0.252) did not reach statistical signifi-
cance. Regarding safety, renal function showed no clear pattern (both improvement
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Fig.21.8 (a) Planning CT angiogram for assessment of renal arterial anatomy. (b) Placement of
an 18.5-G needle under CT fluoroscopy to the left renal artery. (¢) Placement of an 18.5-G needle
under CT fluoroscopy to the right renal artery. (d) Imaging of the final distribution of the radi-
opaque ethanol/ionidine contrast mixture (adapted from [29])

and worsening in patients with chronic kidney disease was observed, but no patient
had doubling of serum creatinine or required dialysis). Pain was self-limiting within
1 day. Interestingly, four patients with prior catheter-based RDN showed also no
response to CT-guided ethanol injection for RDN, and recruitment of patients with
previous RDN was therefore stopped.

21.3.3 Chemical RDN with Injection of Neurotoxins
and Other Agents

There are further efforts for testing other agents for RDN by local application [30].
As routinely done in animal experiment with rats, renal arteries were surgically pre-
pared, and different agents were locally applied (via 28-G needle) to the perivascular
space superior or inferior of the left renal artery. Thereafter, reflected intestines were
repositioned and the abdomen was closed. After 3 days, the kidneys were removed
and analyzed. Efficacy of RDN was assessed by comparing renal norepinephrine
concentration in the renal tissue between un- and treated kidneys. All used agents,
namely, hypertonic saline (150 pl of 10 % solution in water [1.7 M, 100 mg/mL]),
salicylic acid (300 pL 10 % solution dissolved in ethanol), and guanethidine (75 pl,
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dissolved in glycerine at a concentration of 6.7 mg/mL), resulted in comparable
norepinephrine depletion between untreated and treated kidneys (e.g., guanethidine,
84.1+£28.5 vs. 42.9+2.1 ng/g, p<0.05). Based on previous studies, only one dose of
agents was used, indicating that the lowest dose of concentration necessary for “max-
imal” denervation is unknown.

In a subsequent study, a dose-response relationship of topical applied paclitaxel
(10°~10-2M) for RDN was assessed [30]. However, the feasibility of correct appli-
cation of these drugs, and hence its safety and efficacy within a clinically applicable
procedure (e.g., CT guided), has to be proven.

21.4 RDN of the Renal Pelvis

Another treatment approach is based on a nonvascular system that targets neither
the renal artery nor the surrounding tissue of the renal artery [31].

It is proposed that the majority of afferent sensory nerves are located in the renal
pelvic area with the greatest density in the pelvic wall [32], hence being easily
accessible via transurethral approach. The NephroBlate™ renal denervation sys-
tem (Verve Medical Inc., Santa Barbara, USA) was developed for targeting these
nerves in the renal pelvis. The system consists of a monopolar radiofrequency
electrode catheter and a generator (50 W) for controlling and regulating energy
delivery, duration, temperature, and impedance (Fig. 21.9a). After a guidewire is
placed in the renal pelvis via the working channel of a cystoscope in standard

NATURAL DRIFICE BENAL DE

Fig. 21.9 (a) Verve Medical System. (b) Radiofrequency electrode with extended wings.
(c) Fluoroscopic image of the radiofrequency catheter within the renal pelvis of a swine (adapted
from [33])
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Fig. 21.10 Reduction of norepinephrine concentration from baseline after transurethral RDN;
data are based on single kidneys (adapted from [33])

urological technique, the 9-F catheter can be mounted along the guidewire distal to
the ureteropelvic junction and proximal to the calcites, where the wings are
extended (Fig. 21.9b).

In animal experiments (domestic swine) after incision of the bladder, the catheter
was advanced retrograde into the renal pelvis (Fig. 21.9¢) [33]. Radiofrequency
energy was applied in 16 animals and 16 other animals served as control. Of each
group, three animals were euthanized immediately after RDN, five animals after 7
days, six animals after 14 days, and two animals after 30 days of RDN. For safety
issues, bilateral pyelograms, ureterograms, and renal angiography were performed
in the cohort with at least 7-day follow-up to detect any pathological findings.
Moreover, histopathological analysis revealed damage (i.e., ablation) of the nerves
in the treated area, but without parenchymal or vascular thermal injury. Consistently,
norepinephrine concentration of the renal tissue was reduced in all treated animals
compared to control group (Fig. 21.10).

Based on these findings, the first-in-human application was performed in three
end-stage renal disease patients who underwent elective nephrectomy due to nephro-
lithiasis (n=2) and pre-renal transplantation (n=1) with underlying polycystic kidney
disease (both kidneys were treated) [34]. Elective nephrectomy was performed one
week after RDN. Histopathology showed a disruption of nerves between pelvic space
and serosa (1.75 mm) in treated areas, but no alterations in the other (untreated) areas.
In the next step, 4 patients with “severe” resistant hypertension (office systolic BP
>160 mmHg (>150 mmHg for patients with type 2 diabetes) despite being treated
with >3 antihypertensive drugs including 1 diuretic) underwent transurethral RDN
(energy delivery for 6 min, 70 °C, 5 W) within 16-25 min [34]. There was no evi-
dence of post-procedural pain, bleeding, urologic complications (e.g., perforation or
stricture), or kidney damages. At 1 month, there was a remarkable office BP reduction
of 44/13 mmHg (baseline, 172/94 mmHg), and it remained stable, meaning that even
after 6-month follow-up, patients were in the normotensive range.
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21.5 Summary

RDN has experienced turbulent times and has not yet emerged as a clinical rou-
tine intervention in patients with dRHTN. Intensive research activities are cur-
rently performed and several alternative methods for RDN have been introduced.
It has to be kept in mind that the cornerstone of any further novel approaches for
RDN are primarily safety and efficacy supported by appropriate and well-con-
ducted randomized, sham-controlled trials (including patients with true dRHTN
and adequate assessment of adherence). Furthermore, new developments may
also be rated on their general feasibility including predictable ablation success
and operator independency, respectively. From a pathophysiological point of
view and from the lessons learned in recent years, the application of noninvasive
high-focused ultrasound energy may be a very promising approach for RDN. First
human studies have revealed a remarkable BP reduction, without any significant
safety concerns. Nevertheless, there are limitations based on the need for visual-
ization of renal artery for targeting tracking, which may be in part difficult in,
e.g., obese patients.

