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Abstract
Achievement of blood pressure targets in hypertensive patients is a challenge for clinicians despite the different classes 
of drugs currently available. For this reason, taking advantage of the technological progress, new interventional strate-
gies have been proposed. Each of these approaches acts on autonomic and vascular regulation, critical components of 
hypertension pathophysiology with the aim to recalibrate aberrant sympathetic activation and vascular dysfunction. Renal 
artery denervation is the only modality currently supported by guideline recommendations in selected patients. Baroreflex 
activation therapy, and carotid body modulation, thanks to good experimental results, are under evaluation as promising 
strategies. Concurrently, newer modalities, such as deep brain stimulation, cardiac neuromodulation, and arteriovenous 
shunts, are emerging with promising early data. The present narrative review provides an overview of interventional 
treatments for hypertension, describing their efficacy, mechanism of action, safety, and side effects. As clinical research 
progresses, there is the possibility that these techniques will emerge as promising treatment options for patients with 
resistant hypertension in the near future.
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interventions strive to recalibrate aberrant sympathetic acti-
vation and vascular dysfunction [3, 4]. The trajectory from 
early enthusiasm to evidence-driven refinement under-
scores the iterative nature of this field, where technologi-
cal advances and rigorous clinical evaluation continuously 
reshape therapeutic paradigms.

Key interventions, including renal artery denervation 
(RDN), baroreflex activation therapy, and carotid body 
modulation, have progressed from experimental concepts to 
clinically evaluated strategies. Concurrently, newer modali-
ties, such as deep brain stimulation, cardiac neuromodula-
tion, and arteriovenous shunts, are emerging with promising 
early data [4, 5]. Each of these approaches presents unique 
physiological rationales and technical challenges, reflecting 

1  Introduction

Hypertension remains the foremost modifiable risk fac-
tor for cardiovascular (CV) morbidity and mortality, yet 
conventional pharmacotherapy often fails to achieve ade-
quate blood pressure (BP) control in a substantial subset of 
patients [1].This therapeutic gap has catalyzed the develop-
ment of interventional strategies that target the autonomic 
and vascular underpinnings of hypertension, signaling a 
paradigm shift in its management [2].

The last decade has witnessed a resurgence of device-
based therapies, challenging traditional dogma and rede-
fining treatment-resistant hypertension. Grounded in 
mechanistic insights into neurovascular modulation, these 
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the complexity of autonomic and vascular regulation in 
hypertension pathophysiology.

Despite growing evidence supporting interventional strat-
egies, critical questions remain regarding optimal patient 
selection, procedural durability, and long-term safety. Cur-
rent guideline recommendations are evolving as newer tri-
als provide refined insights into their comparative efficacy 
and integration with existing pharmacological regimens [5, 
6]. The need for precision medicine in hypertension man-
agement has never been greater, necessitating a multidisci-
plinary approach that aligns cutting-edge interventions with 
individualized patient profiles [7].

The present narrative review synthesizes the state of 
knowledge in hypertension management, critically evalu-
ating the mechanistic underpinnings, procedural refine-
ments, and clinical outcomes of interventional therapies. By 
contextualizing their role within contemporary treatment 
frameworks, we aim to delineate the trajectory of device-
based hypertension management, bridging the gap between 
innovation and clinical implementation (Fig. 1).

2  Search Methodology

References for this narrative review were identified by a 
PubMed electronic database search, with data extraction 
from 1 January 2010 to 30 January 2026. A combination 
of Medical Subject Heading (MeSH) terms and non-MeSH 
terms was used, including hypertension interventional treat-
ment, renal artery denervation, baroreflex activation ther-
apy, endovascular baroreflex amplification, carotid body 
ablation, cardiac neuromodulation therapy, deep brain stim-
ulation, arteriovenous shunts and sphenopalatine ganglion 
block. All selected articles were in English and were peer-
reviewed. Reference lists of selected publications were also 
searched. As in all narrative reviews, selection bias cannot 
be excluded.

