New therapeufic opftion for therapy
of refractory arterial hypertension:
renal denervation

Arterial hypertension represents a major risk factor for cardiovascular morbidity. Hypertension is classified
as being resistant if there is an insufficient reduction in systolic and diastolic blood pressure, despite the
intake of at least three antihypertensive drugs of different classes, including diuretics. The persistence of
hypertension is partly regulated by the renal sympathetic nervous system, and renal denervation therefore
represents a new treatment option. The reduced sympathetic activity also has a positive effect on glucose
metabolism, including increased insulin production, as well as on sleep apnea. However, a small percentage
of patients (8—16%) do not respond to renal sympathetic denervation. It is still unclear which parameters
or biomarkers can identify patients who will benefit from this therapeutic option.
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Arterial hypertension represents a major risk fac-
tor for cardiovascular morbidity. The incidence of
arterial hypertension in Europe is approximately
45%; however, there may be a large number of
unreported cases. A total of A total of 5-15%
of these patients have therapy-resistant arterial
hypertension. This is defined as an insufficient
reduction of systolic and diastolic blood pres-
sure, despite treatment with at least three classes
of antihypertensive drugs, including diuretics,
at the maximum permissible doses, along with
lifestyle changes [1.2]. The persistence of hyper-
tensive blood pressure is partly regulated by the
renal sympathetic nervous system [3.4]. Thus,
renal sympathetic efferent and afferent nerves
(Th10-L1), within and surrounding the walls
of renal arteries, play a role in arterial hyper-
tension [s-8]. The afferent sympathetic system is
activated by rising adenosine levels and affects
regulation of the neurohumoral axis by the
CNS. The efferent sympathetic nervous system
regulates renin release and renal blood flow. In
addition, sympathetic activity modulates glucose
metabolism and insulin sensitivity [9].

In the 1950s, a radical surgical method was
developed for thoracic, abdominal and pelvic
sympathetic nerve denervation. This method was
successful in lowering blood pressure; however, it
was associated with high perioperative morbid-
ity and mortality [10]. Percutaneous renal sympa-
thetic denervation is currently an interventional
treatment option for patients with therapy-resist-
ant arterial hypertension [11]. In this procedure,
the sympathetic nervous system is modulated by
selective denervation through radiofrequency
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(RF) ablation [12,13]. Before treatment, it is nec-
essary to exclude a secondary origin of hyper-
tension, including stenosis of the renal arteries
and primary hyperaldosteronism. Imaging of the
renal arteries can exclude hemodynamic stenosis
or an abnormal anatomy of the arteries, while
hormonal diagnostics are able to detect pri-
mary hyperaldosteronism, pheochromocytoma
and Cushing’s syndrome. To rule out pseudo-
resistance, taking ambulatory blood pressure
measurements is recommended [11].

Renal denervation procedure

Percutaneous sympathetic renal denervation is
performed using a transfemoral approach with
a 6-F sheath via the femoral artery. The cath-
eter is then advanced to the renal arteries. The
procedure is performed using a specific abla-
tion catheter (Symplicity® Catheter System™,
Ardian, Medtronic Inc., CA, USA), with an
electrode on the tip for ablation. The catheter
is connected to a RF generator. The diameter of
the renal artery must be at least 4 mm and the
length atleast 20 mm to avoid damage due to the
temperature. The first RF ablation point should
be placed proximal to the first bifurcation of the
renal arteries. The catheter should be retracted
by approximately 5 mm and the single ablation
points will be set in a circumferential formation.
In total, depending on the anatomical condi-
tions, RF ablation will be performed four to six
times within each renal artery (Ficure 1), in the
anterior, superior, posterior and inferior posi-
tions across the full circumference. The power
delivery is controlled by a connected generator
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Figure 1. Angiography images presenting the ablation catheter inside the
left renal artery. The catheter was advanced to the renal artery using a
transfemoral approach and a 6-F sheath.

and limited to a maximum of 8 W and 40-70°C.
The time for energy delivery is limited to 2 min.
Systemic anticoagulation is necessary during the
intervention and patients are treated with acetyl-
salicylic acid (100 mg), as an antiplatelet therapy,
for 3 months.