Other approaches are based on the imaging-guided application of “‘chemical”
agents for RDN, but this approach has the disadvantage of being invasive. The non-
vascular approach is based on targeting in particular afferent sensory nerves of the
renal pelvis. These alternative approaches showed first promising results, but data
are limited and do not permit any judgment of their clinical value.

So far, in humans no rigorously assessed data are available comparing different
techniques regarding safety and efficacy of the various invasive and noninvasive
alternative techniques of RDN. This might also be the subject of future studies.
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Carotid Baroreceptor Stimulation 2 2

Luke J. Laffin and George L. Bakris

Abbreviations

BAT  Baroreceptor activation therapy
BP Blood pressure

CBS Carotid baroreceptor stimulation
HTN Hypertension

SNS  Sympathetic nervous system

22.1 Introduction

Afflicting almost one third of all adults in the United States, hypertension (HTN) is a
major driver of cardiovascular morbidity and mortality [1]. Unfortunately, even with
over 125 antihypertensive medications available to individuals within the United States,
only half of all patients with hypertension have their blood pressure (BP) adequately
controlled [2]. Reasons why patients are unable to achieve goal BPs are numerous and
in fact similar to the etiology of HTN itself. Common modifiable causes include, but
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are not limited to, excess dietary salt intake, inadequate sleep, and obesity. However,
even with the appropriate lifestyle modifications, the need for pharmacological therapy
to lower BP is required in the vast majority of hypertensive patients.

Achieving guideline goals for BP is particularly difficult among individuals with
resistant or refractory HTN. Resistant hypertension is defined as BP that remains
above goal in spite of the concurrent use of three maximally tolerated antihypertensive
agents of different classes, one of which is a diuretic. Refractory hypertension is
defined as a subgroup of patients with resistant hypertension that have uncontrolled
BP, even with maximal medical therapy (four or more drugs with complementary
mechanisms given at maximal tolerated doses) under the care of a HTN specialist [3].

Guidelines published in 2014 endorsing less stringent BP goals are now in ques-
tion after the results the Systolic Blood Pressure Intervention Trial (SPRINT) [2, 4].
SPRINT demonstrated significantly less cardiovascular events and improved mor-
tality with strict BP control in a wide range of patients (including the elderly), but
resulted in more medication-related adverse effects in those treated to a goal sys-
tolic BP of less than 120 mmHg. This amalgamation of factors creates quite the
challenge for those managing hypertension. What is a clinician to do?

First, there must be recognition that successful BP lowering ensures all potential
mechanisms for BP elevation are blocked [5]. Often overlooked, or inadequately
addressed, is inhibition of the sympathetic nervous system (SNS). Adrenergic over-
drive in younger patients and altered sympathetic and parasympathetic balance in
older individuals may trigger elevated BPs. SNS overactivity is also likely the driv-
ing force in refractory hypertension [3], in contrast to conventional wisdom that
resistant hypertension is due to persistent hypervolemia.

Pharmacologic inhibition of the SNS with centrally active alpha-2 adrenergic
receptor medications, such as a-methyldopa, clonidine, and guanfacine, effectively
lowers BP in most patients. However these therapies elicit intolerable, dose-
dependent side effects limiting their use [6]. In response to the need for more effec-
tive BP-lowering therapies directed toward the SNS, especially in patients with
resistant and refractory hypertension, device-driven therapy is an area of intense
development and investigation. Renal denervation therapy, once thought to be the
panacea addressing the SNS, is now in question following the negative results of
SYMPLICITY HTN-3 [7]. However, the major reason for this was inadequate renal
denervation as was subsequently shown, and hence, ongoing trials using a new tech-
nique and catheter will resolve this issue in the near future [8, 9].

Carotid baroreceptor stimulation (CBS) is under active intense investigation in
multiple cardiovascular conditions, including hypertension, with favorable results.
The following reviews the pathophysiology of CBS, procedural aspects, and the
safety and efficacy.

22.2 Baroreceptors and Blood Pressure Modulation
Mechanisms

Activation of the SNS is one of the major mechanisms involved in chronically ele-
vated BPs. Sympathetic activation contributes to the development of the HTN, by
promoting initial BP elevation in its early clinical stages and also by maintaining
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this BP elevation chronically. Adrenergic overdrive triggers not only elevated BPs,
but also is a contributor to left ventricular hypertrophy and certain metabolic abnor-
malities detected in hypertensive patients, as well as other hypertension-related end-
organ damage.

The role of sympathetic activation in HTN was determined by an experimental
approach using surgical denervation of sinoaortic baroreceptors or disruption of the
central relay station of the baroreflex, the nucleus tractussolitarii, which was fol-
lowed by an immediate increase in BP [10].

Investigators initially attempted detecting the presence of sympathetic activation
in hypertensive patients by using plasma noradrenaline levels and heart rate (HR).
The results in both instances were equivocal. However, an analytical review of stud-
ies employing plasma noradrenaline as a marker of increased adrenergic drive in
patients with primary hypertension demonstrated that in approximately 40% of
studies, high BP was indeed associated with elevated plasma noradrenaline values
[11]. Later studies provided evidence of marked sympathetic activation occurring in
hypertension by using microneurographic recording of postganglionic sympathetic
neural outflow to the skeletal muscles, indicating that the adrenergic overdrive is
directly proportional to the severity of HTN [12], and it is associated with other
cardiovascular or metabolic diseases, such as heart failure, diabetes mellitus, and
obesity [13].

There are several mechanoreceptors within the body that respond to the stretch
of arterial, venous, and ventricular walls. The best understood of the reflex mecha-
noreceptors are those of the aorta and the carotid sinuses. At the bifurcation of the
common carotid artery sit the baroreceptors of the carotid sinus. These mechano-
sensitive sensory nerve endings are concentrated in the lateral wall of the special-
ized region of the carotid artery and respond to vascular distention or “stretch.”
Distension occurs in the face of elevated BP or increased intravascular volume.
This is the first step in the initiation of the carotid baroreflex, which is an impor-
tant component in the control of both short-term and long-term fluctuations in
BP. In response to this sensed distension, the baroreceptor sends a signal that
travels from the carotid sinus nerve to join cranial nerve IX, eventually signaling
the nucleus tractus solitarius in the medulla [14]. This is known as the afferent
arm of the arterial baroreflex arc. This signal is then eventually modified in the
hypothalamus. The hypothalamus is then responsible for sending signals via the
efferent arm of the baroreflex arc, which results in increased parasympathetic
efferent activities slowing HR and decreasing BP. It is this reflex system that not
only allows individuals to respond to increased salt load or fluid intake by lower-
ing BP, but also the same system that prevents orthostasis when standing.
Ultimately, this leads to inhibition of sympathetic output, along with a decrease in
the heart rate and cardiac contractility as well as the release of renin-angiotensin-
aldosterone system and antidiuretic hormone, which serves to reduce intravascu-
lar volume and tone [14].