3  Renal Artery Denervation (RDN)

3.1  Rationale

Since the sympathetic nervous system overactivity underlies 
the pathophysiology of hypertension, RDN with the inter-
ruption of renal sympathetic nerves appeared as a promis-
ing solution providing a sustainable BP-lowering effect [8, 
9]. The activation of sympathetic efferent nerves along the 

Fig. 1  Interventional treatment of arterial hypertension.
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vascular and parenchymal renal structures leads to renin 
release, fluid retention and increased renal vascular resis-
tance [9, 10]. Concomitantly, afferent renal sensory nerves 
modulate sympathetic outflow to the periphery through the 
hypothalamic paraventricular nucleus in the brain [10]. The 
interruption of both nerve types is necessary to mediate the 
effects of RDN on the CV system [11].

Three types of RDN are currently available [12–14] 
with long-lasting results [8]. Besides BP lowering, possible 
benefits have been suggested in patients with heart failure 
(HF) and increased sympathetic activity  [15]. However, 
several aspects of RDN remain to be reconsidered, such 
as the modest treatment effect together with the high cost 
and the possibility of variable response among individu-
als. Additionally, long-term safety and the risk of rebound 
hypertension in case of late procedural complications need 
to be time-tested [8].

3.2  Procedure

RDN is a minimally invasive procedure aimed at disrupt-
ing the sympathetic nervous system to reduce hypertension, 
particularly in patients with treatment-resistant essential 
hypertension. The procedure involves catheter-based deliv-
ery of radiofrequency or ultrasound energy to ablate the 
renal sympathetic nerves located in the adventitia of the 
renal arteries. This intervention is performed under local 
anesthesia, typically via a femoral artery approach, and is 
guided by fluoroscopy, with the use of intravascular ultra-
sound or angiography for precise catheter placement. The 
main goal of RDN is to reduce systemic BP by interrupting 
the overactive sympathetic signaling associated with hyper-
tension, which can contribute to a range of CV and renal 
complications.

3.3  Patient Selection

Patient selection for RDN is critical to ensuring optimal out-
comes. Ideal candidates include those with treatment-resis-
tant hypertension, defined as BP remaining above target 
despite the use of at least three antihypertensive medica-
tions, including a diuretic [16]. It is important to exclude 
patients with secondary hypertension, such as hyperaldo-
steronism or pheochromocytoma. Additionally, patients 
with significant renal artery stenosis, renal failure, or poorly 
managed CV comorbidities should not undergo RDN, as 
these conditions may compromise the procedure's safety 
and efficacy. Recent clinical trials, such as the SYMPLIC-
ITY HTN-3 trial, have highlighted the importance of select-
ing patients who are likely to benefit from the sympathetic 
blockade, as the procedure‘s efficacy can vary depending 

on the individual’s baseline sympathetic tone and comorbid 
conditions[17].

4  Types of RDN

4.1  Radiofrequency Method

The radiofrequency (RF) method is the most widely used 
technique in renal artery denervation. It involves the appli-
cation of RF energy through a catheter placed in the renal 
artery. The catheter emits heat, which ablates the sympa-
thetic nerve fibers in the renal artery wall, thereby reducing 
sympathetic activity. The procedure is typically performed 
using a multi-electrode catheter, allowing for the delivery of 
RF energy at multiple points along the renal artery.

The most notable trial investigating this method is the 
SYMPLICITY HTN-3, a randomized, sham-controlled 
study that enrolled 535 patients with resistant hypertension 
[15]. While it initially failed to demonstrate a significant 
BP reduction compared with sham at 6 months, the trial 
revealed critical lessons regarding patient selection, opera-
tor experience, and medication adherence, which shaped the 
design of subsequent studies [15]. Later trials incorporat-
ing these insights have shown more consistent efficacy of 
RF-based renal artery denervation in appropriately selected 
patients [17].