Clinical trials

B Proof of principle study (HTN-1)

The safety and effectiveness of catheter-based
sympathetic renal denervation was approved by
a proof-of-principal study (HTN-1) [14). The
procedure was assessed in 45 patients and no
complications occurred in 43 of them. Patients
developed diffuse visceral pain due to the energy
application; therefore, they were treated with
narcotics and sedative drugs during the proce-
dure. One patient underwent a renal arterial dis-
section during catheter placement and another
patient had a pseudoaneurysm at the femoral
artery. After the application of energy, focal ede-
mas occurred at the renal arteries, which were not
flow limiting. Single ablation points were applied
in a circumferential formation to prevent blood
flow limitations. After a period of 6 months,
no stenosis of the renal arteries was detected
by magnetic resonance angiogram. There
was a significant reduction in systolic blood
pressure (SBP), defined as >10 mmHg, after
4 weeks that was sustained for 12 months (after
1 month: -14 mmHg; 3 months: -21 mmHg;
6 months: -22 mmHg; 9 months: -24 mmHg;
and 12 months: —27 mmHg) (Ficure 2). In
addition to the office blood pressure measure-
ment, ambulatory 24 h blood pressure values
were measured in 20 patients. The differences
between measuements using these two methods

were documented after 12 months (office SBP
reduction: 27 mmHg vs 24 h SBP reduction:
11 mmHg). There was no heart rate change
compared with baseline at any time point [14].

Effects on blood pressure

B Symplicity Il (HTN-2)

The blood pressure-lowering effect was fur-
ther investigated by an international, rand-
omized multicenter study. This study enrolled
106 patients with a systolic blood pressure of
>160 mmHg (>150 mmHg for patients with
Type 2 diabetes mellitus) despite intake of at least
three antihypertensive drugs (including diuret-
ics), at the maximum tolerable doses [11]. A total
of 49 patients were randomized into the denerva-
tion group. Office blood pressure, creatinine and
cystatin C were measured at the 4-week and 3-
and 6-month follow-ups. In addition, the kidney
arteries were imaged by ultrasound, MRI or CT
angiogram at 6 months follow-up [11].

The systolic blood pressure was significantly
reduced at all follow-up time points in more than
84% of the patients (Ficure 3). Blood pressure was
reduced 20 mmHg at 4 weeks, 24 mmHg at
3 months and 32 mmHg 6 months after renal
denervation when using office blood pressure
measurements. In 20 patients, ambulatory
24-h blood pressure measurements were made
to document differences in the 6-month blood
pressure assessment, which was revealed to vary
substantially depending on the measurement
method used (difference of 21/5 mmHg at the
6-month follow-up) [11]. The authors explained
in a letter of correspondence that these differ-
ences may have occurred owing to incomplete
blood pressure data and that 24-h blood pres-
sure measurements were only completed in 20 of
49 patients. Data deficiency could have caused
the mean ambulatory blood pressure values to
become biased. It is also common that ambula-
tory clinical blood pressure changes are often
lower than office blood pressure changes [12]. No
serious complication was reported after the pro-
cedure. Imaging of the renal arteries 6 months
after the denervation showed no evidence of
renal artery stenosis, aneurysmatic dilatation or
damage. However, one patient had an athero-
sclerotic lesion that may have progressed, but did
not require intervention. The stenosis was not
at a location where RF was applied [10.11]. There
were no changes in renal function observed,
even in cases with moderately reduced renal
function, which suggests the procedure was safe.
Renal denervation selectively reduced the effer-
ent sympathetic activity, which was confirmed
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by a reduction of the noradrenalin levels in the
spillover measurement. A following study dem-
onstrated a significant blood pressure reduction
in patients who were initially randomized to the
control group and crossed over to the renal den-
ervation group after 6 months [1s].