This pathophysiology serves as the basis of CBS. First reported in 1958 by
Carlsten was the effect of short-term carotid sinus stimulation in patients. In five
patients undergoing surgical neck dissection for cancer, electrical stimulation of the
carotid sinus nerve resulted in abrupt decrease in BP [15]. As described by Scheffers
in a 2010 review [16], what followed was a variety of studies exploring CBS, but
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given the influx of pharmacotherapy to treat hypertension in the late 1960s, and
complications related to electrode placement, interest and exploration of CBS as a
clinical tool was all but abandoned.

The SNS, however, has reemerged as a therapeutic target for BP control. This is,
in part, due to an increasing prevalence of resistant hypertension in the late 1990s
and early 2000s, relating to surges in rates of obesity rates coupled with an aging
population.

CVRx ® (USA) was founded in 2001 and began conducting preclinical and clin-
ical research focusing on baroreceptor activation therapy (BAT) [17]. After success-
ful preclinical studies, clinical studies of the first-generation BAT device, the
Rheos® carotid pacemaker system (CVRX, Inc., USA), were conducted. Three mul-
ticenter clinical investigations of BAT using the Rheos system have been performed
in hypertensive subjects [18-21]. Building upon the encouraging efficacy results of
the Rheos, but looking to improve the procedural safety profile, the second-
generation, less invasive, and unilaterally placed Barostim neo™ system (CVRXx,
Inc., USA) was developed. It has been tested in a single-arm, open-label study [22]
enrolling 30 patients and is now being studied in a large prospective, multinational,
randomized controlled trial (ClinicalTrials.gov ID: NCT01679132).

22.3 Procedural Aspects of Device Placement

Implanting the first-generation Rheos® system (Fig. 22.1) involves an operation
under general anesthesia. Electrode wires are implanted around the exterior surface
of the bilateral carotid sinus walls and connected to a pacemaker generator, which
is placed in a subcutaneous pocket in the pectoral region, similar to other cardiovas-
cular implantable electronic devices [23]. Optimal positioning of the electrodes on
the carotid sinus is determined during the operation itself, based on maximal reduc-
tions of heart rate and BP while delivering electrical current. The implanted pulse
generator is completely programmable via radio frequency and allows controlled
and customized current delivery throughout the day [24]. Electrical field stimulation
of the carotid sinus nerves results in afferent signals that are interpreted as a rise in
BP. This propagates the carotid baroreflex arc, resulting in efferent parasympathetic
nerve activity and the downstream effects described above.

The newer Barostim neo™ (Fig. 22.1) uses the same principles and has a much
smaller electrode and generator, leading to a less invasive and much shorter operat-
ing time. It is unilaterally placed, rather than bilateral, resulting in a less invasive
operation, with shorter recovery time [22].

22.4 Efficacy of BAT Using the Rheos System

The three multicenter clinical investigations of BAT, using the Rheos system in
hypertensive subjects, provide the preponderance of efficacy data and include the
Device-Based Therapy of Hypertension (DEBuT-HT) trial, which was a European
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Fig. 22.1 First-generation Rheos® carotid pacemaker system (CVRX, Inc., USA) and second-
generation Barostim neo™ system (CVRXx, Inc., USA)

multicenter study looking at the safety and efficacy in severely hypertensive patients
[20]. Trials based in the United States that address system efficacy include the initial
Rheos feasibility trial [21] and the phase III Rheos Pivotal Trial [19], which includes
long-term follow-up demonstrating the durable benefit of CBS [18].

The initial Rheos feasibility trial included 10 patients with resistant hypertension
and resulted in significant reductions in office-measured BP, —22/-18 mmHg, with
concurrent reductions in mean 24-h ambulatory BP measurements,—14/-9 mmHg
[21]. Subsequently, the DEBuT-HT trial enrolled 45 patients and followed subject
up to 4 years. At least a 30 mmHg sustained drop in systolic BP was noted in 72 %
of patients, with 67 % of patients having a resultant systolic BP less than 140 mmHg.
Interestingly, subjects continued to use a mean of 4.6 antihypertensive medications,
unchanged from mean use of 4.8 medications at baseline [20].

The Rheos Pivotal Trial more recently evaluated BAT for resistant hypertension
in a double-blind, randomized, prospective, multicenter, phase III clinical trial. Two
hundred and sixty-five subjects with resistant hypertension were implanted and ran-
domized (2:1) 1 month after implantation. Subjects received either CBS (Group I)
for the first 6 months or delayed BAT initiation following the six-month visit (Group
II). CBS generated a decrease in systolic BP of 26 mmHg for Group I and 17 mmHg
for Group II at six months and a decrease of 35 mmHg for Group I and 33 mmHg
for Group II at 12 months [19].

Open-label, non-randomized follow-up to assess safety and efficacy of BAT was
undertaken in subjects randomized in the Rheos Pivotal Trial after they completed
the initial trial [18]. Among long-term responders receiving CBS, the mean BP
change was—35/—16 mmHg. Antihypertensive use was minimally reduced at the
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end of the randomized phase and remained lower through the follow-up. Among
responders, 55 % achieved goal BPs.

In the Rheos Pivotal trial, patients also had stimulation parameters individually
adjusted to provide optimal BP lowering via BAT. To this end, unilateral stimulation
was applied unless bilateral stimulation resulted in more BP reduction. When inves-
tigators explored the pooled patient data based on those stimulated bilaterally
(n=380) versus those unilaterally stimulated (n=215), heart rate and BP were sig-
nificantly lower in the unilateral group. Further, unilateral right-sided stimulation
(n=127) was more effective than left (n=88) [25].