4.2  Ultrasound-Based Method

The Paradise catheter (ReCor Medical, Palo Alto, CA) is an 
endovascular device that delivers circumferential ablation to 
both afferent and efferent renal nerves using high-frequency 
ultrasound, without requiring contact with the arterial 
wall [16]. This feature enhances the safety and efficacy of 
RDN [18]. The catheter was used in the RADIANCE-HTN 
SOLO trial, in which ultrasound-based RDN significantly 
reduced 24-h ambulatory systolic BP in 146 untreated 
patients compared with sham control [18]. A meta-analysis 
of 13 randomized trials on 2285 patients showed that both 
RF and ultrasound-based RDN lower BP, with ultrasound 
showing greater reductions of BP during 24h ABPM (ME 
2.4 mmHg, 95%CI 0.09–4.71) [17]. A direct comparison 
trial is needed.

4.3  Alcohol-Mediated Method

Alcohol-mediated RDN was first introduced in 2016 and 
has since been evaluated in two sham-controlled, random-
ized, blinded trials - with and without concurrent antihy-
pertensive medications [12–14]. The technique relies on the 
chemical ablation of renal nerves using absolute alcohol, 
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which induces cellular dehydration, protein denaturation, 
and inflammation leading to neurolysis.

The procedure is performed using the Peregrine System 
Kit (Ablative Solutions, San Jose, CA, USA), designed for 
renal arteries 4-7 mm in diameter. Three micro-needles posi-
tioned 120° apart deliver alcohol circumferentially into the 
perivascular space at a penetration depth of approximately 
3.5 mm. A single 0.6 mL injection is administered per renal 
artery over 2-3 minutes, with a maximum of 1.2 mL per side 
if accessory arteries are treated. The total dose per subject 
should not exceed 2.4 mL. This approach has demonstrated 
significant BP reductions and acceptable safety profiles in 
early studies [12–14].

4.4  Current Evidence

RDN is currently included in the hypertension treatment 
algorithm [10, 19]. It is evaluated through 4 key pillars: (i) 
efficacy, (ii) durability, (iii) safety, and (iv) indications (Fig. 
2).

4.4.1  Efficacy

Randomized sham-controlled trials proved that RDN low-
ers 24-h BP, independently of medication effects [5, 13]. 
This “always on” benefit is important for patients with poor 
adherence [5]. RDN may have a positive impact on target-
organ damage but current evidence suggesting regression 
of left ventricular hypertrophy and improvement in cardiac 
structure even if encouraging, remains based on relatively 
limited datasets and surrogate endpoints [20, 21]. RDN is 
under investigation as an adjunct therapy in sympathetic 
overactivity conditions, including atrial fibrillation. In a 
randomized trial of 302 patients with atrial fibrillation and 
uncontrolled hypertension, RDN plus catheter ablation 
reduced arrhythmia episodes (HR 0.57; 95% CI 0.38 to 
0.85; P =.006) [22].

4.4.2  Durability

BP reduction was sustained for ≥3 years [5, 13], with Global 
SYMPLICITY Registry data suggesting durability for up to 
10 years [23].

Fig. 2  Current evindence on renal denervation therapy
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4.4.3  Safety

Procedure-related issues include access-site complications 
(e.g., bleeding), renal artery events (e.g., dissection), and 
contrast-induced kidney injury. These can be minimized 
with ultrasound guidance, proper technique, stenting, and 
adequate hydration [13].

Additional considerations [19]:

	● Most patients still require medication post-RDN.
	● Cost-effectiveness remains uncertain.
	● No proven reduction in CV events.
	● The procedure is irreversible.
	● Procedural success and reinnervation cannot currently 

be verified.

4.4.4  Indications

RDN may be considered in experienced centers for patients 
with resistant hypertension or high-risk individuals with 
uncontrolled BP who accept intervention after shared deci-
sion-making [10, 19] (Table 2).