The persistence of the blood pressure-lowering
effect was then examined and the blood pres-
sure reduction was sustained for an observa-
tion period of 24 months [16]. This long-term
proof-of-principle study included 153 patients.
The inclusion and exclusion criteria were chosen
according to the Symplicity HTN-2 Trial and
the primary end point was a significant change in
office blood pressure measurements. Follow-up
visits were set for 1, 3, 6, 12, 18 and 24 months
(15]. However, only 18 patients were observed for
the full 24 months. Regarding the blood pres-
sure-lowering effect, the mean SBP was reduced
after renal sympathetic denervation at all time
points (4 weeks: 20/10; 3 months: 24/11;
6 months: 25/11; 9 months: 23/11; 12 month:s:
26/14 and 24 months: 32/14 mmHg) (FIGURE 4).
The use of central sympatholytic medications
and an increased SBP before renal denervation
were identified as predictors for significant blood
pressure reduction. Sympathetic reinervation
was considered to attenuate the long-term effect
of blood pressure reduction after renal denerva-
tion [14]. Nerval regrowth of sympathertic fibers
was described after heart transplantation [15].
However, regrowth of renal sympathetic nerve
fibers has not been previously described in
humans [17]. Furthermore, the consistent blood
pressure reduction over a time period of 2 years
makes renal sympathetic reinnervation less
likely. Furthermore, there were no major com-
plications reported, such as stenosis, aneurysm
or cholesterol emboli after a post-interventional
time period of 24 months [18].

The results of this long-term proof-of-concept
study were limited because there was no com-
parison with a control group and only a small
number of patients were followed for the full
24 months [18]. Yet the blood pressure reduc-
tion observed was consistent with the findings
of the HTN-1 and HTN-2 Trials at 3, 6 and
12 months after renal denervation; therefore, the
authors suggested the results would be similar
if a greater number of patients had reached the
24-month follow up [18].

Recently presented data exposed that patients
who were initially considered to be nonrespond-
ers finally responded after a follow-up time of
3 years (blood pressure reduction of >10 mmHg)
(19]. A significant reduction of blood pressure
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variability was shown at 24-h ambulatory blood
pressure monitoring at 6 months after the renal
denervation procedure [20].

B Symplicity Il (HTN-3)
The Symplicity HTN-3 study — a prospective,
randomized, single-blind, masked procedure
trial — will be published soon [21]. Primary end
points will be defined as changes in office systolic
blood pressure reduction at a 6-month follow-up.
Furthermore, major adverse events such as all-
cause mortality, end-stage renal disease (estimated
glomerular filtration rate < 15 ml/min/m? or need
for renal replacement therapy), significant embolic
events with end organ damage and renal artery
perforation and/or dissection requiring interven-
tion, as well as vascular complications requiring
surgical repair, will be examined. Patients will
be blinded and procedural pain will be treated
with opiates and sedatives. Subjects will not be
informed about procedural details and duration of
the procedure. In the renal denervation group, the
procedure will be performed according to stand-
ard clinical practice and controls will undergo
only an angiography of the renal arteries [21].
More international trials on heart failure, insu-
lin resistance, chronic kidney disease and end-
stage renal disease, as well as sleep apnea, will be
expected in the near future.

Physiological background

The effects of the CNS on the kidneys are regu-
lated by efferent and afferent sympathetic fibers
that are located within and around the walls of
the renal arteries. The efferent sympathetic fib-
ers increase the renin secretion and activate the
renin-angiotensin—aldosterone system, leading to
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Figure 2. Blood pressure reduction at 1, 3, 6,
denervation in the HTN-1 study.
Adapted with permission from [14].
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Figure 3. Proportion of patients with changes in systolic blood pressure in the renal
denervation and control groups after 6 months of follow-up in the HTN-2 study.

SBP: Systolic blood pressure.
Adapted with permission from [11].

water and sodium retention. The afferent sympa-
thetic fibers, activated from renal mechano- and
chemo-receptors, influence the general sympa-
thetic activity via feedback mechanisms involv-
ing the vascular tone [3-5.8]. Furthermore, the
sympathetic nervous system modulates glucose
metabolism, insulin sensitivity and metabolic
syndrome. Regarding this aspect, the sympa-
thetic nervous system induces gluconeogenesis,
increases glucagon secretion and aggravates the
glucose tolerance. Insulin itself increases the
sympathetic activity. The effect of moxonidin
on glucose metabolism was previously described.
Owing to reduced sympathetic activity, moxo-
nidin influences glucose metabolism and con-
sequently affects diabetes mellitus. After renal
denervation, reduction of sympathetic activity
was detected by the noradrenaline spill-over
measurement [14]. Hence, the positive effect of
the renal denervation on glucose metabolism
could be shown; however, the exact mechanism
has not yet been identified. Further clinical trials
need to be conducted.