22.5 Safety of BAT

The BP-lowering data of the first-generation device is compelling; however, the
major reason the Rheos system is not currently approved relates to issues of safety
immediately after the procedure. The Rheos Pivotal Trial did not meet two of the
five prespecified co-primary endpoints, one of which was short-term safety.
Following device implantation, only 75 % of patients were free from system- or
procedure-related events [19]. This percentage is significantly less than the pre-
specified objective performance criterion of 82 % (which is based on historical lit-
erature on single-incision implantable cardioverter defibrillator and pacemaker
implants) [26]. Of note, the majority of procedural related complications resolved in
their entirety. Long-term safety and sustained efficacy of the device and therapy is
much better and met prespecified endpoints [18].

In contrast to the original device, the Barostim neo is associated with far fewer
short-term adverse events. Only three periprocedural complications were seen,
including a generator pocket hematoma, a self-inflicted wound complication, and
intermittent pain at the device site in one patient [22]. This improvement in short-
term safety is promising; however, long-term follow-up from the ongoing larger
trial is needed.

22.6 Efficacy of BAT

Follow-up of CBS using the Barostim neo device demonstrates similar efficacy to
the Rheos system [22]. BP decreased by 26/12 mmHg over six months. Concurrent
and ongoing pharmacotherapy was unchanged. Fascinatingly, 6 of 30 patients had a
history of renal denervation that did not lower BP, and BAT did.

German investigators in 2015 reported that the use of unilateral BAT using the
Barostim neo provided longer-term sustained BP-lowering effects. Seventeen
patients with resistant hypertension demonstrated effective BP lowering after uni-
lateral BAT placement over longer follow-up [27]. Moreover, the acute device on/
off effects (i.e., increase and decrease of BP) did not depend on treatment duration
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[27]. While this was an open-label single-arm evaluation, it did provide evidence of
an even safer approach.

These promising BP reductions, in the setting of a better safety profile, have
resulted in a large prospective, multinational, randomized, controlled trial of the
smaller, unilateral system that is currently ongoing: the Barostim Hypertension
Pivotal Trial (ClinicalTrials.gov ID: NCT01679132). It is anticipated that 310
subjects with resistant hypertension will be randomized to CBS or medical
therapy.

22.7 Non-hypertension Trials

A trial in heart failure patients using BAT was just completed in Europe on December
23, 2015 (ClinicalTrials.gov ID: NCT01484288). The primary outcome was
changes in sympathetic nervous system activity at six months from baseline. No
data are available as yet; however, there are two other trials in heart failure poised to
either continue or start recruiting in Europe, Barostim HOPE4HF (Hope for Heart
Failure) Study (ClinicalTrials.gov Identifier: NCT01720160) and the Barostim
Therapy for Heart Failure (Be AT-HF) (ClinicalTrials.gov Identifier: NCT02627196).
Other trials are also listed but not recruiting. Thus, we will await yet another pos-
sible utility for BAT.

22.8 Novel Approaches to CBS

Another device is being tested that results in CBS. The MobiusHD™ device is a
very flexible open cylinder placed intra-arterially in the area of the baroreceptor at
the carotid bulb (Fig. 22.2). MobiusHD™ reshapes the vessel and consequently
amplifies the baroreceptor signaling with every pulsatile wave; hence acute falls in
BP when first placed can occur.

Two trials are ongoing using a Mobius-type device to stretch the area around the
carotid bulb, Controlling and Lowering Blood Pressure with the MobiusHD™
(CALM-FIM_EUR) (ClinicalTrials.gov Identifier: NCT01911897) and Controlling
and Lowering Blood Pressure with the MobiusHD™ (CALM-FIM_US)
(ClinicalTrials.gov Identifier: NCT01831895). Both trials, one in Europe and the
other in United States, are open-label, multicenter, first-in-man clinical trials.
Eligible subjects with stage 2 resistant systemic arterial hypertension are being
recruited. They must be treated with a minimum of three (3) antihypertensive drugs
and consent to study participation. Potential study participants will be consented
and then screened at two (2) baseline visits beginning at least 30 days prior to
MobiusHD placement. Qualified patients will undergo placement of the MobiusHD
under angiographic visualization and be followed for 36 months. No data are avail-
able as yet on the safety and efficacy of this approach.
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Placement
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Fig.22.2 MobiusHD placement and device
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22.9 Conclusion

Our treatment of resistant HTN has advanced in many ways over the past two
decades. BAT has evolved as a potential treatment for patients with resistant hyper-
tension. CBS demonstrates great promise for the future treatment of hypertension.
Current data suggest that BAT offers advantages over established pharmacologi-
cally directed strategies for treatment of primary, resistant, and refractory HTN. The
effectiveness of BAT may be assessed immediately after insertion, unlike that of
other devices modifying the SNS, such as renal denervation. Further, BAT devices
are implantable in patients with chronic kidney disease (unlike renal denervation),
who suffer a disproportionate burden of resistant hypertension. CBS using BAT or
MobiusHD are currently still being evaluated and sit on the horizon as a possible
intervention for patients with resistant hypertension and possibly heart failure.
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Abbreviations

BP Blood pressure
HTN Hypertension
SNS  Sympathetic nervous system

23.1 Introduction

A wealth of evidence testifies to the importance of sympathetic nervous system
(SNS) signalling in both the aetiology and maintenance of the hypertensive state
[1]. It is therefore not surprising that the recent past has seen the introduction of a
growing suite of interventional approaches that aim to modulate SNS activity in
order to achieve better blood pressure (BP) control [2]. Whilst it is increasingly
evident that the SNS plays a substantial role in the development of hypertension,
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somewhat overlooked has been the importance of identifying where the increased
signalling derives from in the enormously complex and extensive regulatory net-
work hierarchy, in order to better focus sympathomodulatory therapies. Furthermore,
in patients with often longstanding hypertension, there has been a failure to recog-
nise that SNS activity varies with age: for instance, renal sympathetic nervous activ-
ity is reduced in older compared to younger individuals and thus devices targeting
the renal sympathetic nerves may result in lesser BP reduction [3]. The fact that a
significant proportion of older patients with hypertension have arterial stiffening
either as a cause or consequence of hypertension, which has significant implications
for choice of antihypertensive strategy, has also been overlooked [4, 5]. Whilst phar-
macological approaches to deal with hypertension of a mechanical origin are not
clearly defined, a novel device technology reviewed in this chapter targets arterial/
venous haemodynamics and offers a complementary approach to direct SNS modu-
lation via therapies such as renal denervation, carotid sinus stimulation and carotid
body ablation.