5  Baroreflex Activation Therapy

5.1  Rationale

Arterial baroreceptors located in carotid arteries are respon-
sible for regulating BP. When BP rises, they stretch, which 
sends a signal to the medulla oblongata with a subsequent 
efferent message to lower sympathetic tonus, with a cor-
respondent drop in heart rate, systemic vascular resistance 
and renin production, thereby decreasing BP in the short 
and long term [24, 25]. Patients with chronic hypertension 
seem to have a higher threshold for baroreceptor activa-
tion, which allows for higher values of BP [26]. Electrical 
impulses that simulate the afferent stretch signals and, thus, 
cause a drop in BP are appealing and have been tested for 
several years [7].

5.2  Procedure

There are 2 main devices for baroreceptor activation, requir-
ing different procedures. The CVRx Rheos device (CVRx, 
Minneapolis, MN, USA) has a RF programmer, a pulse gen-
erator that is surgically implanted in a procedure similar to 
endarterectomy and 2 leads that are implanted subcutane-
ously near the carotid sinuses [27]. The second-generation 
CVRx Barostim Neo (CVRx, Minneapolis, MN, USA) has 
several improvements over the Rheos device since the gen-
erator is smaller and allows for less invasive implantation, 

has a longer-lasting battery life and a sole lead placed uni-
laterally [28].

5.3  Current Evidence

The first study using the Rheos pacemaker was a phase 
II study in 10 patients and showed significant drops in 
BP with a mean reduction in systolic blood pressure of 
41 mm Hg without significant bradycardia or perceptible 
side effects [29]. These results encouraged the follow-up 
DEBuT-HT trial, a non-randomized study in 45 patients 
with resistant hypertension [30]. A decrease in BP was sus-
tainably observed, with BP reductions of 21/12, 30/20 and 
33/22 mmHg at 3 months, 1 year and 2 years, respectively 
[27]. There was 1 post-op death with no definite cause, 3 
device-related infections and 1 stroke, besides other minor 
complications. In 2011, the Rheos system was tested in a 
randomized, double-blind, placebo-controlled manner; the 
device was implanted in 265 patients with resistant hyper-
tension, who were afterwards randomized to either receive 
its immediate or delayed (after 6 months) activation [31]. 
There were significant differences in BP over the 12 months, 
but not at 6. It also showed several adverse events, including 
permanent nerve injury, stroke and infections, thus it was 
not approved by the Food and Drug Administration (FDA) 
[28]. The Barostim Neo device (CVRx, Minneapolis, MN, 
USA) was tested in an open-label, single-arm trial with 30 
patients with resistant hypertension and revealed a mean 
26/12 mmHg drop in BP. [32]. As expected by the charac-
teristics of the device and implantation requirements, the 
complications were fewer, minor and resolved over time. 
However, the following randomized trial was suspended 
and the focus diverted to HF [33]. Due to the limited size 
of the study performed and safety concerns related to the 
occurrence of neurological adverse events, baroreceptor 
activation is not currently recommended by guidelines and 
larger randomized studies are still required before clinical 
implementation can be considered [16, 19].

6  Endovascular Baroreflex Amplification

6.1  Rationale

Endovascular baroreflex amplification (EVBA) is a device-
based therapy to lower BP that targets the arterial baroreflex, 
which plays a critical role in maintaining adrenergic balance 
[34]. The baroreflex is a closed-loop system that regulates 
BP and heart rate. The most important pressure sensors are 
located in the carotid sinus, which reports to the brainstem 
[35]. In resistant hypertension, this system is often out of 
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balance. EVBA aims to restore the balance by increasing the 
activity of the baroreceptors [34].