As obstructive sleep apnea syndrome (SAS)
is thought to be caused by an activated sym-
pathetic system or sympathetic overdrive, the
effect of renal denervation on the syndrome was
examined [22], although no mechanism has been
identified as of yet. It is hypothesized that chronic
fluid overload aggravates sleep apnea. Thus, a
reduction of the efferent sympathetic activity
by renal denervation will reduce the total body
fluid and the venous pooling, and alleviate the
severity of SAS. In addition, renal denervation
modulates the central control of baroreceptor and
chemoreceptor activity and is considered to influ-
ence sleep apnea [22]. Furthermore, the reduced
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sympathetic activity affects the central ventila-
tory and airway control. While these mechanisms
seem to play a role in the maintenance of SAS,
the exact mechanisms are still unclear.

Effects on glucose metabolism
Resistant arterial hypertension is associated with
metabolic comorbidities, such as insulin resist-
ance and dysregulation of glucose metabolism
due to sympathetic over activity. After renal den-
ervation, sympathetic activity was reduced and
positive effects on glucose metabolism, such as
insulin production associated with blood pres-
sure reduction, were observed in a prospective
study that included 50 patients [9]. The inclusion
and exclusion criteria were equal to those in the
HTN-2 Trial and 37 patients were randomized
to the treatment group. Fasting glucose, insulin,
C-peptide and HbAIc were measured before, as
well as 1 and 3 months after, renal denervation.
The oral glucose tolerance test was performed
1 and 3 months post-procedure. The treatment
group demonstrated a significant reduction in
fasting glucose after 3 months (118 + 3.4 mg/dl
to 108 + 3.8 mg/dl; p = 0.039). Furthermore,
insulin levels decreased (from 20.8 + 3 pIU/ml to
9.3 +2.5 pIU/ml; p = 0.006) along with C-peptin
levels (from 5.3 + 0.6 ng/ml to 3.9 + ng/ml;
p = 0.002). In comparison, no significant dif-
ferences were observed in the control group after
the 3 months of follow-up [9].

Effects on renal function

Investigations on renal denervation excluded
patients with progressive chronic kidney dis-
ease (estimated glomerular filtration rate
<45 ml/min/1.73 m2) because of potential kidney
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damage after ablation [11]. Based on our own
experience, the renal function (estimated glomer-
ular filtration rate) tends to increase. However,
it is unknown whether this is an effect of the
blood pressure reduction or a direct effect of the
reduced sympathetic nerve system of the kid-
neys. Cholesterol emboli or thermal damage did
not appear or were not described [18]. In a recent
study, KIM-1, a sensitive, specific and highly pre-
dictive marker for damage of the proximal renal
tubule system, was examined to analyze acute
kidney injury after renal denervation. KIM-1
did not increase after renal denervation (base-
line: 0.86 ng/ml [interquartile range: 0.52-1.88];
second day: 0.83 ng/ml; at 4 weeks: 0.91 ng/ml
[interquartile range: 0.63—1.35]; p = 0.29), which
suggests that the denervation procedure does not
lead to functional and structural kidney injury
(FIGURE 5) [23].

Effects on sleep apnea

Obstructive SAS is associated with cardiovascular
risk factors, such as resistant hypertension, insulin
resistance and metabolic syndrome, as well as with
cardiovascular diseases. It was considered that
obstructive SAS could be a consequence of; as well
as a reason for, increased sympathetic activity [22].
Obstructive SAS is reported to occur in <80% of
patients with resistant hypertension [24-27].