23.2 Background to the Coupler: Rational and Design
and Procedural Detail

23.2.1 Development of the Arteriovenous Coupler

The CE-marked arteriovenous (AV) coupler is manufactured by ROX Medical and
was originally developed for the treatment of advanced chronic obstructive pulmo-
nary disease (COPD) [6, 7]. The aim of this approach was to form a fixed calibre
central iliac AV anastomosis which was conceived to increase central venous oxy-
genation. As a result venous blood flowing through pulmonary shunts that do not
usually participate in gaseous exchange, due to the parenchymal destruction in
severe COPD, would have increased oxygen saturation. Thus the potentially delete-
rious effects of venous admixture on systemic arterial oxygen saturation and oxygen
delivery would be attenuated [6]. In addition, the resultant increase in venous return
would subsequently augment cardiac output and further increase oxygen delivery to
the tissues [6].

23.2.2 Preclinical Data

The preclinical studies (unpublished, submitted to FDA) were reviewed by Foran
and others and were conducted in sheep with coupler deployment in the aorta for up
to 12 months which resulted in the creation of a fully patent anastomosis in all ani-
mals [8]. There was optimal healing of the aorta and inferior vena cava and accom-
panying adaptive change of venous arterialization which was to be expected. There
was negligible foreign body response following device implantation, although cov-
erage of the anastomotic struts by mature pseudointima was observed. The preclini-
cal study concluded that deployment of the AV coupler in ovine aortas for up to 12
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months resulted in a durably patent anastomosis in all animals with adequate heal-
ing and appropriate conformation of the device into the artery and the vein. No
significant residual mural thrombus was noted, and a modest degree of intimal
thickening observed upstream from the coupler was consistent with anticipated
arterialization [8].

23.2.3 Procedure

The AV coupler is similar in appearance to a coronary stent and is also made of
nickel/titanium alloy (nitinol) that exhibits shape memory (Fig. 23.1). This permits
self-expansion during placement from a preloaded delivery catheter resulting in
deployment into a preformed configuration (Fig. 23.2). A 40 min catheter lab pro-
cedure is required in order to implant the coupler under sterile conditions using fluo-
roscopic guidance and has been described in detail elsewhere [8]. In brief, a short
4 F arterial sheath is placed into the left or right common femoral artery, and a 11 F
customised venous sheath is placed in the ipsilateral common femoral vein

Fig.23.1 Nitinol arteriovenous coupler device

Fig.23.2 Coupler with introducer
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Placement between
External lliac Artery & Vein

Fig. 23.3 Arteriovenous conduit post-coupler implantation visualised using contrast injection
with fluoroscopy

approximately 2 cm inferior to the level of the arterial sheath insertion site. The
local arterial and venous anatomy is delineated using contrast injections.

The coupler is placed between the distal external iliac vein and artery just above
the level of the femoral head over a crossing wire using a spiral 0.018 in. guidewire
(ROX Medical) to mark the target arterial crossing location. The coupler’s anasto-
motic passage is then dilated to a final diameter of 4 mm using a balloon dilatation
catheter advanced over the guidewire and sited in the coupler. At this point hand
injected iodinated contrast is used to document successful device deployment and
sizing of the anastomosis (Fig. 23.3). Post-procedural management includes stan-
dard of care practice for groin arterial and venous puncture. Femoral artery and vein
haemostasis is achieved post-procedure with simple manual pressure followed by
bed rest for up to 4 h. No anticoagulation or antiplatelet medication has been used
to date in any of the clinical trials.

Importantly, and in contrast with a renal denervation procedure, technical suc-
cess of implantation is verifiable by means of (i) direct visualisation of the arterio-
venous (AV) conduit with arterial contrast injection (Fig. 23.3), (ii) palpation of a
groin thrill and (iii) auscultation of a vascular bruit [9].

Opening of the AV anastomosis causes profound changes in arterial compliance
and vascular resistance as evidenced by immediate and significant (15-55 mm Hg)
drop in arterial systolic BP [10]. The instantaneous reduction of BP following the
creation of the conduit can be reversed by temporary balloon reocclusion but then
recurs with balloon deflation (Fig. 23.4). Unlike renal denervation procedures, cou-
pler implantation is fully reversible and straightforward to achieve using a covered
stent. However, coupler explantation is more complex and would require a vascular
surgical approach and has not been reported to date.
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Fig. 23.4 Instantaneous change in BP with coupler opening and closure

23.3 Clinical Trial Data
23.3.1 Clinical Data: COPD

The genesis of central AV coupler therapy is rooted in an unmet need to improve
outcomes in patients with advanced COPD [6]. Unfortunately initial studies in
COPD cohorts demonstrated conflicting results on exercise capacity. In a proof of
concept study in 12 patients with severe, hypoxic COPD, coupler implantation
(sized to 5 mm diameter) resulted in a modest improvement in 6 min walking time
(6MWT) after 12 weeks [7]. However, this positive effect was largely restricted to
those patients whose 6MWT improved with the use of supplemental oxygen at
baseline. Interestingly a nonsignificant reduction in pulmonary vascular resistance
was noted and a simultaneous 20 % increase in cardiac output but high output car-
diac failure was not reported in this study. In this publication, AV anastomoses were
made either by end-to-side surgical anastomosis or by percutaneous AV coupler, but
the final publication did not report on individual outcomes for either approach.

A subsequent proof of concept study in 15 patients with severe COPD (using the
percutaneously implanted AV anastomosis sized to 5 mm diameter) failed to dem-
onstrate improvements in the prespecified endpoints of 6BMWT and quality of life
measures, although new york heart association (NYHA) functional status improved
slightly [11]. A substantial 40 % increase in cardiac output was noted in this study
and a striking rate of study-related adverse effects: right heart failure (27 %), venous
thrombosis (27 %), venous stenosis (47 %) and ipsilateral leg oedema (67 %). A
total of eight patients (53 %) required closure of the AV anastomosis by means of a
covered stent graft [11]. It should be noted however that this was a very high risk,
maximally treated population with severe COPD resulting in established moderate
pulmonary hypertension and poor mobility in whom there are no alternative strate-
gies to improve exercise tolerance or quality of life. Currently there are no inten-
tions to further develop coupler therapy for the COPD indication.
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23.3.2 Evidence for Blood Pressure Reduction in Hypertension

23.3.2.1 Hypertensive Patients with COPD

Normotensive patients with COPD did not experience any reduction in office BP
(OBP) in the aforementioned studies. However, coupler implantation resulted in
significant haemodynamic changes, including BP reduction, in an open label study
comprising a pooled cohort from two separate clinical trials in patients with severe
COPD (ClinicialTrials.gov NCT00832611 and NCT00992680; total n=94). In post
hoc analyses of 24 modestly hypertensive patients (mean resting OBP 145/86 mmHg),
taking on average two antihypertensive drugs, insertion of the central iliac AV cou-
pler was associated with significant and sustained OBP lowering of 13/18 mmHg at
12 months post-procedure [10, 12]. On the whole the BP lowering effects were
greater in patients with more severe office hypertension: no ambulatory BP (ABP)
monitoring was undertaken.

Accompanying haemodynamic changes included a 36 % reduction in systemic
vascular resistance (SVR) and a 32% increase in oxygen delivery and a 40%
increase in cardiac output (p <0.001 for all). Pulmonary vascular resistance was also
significantly reduced by 26 %, although heart rate was unchanged. Late adverse
events included four patients who developed a deep vein thrombosis which all
resolved with oral anticoagulation for 3 months. As observed in prior studies, four
patients also developed venous stenosis upstream from the coupler that was suc-
cessfully managed with balloon venoplasty and/or stenting [10].

23.3.2.2 Patients with Resistant Hypertension

Subsequent studies have focused on evaluating the coupler in patients with hyper-
tension given the profound vasodilator effects noted in the COPD groups. The first
of these, which remains unpublished, was a prospective study of eight patients with
drug resistant hypertension (lRHTN) taking on average four antihypertensive medi-
cations with a mean OBP of 175/87 mm Hg. At 6 months following coupler place-
ment, OBP and ABP decreased by 15/16 mmHg and by 6/13 mmHg, respectively
[13]. In five patients who had baseline and follow-up echocardiography, significant
improvements in diastolic function and reduction of interventricular septal thick-
ness at end diastole (IVSd) were noted [13].

23.3.2.3 The ROX CONTROL HTN Trial

The large reductions in OBP and ambulatory BP (ABP) noted in the small pilot study
encouraged the manufacturer of the device to design a larger proof of concept and
safety study. Results from the multicentre, randomised controlled ROX CONTROL
HTN trial were reported in late 2015 [14]. In this open label study, 83 patients were
randomised in a 1:1 fashion to receive usual care (medication continuation) or cen-
tral iliac AV anastomosis plus usual care until the primary end point analysis (OBP
and ABP) at 6 months. Patients with evidence of pulmonary hypertension and valvu-
lar heart disease and significant renal impairment (estimated glomerular filtration
rate <30 mL/min) were excluded from this study. A modified intention-to-treat anal-
ysis was undertaken in the 77 patients with complete data, and patients randomised
to usual care were offered coupler treatment after 6 months of follow-up [14].
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The trial population was significantly hypertensive, although hypertension spe-
cialists were managing most patients and there was no significant difference in
baseline characteristics. Severe hypertension was confirmed with OBP of
175/100 mmHg and daytime mean ABP of 160/95 mmHg despite taking on average
five medications. At 6 months, OBP and 24 h mean ABP were reduced by 27/20 and
14/14 mmHg, respectively, in the coupler group (p <0.0001 for all changes), whilst
in the control group there was no significant change in either (Fig. 23.5). In the
coupler group 26 % of patients had their medications reduced from baseline, whilst
in the control group 29 % of patients required an increase in antihypertensives.
However, BP analysis was performed independent of medication changes which
may have masked the true extent of coupler-related BP lowering [14].

In a subgroup of 16 patients who had prior renal denervation, there was highly
significant OBP and ABP reduction (34/22 mm Hg and 12/15 mm Hg, respectively)
at 6 months in the ten patients who had coupler therapy with no significant change
for either BP measure in the six patients assigned to the control group [14]. This
suggests that AV coupler therapy may be of benefit in cases where sympathomodu-
lation has failed, raising interesting questions about underlying mechanisms of
action which are addressed later in this chapter [15].
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Procedural adverse events were in keeping with what might be expected from a
novel interventional technology and included iliac artery dissection (n=1), contrast
reaction (n=1) and pain (n=2). Late, device-specific adverse events were exclu-
sively related to venous stenosis resulting in ipsilateral limb oedema in 29 % of
patients that was treated successfully by balloon venoplasty and stenting. It is argu-
able that venous stenosis would be an expected sequela of AV anastomosis, although
whether or not this is an acceptable price to pay for successful BP reduction would
depend on long-term outcomes from coupler therapy. However, it should be noted
that in the control group, there were five hospitalisations for hypertensive crisis
occurring within the primary analysis 6-month period, whilst there were none in the
intervention group confirming the very high risk these patients are at.

Several study limitations were noted by the triallists, the most important and
debatable of which was the lack of inclusion of a sham-control arm. Although the
arguments for use of sham control are persuasive and well rehearsed, in the case of
the AV coupler technology, a sham-controlled study may not be readily achievable
or necessary [16]. Firstly, as soon as the anastomosis is dilated and permitting AV
flow, simultaneous verification of successful implantation is possible using contrast
injection [8]. The concomitant and instantaneous reduction in BP obviates mean-
ingful contribution of the Hawthorne or placebo effect (see Fig. 23.4). Secondly, a
central iliac AV anastomosis gives rise to a palpable thrill in the ipsilateral groin that
is spontaneously reported by patients [8]. These caveats raise significant obstacles
to the design of a meaningful sham procedure for this technology.

Other limitations of note include the lack of testing of medication adherence in
the study in common with the majority of device and pharmacological intervention
studies in the field of hypertension [17]. However, as stated above, changes in medi-
cation cannot account for the immediate BP reduction seen post-coupler insertion.
A significant concern is that neither the immediate cardiovascular effects of the AV
coupler have been assessed in detail nor have the long-term consequences been
established. This is discussed further in Sect. 23.4 below.