A recent study showed that there is a correla-
tion between reduced blood pressure levels and
improvements in sleep apnea [25]. In this study,
the diagnosis of SAS was made by a standard
attended polysomnography according to the
standard criteria of the American Academy
of Sleep Medicine Task Force. The electro-
encephalogram, electrooculogram and electro-
myogram of chin muscles, as well as an ECG were
simultaneously recorded. The apnea/hypopnea
index (AHI) was calculated using the number of
apneic and hypopneic episodes per hour of sleep
and the oxygen desaturation levels. Obstructive
SAS was diagnosed in eight of the ten included
patients, and two patients had mixed SAS.
According to the AHI, five patients had mild
SAS (AHI < 15 per h) and five patients had
moderate SAS (AHI > 15 per h). After 3 months
of follow-up, no significant changes in AHI
were observed, although there was a tendency
(p = 0.059) towards an improvement in AHI
at 6-month follow-up in eight of ten patients.
However, no changes were observed in the oxy-
gen desaturation index. A significant correlation
was found between an improvement in AHI and
daytime/night-time blood pressure reduction in
the 24-h ambulatory period [22).
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The association between catheter-based blood
pressure reduction and improvement in sleep
apnea has not yet been evaluated and the mecha-
nism for the positive effect on SAS after renal den-
ervation was not identified in the observational
study discussed above. It was suggested that the
reduced fluid retention after renal denervation
might play an important role. Blood pressure
reduction might affect SAS and reduced sympa-
thetic activity could potentially affect the central
ventilatory and airway control mechanisms.

Effect on the

cardiorespiratory response

Reduced SBP was demonstrated during exer-
cise after renal denervation [27]. Therefore,
cardiopulmonary exercise was evaluated in 46
patients and the following vital parameters were
recorded: heart frequency and rhythm by 12 lead
ECGs, maximum work rate, peak oxygen con-
sumption and oxygen uptake at the anaerobic
threshold, minute ventilation, ventilatory effi-
ciency for carbon dioxide (VE/VCO,) slope, and
the respiratory exchange ratio. The maximum
work rate increased slightly, along with a reduced
SBP during the exercise stages. Furthermore, the
heart rate recovery improved compared with the
baseline and dysregulation of blood pressure or
heart rate did not occur after blood pressure
adaption. Despite a slight improvement in the
maximum work rate, oxygen consumption (VO,
peak) was not significantly altered. In addition,
there were no changes in minute ventilation or
ventilatory efficiency after renal denervation [27].
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Figure 4. Reduction of systolic and diastolic blood pressure after renal

denervation for up to 24 months.
Adapted with permission from [18].
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structural kidney injury.
Adapted with permission from [23].

Effect on left ventricular function

& remodeling

The effect of the sympathetic denervation on left
ventricular (LV) function and hypertrophy was
evaluated in a recent study [28]. Transthoracic
echocardiography was performed in 64 patients,
at baseline and after 1- and 6-month follow-
ups. A total of 18 of 46 patients that under-
went renal denervation were compared with
a control group. The LV mass was calculated
using the Devereux formula and indexed to the
body surface area [29.30]. In addition, the relative
wall thickness was measured. In the treatment
group, the LV mass index significantly decreased
from baseline at 3- and 6-month follow-up (p
< 0.001). LV hypertrophy was most evident
when there was regression of the LV mass, and
the LV mass index was noticeably reduced. The
systolic LV function significantly improved
after renal denervation and was associated with
a significant increase in the LV ejection frac-
tion (baseline: 63.1 + 8.1% vs 70.1 + 11.5% at
6 months; p < 0.001) 28. In addition, diasto-
lic dysfunction, myocardial relaxation and end
diastolic pressure improved after renal denerva-
tion. These parameters indicate that the renal
sympathetic denervation had a positive effect on
cardiac remodeling and a prognostic benefit in
patients with therapy-refractory arterial hyper-
tension. An improvement in the diastolic func-
tion was observed in correlation with regression
of the LV mass [29].

Cardiology (ESC). Eur. Heart J. 28,
1462-1536 (2007).

Conclusion

Renal denervation, by selective ablation of the
renal sympathetic efferent and afferent nervous
systems, represents a new treatment option for
patients with resistant arterial hypertension. In
addition to the blood pressure reduction, the
reduced sympathetic activity also had positive
effects on glucose metabolism, such as insulin
production, and sleep apnea. It was demonstrated
that the blood pressure reduction was sustained
for an observation period of 24 months. No
major complications, such as stenosis or aneu-
rysm of the renal arteries or cholesterol emboli,
were described. This new therapy option had no
effect on some patients (8—-16%) and predict-
ing parameters have not yet been described in
detail for nonresponders. It is still unclear which
parameters or biomarkers can identify patients
who will benefit from renal denervation. Further
clinical trials in a large population are necessary
to obtain a better understanding of these issues.
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