23.4 Mechanisms of Action and Safety of the Device

23.4.1 Proposed Mechanism of Beneficial Haemodynamic Effects
in Hypertension

The regulation of the circulation and thus also arterial BP is a complex matter which
is beyond the scope of this chapter [18]. It has become increasingly apparent how-
ever that both mechanical aspects of circulatory control and the autonomic nervous
system regulation of BP have been somewhat neglected until very recently. Whilst
other therapies such as renal denervation and baroreflex activation and carotid body
modulation all intervene on the SNS at different points, a central iliac AV anastomo-
sis is thought to work by predominantly targeting mechanical aspects of the circula-
tion although there are undoubtedly some additional effects on neurohumoral
activity. Numerous mechanisms have been proposed that may be responsible for BP
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modulation after creation of such an AV anastomosis and have been extensively
reviewed elsewhere (see Table 23.1) [19, 20].

23.4.1.1 Mechano-circulatory Aspects

Although peripheral AV fistulae (AVF) are generally undesirable in man, they are
commonly created to provide vascular access in patients with end-stage renal dis-
ease (ESRD) for the purpose of haemodialysis (HD). In predialysis patients with
ESRD, formation and maturation of upper limb AVFs for HD was associated with
significant peripheral and central BP reduction and, in addition, a 17 % reduction in
SVR and a 19 % increase in cardiac output [21, 22]. The significant observed reduc-
tion in central BP and also aortic pulse wave velocity in this study supports the
notion that the creation of AVF leads to a reduction in arterial stiffness [23]. On the
other hand, closure of AVF in stable HD patients post transplantation is associated
with elevation in BP [24].

There is no precedent however for therapeutic use of an AV anastomosis target-
ing the central vasculature. The addition of a low-resistance, high-compliance cen-
tral venous segment in parallel to the proximal systemic arterial circulation leads to
a more substantial reduction in SVR than seen following peripheral AVF. Indeed, as
discussed earlier, in hypertensive patients with COPD, creation of a 4 mm central
iliac AV anastomosis resulted in BP lowering due to a 36 % reduction in SVR [10].
The 40 % rise in cardiac output that followed in these patients is due in part to

Table 23.1 Putative mechanisms whereby a central iliac AV anastomosis may lead to BP
reduction

Coupler-induced effect Mechanism of BP lowering
Mechano- Large reduction in SVR Vasodilatation
circulatory Reduced arterial stiffness Delayed reflected wave velocity
Reduced effective arterial Transfer of blood into proximal venous
volume circulation reduces BP without reducing
total blood volume
SNS/PNS Increased venous return Increased vagal tone and downregulation of
modulation causing left ventricular stretch sympathetic tone

Increased right atrial pressure Activates Bainbridge reflex to reduce renal
sympathetic activity and inhibit vasopressin

secretion
Increased mixed venous Increased arterial oxygen concentration and
oxygenation and lowered downregulation of chemoceptor drive with

pulmonary vascular resistance subsequent reduction in sympathetic
vasomotor tone
Increased tissue O, delivery, ~ Reduced renal afferent signalling and

e.g. improved renal reduced sympathetic vasomotor tone
oxygenation

Humoral Increased venous return Increased atrial natriuretic peptide inhibits
causing right atrial stretch renal tubular sodium reabsorption

Improved renal oxygenation  Reduced renin secretion

SVR systemic vascular resistance, SNS sympathetic nervous system, PNS parasympathetic nervous
system
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increased venous return (equivalent to the fistula flow rate of ~1 L/min) and also due
to the profound reduction in afterload leading to an increase in cardiac performance.
The increase in cardiac output is not sufficient to compensate for the change in SVR
and resultant engagement of neurohumoral mechanisms described below and hence
BP will fall [19].

The creation of a parallel low resistance venous circuit after coupler implantation
will lead to a reduction in effective arterial volume, which should attenuate the
anticipated elevation in cardiac workload arising from increased cardiac volumes
and output [25]. Arterial compliance (the reciprocal of arterial stiffness) will also
improve as a result of reduced afterload due to restoration of the Windkessel func-
tion of the aorta. This notion is supported by the finding that a reduction in carotid-
femoral pulse wave velocity following coupler implantation in a hypertensive
female 4 months post AV coupler insertion was largely independent of associated
BP lowering [26].

It is worth noting that reduction in effective arterial volume post-coupler inser-
tion is not accompanied by depletion of whole body volume. This contrasts with the
effects of diuretic therapy which affects the intracellular, interstitial and venous
capacitance compartments and is associated with concomitant increases in SNS
activity that may be responsible for attenuation of antihypertensive effect [27, 28].

23.4.1.2 Sympathomodulatory and Neurohumoral Aspects

Both SVR and pulmonary vascular resistance are significantly reduced following
central AV anastomosis formation [10]. The resultant increase in flow to the cardio-
pulmonary circuit will stimulate release of the potent vasorelaxant atrial natriuretic
peptide, which may further contribute to BP reduction by reducing renal tubular
sodium reabsorption [29]. Furthermore, increased venous return will cause stimula-
tion of right atrial baroreceptors, thus triggering the Bainbridge reflex, leading to
reduced renal SNS activity and decreased vasopressin secretion causing diuresis
[30, 31]. Increased venous return will also cause left ventricular stretch and conse-
quent activation of cardiac vagal mechanoceptors and downregulation of sympa-
thetic vasomotor tone [31].

In hypertensive patients with COPD, tissue oxygen delivery post-coupler was
increased by 32% (p<0.001) [10]. An increase in arterial oxygen concentration
should be expected due to increased venous oxygenation and improved pulmonary
vascular flow following central AV anastomosis [11]. This will also result in inhibition
of peripheral chemoceptor activity which has been demonstrated to have tonic hyper-
activity in patients with primary hypertension [32]. Furthermore increasing renal oxy-
genation will downregulate afferent SNS signalling from hypoxia-sensitive renal
chemoreceptors and should augment the BP lowering effects of the coupler [33, 34].

23.4.2 Safety Considerations Post-iliac AV Anastomosis

It is important to emphasise that a central iliac AV anastomosis is vastly different
from a peripheral AVF both in terms of the mechano-circulatory effects and also the
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patient population that are exposed to these devices [35]. Furthermore a peripheral
AVF is subject to repeated access for HD and not surprisingly is associated with
aneurysm formation, thrombotic and bleeding complications and infection [36].
Whilst failure of vascular access for HD is commonly reported [37], to date there
have been no reports of coupler migration post-implantation or of spontaneous clo-
sure of the anastomosis. A number of theoretical concerns exist however and it is
possible that others may emerge in the fullness of time [38].

23.4.2.1 Increased Cardiac Output and High Output Cardiac Failure

Experiments in canines nearly one century ago demonstrated that iatrogenic large
calibre AV anastomoses led to a significant, sustained reduction in BP, accompanied
by deleterious high cardiac output states [39, 40]. Later observations in humans
determined that in the case of spontaneous AVF development (for instance post-
traumatic), the distensibility of the fistula was critical to the development of high
output cardiac states which were generally reversible with fistula closure [41]. More
recently, upper limb AVF formation in patients with ESRD has been associated with
increased cardiac output, enlargement of cardiac chambers and deterioration in endo-
thelial function [42]. It should be noted that upper limb AVFs for HD are not fixed in
calibre and can progressively dilate with an associated increase in cardiac output.
However, development of high output cardiac failure following AVF is rare and
thought to only arise when fistula flow is very high (exceeding 2 L/min) and AVF
flow as a proportion of cardiac output exceeds 30 % [43]. The ROX AV coupler cre-
ates a fixed calibre anastomosis that can be upsized through further balloon dilatation
to a maximum diameter of 6 mm but is not capable of spontaneous expansion. With
current sizing of the central iliac AV anastomosis to 4 mm in diameter, resultant flow
rates of 0.8—1.2 L/min are most unlikely to result in cardiac decompensation [8].

23.4.2.2 Reduction in MAP with Preserved Pulse Pressure

Formation of a central iliac AV anastomosis results in similar reduction in both sys-
tolic BP and BP which would preserve pulse pressure and potentially reduce coro-
nary perfusion. Long-term surveillance post-coupler implantation will be essential
for safety purposes and also to demonstrate that the preservation of large pulse
pressure with lower mean arterial pressure is ultimately beneficial.

23.4.2.3 Ipsilateral Venous Stenosis

Venous neointimal hyperplasia giving rise to venous stenosis is a leading cause of
HD access failure in ESRD, with 2-year patency rates of only 51 %, and results in
substantial morbidity and hospitalisation in ESRD patients [37, 44, 45]. Ipsilateral
venous stenosis is also common following central iliac AV anastomosis and is likely
to represent a venous intimal response to turbulent flow, usually occurring just
upstream of where the coupler is implanted. This results in marked lower limb
swelling and discomfort with associated rise in BP, although venous stenting was
noted to resolve the issue in all cases [14]. It remains to be proven whether or not
further iteration of the device/implantation procedure or preemptive venous stenting
will be a means to obviate this complication in the future.
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23.4.2.4 Ipsilateral Lower Limb Swelling
Ipsilateral limb oedema is seen in the majority of patients post-coupler therapy and
is likely to arise due to venous hypertension consequent upon increased venous
return and may be aggravated by concomitant use of vasodilator antihypertensives.
Compression stockings are advised in all patients postprocedurally and are effective
in minimising lower limb swelling.

Strategies for optimal management of persistent swelling in the absence of
venous stenosis are likely to also involve the use of diuretics.

23.5 Future Directions

AV coupler therapy is in the early stages of its development as an antihypertensive
strategy, and much remains to be done to build a new clinical paradigm for its use in
routine practice. The emergence of this therapy has coincided with a growing rec-
ognition from the cardiovascular community that device trials of hypertension are
not straightforward and that much more rigorous trial design and meticulous execu-
tion will be mandatory if any devices are to have a place in hypertension treatment
guidelines of the future [46, 47]. As such a US-based pivotal trial of the ROX
Coupler is in development with likely requirement for a sham-control procedure
even though this may prove a challenge for reasons elucidated earlier [48].

A global registry (RHO3) is now well under way with the aim of recruiting 100
patients with drug resistant hypertension ({ARHTN) who will be subject to long-term
surveillance for efficacy and safety (ClinicalTrials.gov: NCT01885390). The regis-
try aims to broaden the scope of this particular device therapy and thus will permit
the enrolment of other hypertension phenotypes, including those with multidrug
intolerance for whom alternative treatment strategies are exceedingly limited [49].
In addition, extensive invasive haemodynamic assessment pre- and post-coupler
insertion will be performed at some sites in tandem with detailed cardiac structural
evaluation (with magnetic resonance imaging) to better understand the ensuing car-
diac adaptations. The use of autonomic studies to evaluate sympathetic and para-
sympathetic function in conjunction with noninvasive, haemodynamic assessment
is ongoing in RHO3 patients in our centre and may shed further light on the underly-
ing mechanisms of coupler action.

Early evidence suggests that augmented venous return post-coupler insertion
may prevent vasodepressor syncope [50]. This approach is now being formally
tested in a clinical trial (ClinicalTrials.gov: NCT02388087). Therapeutic use of
central AV anastomosis is also under evaluation as an adjunct to AF ablation in
patients with paroxysmal atrial fibrillation (ClinicalTrials.gov: NCT02243891).

Several opportunities to improve device efficacy and enhance safety are appar-
ent. One possibility is to have a conduit of variable diameter to permit alterations in
coupler flow that can be titrated against BP response and adverse effects. It would
be desirable also to see procedural/device enhancements that minimise venous tur-
bulence and subsequent neointimal hyperplasia and thereby reduce the incidence of
venous stenosis. Finally, and from a converse standpoint, our understanding of the
mechanism of action of the coupler would be better informed if detailed
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characterisation of post-coupler cardiovascular adaptations is not restricted solely to
those for whom coupler therapy has been successful in reducing BP but also includes
the small proportion of non-responders.

23.6 Summary

A novel device which forms a central iliac AV conduit via a proprietary anastomotic
coupler now joins the armamentarium of interventional therapies to control blood
pressure. At present the precise mechanisms of action are unproven although its
effects are likely to be predominantly related to mechano-circulatory improvement
in SVR and arterial compliance. However, given the significant effects on cardiac
volumes and on central venous oxygenation, there are likely to be sympathomodu-
latory responses in addition. The limited clinical trial data thus far accumulated
suggest the prospects for this technology are encouraging although longer-term
safety and efficacy data are yet to emerge. Much larger scale randomised clinical
trials, possibly sham controlled, will be mandated before this therapy can be adopted
as a standard of care.
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