6.2  Procedure

The EVBA procedure involves implanting a MobiusHD 
device (Vascular Dynamics, Inc.; Mountain View, Califor-
nia, USA) into the internal carotid artery near the carotid 
baroreceptors [34, 36]. The MobiusHD device is a self-
expanding nitinol implant which exerts a pulsatile strain, 
meaning the strain varies during the cardiac cycle [37]. The 
device increases the wall stretch of the carotid sinus, which 
activates the baroreflex and reduces sympathetic activity 
[38]. This dynamic change in the geometric shape of the 
carotid sinus leads to a significant localized increase in ves-
sel diameter [37].

6.3  Current Evidence

The Controlling And Lowering BP with the MobiusHD, First 
In Man, in EURope study (CALMFIM_EUR), a prospec-
tive open-label study, investigated the safety and efficacy of 
this device in 30 participants aged 18-80 years with resis-
tant hypertension [34]. The study showed that the office BP 
was reduced by 27/14 (18-37/8-21) mmHg at 1 week, 22/10 
(12-31/3-16) mmHg at 1 month, 24/11 (12-35/4-18) mmHg 
at 3 months and 24/12 (13-34/6-18) mmHg after 6 months. 
Mean reduction in 24-h ambulatory BP was 15/8 (7-23/3-
13) mmHg at 3 months and 21/12 (14-29/7-16) mmHg at 6 
months (p<0·0001 for systolic and diastolic blood pressure) 
[34]. Symptomatic hypotension was observed in 17% of the 
participants, which was controlled by a change in therapy. 
Two patients treated in one study centre experienced ipsilat-
eral focal neurological events immediately after implanta-
tion of the device [36]. A 3-year follow-up of 47 patients 
in the CALM-FIM study (European and USA participants) 
was performed [37].

The target value for office systolic BP of <140 mmHg 
was achieved in 33% of patients after 1 year, in 23% after 
2 years and in 37% after 3 years. A clinically relevant 
response (reduction in office systolic BP by more than 10 
mmHg or reduction in antihypertensive medication by 1 
daily dose or more without an increase in office systolic BP) 
was observed in 73% of patients at 6 months and remained 
stable at 1, 2 and 3 years (72%, 73% and 77% respectively) 
[37]. The proportion of patients achieving a clinically rel-
evant response at 6 months increased to 87% when the 
requirement for 24-h ambulatory systolic BP was added. 
There were no significant changes in heart rate from base-
line to 3 years [39].

In terms of adverse events, 6 serious adverse or cere-
brovascular events occurred, of which 2 patients suffered 

a stroke 24 and 31 months after implantation of the device 
[37]. One patient experienced transient neurological symp-
toms in the ipsilateral vascular territory of the device 30 
months after implantation of MobiusHD. Furthermore, 1 
patient was hospitalized for hypertension 3 months after 
treatment and 2 patients experienced severe hypotension 
with syncope 11 and 32 months after implantation [39].

These studies provided promising results demonstrat-
ing both the safety and efficacy of EVBA in the treatment 
of resistant hypertension. Randomized controlled trials are 
underway to further investigate EVBA.

7  Carotid Body Ablation

7.1  Rationale

Carotid body (CB) hyperactivity increases central sympa-
thetic tone and contributes to hypertension by increasing 
renal neurogenic sodium avidity and enhancing renal secre-
tion of renin, as well as neurogenically mediated increases 
in vascular resistance. Acute reversible inactivation of the 
CB, with hyperoxia, caused a transient reduction in BP in 
patients with hypertension [40]. In rats with hypertension, 
interrupting the connection between the CBs and brain low-
ered both arterial pressure and sympathetic activity chroni-
cally [41]. CB denervation significantly lowered mean BP in 
spontaneously hypertensive rats and prevented the develop-
ment of left ventricular hypertrophy [42].

7.2  Procedure

The ultimate Cibiem transvenous ultrasound system con-
sists of an ultrasound catheter, a transvenous sheath, and 
an ultrasound generator. After obtaining a venous femoral 
access, a 16F sheath is placed for introduction of the ultra-
sound catheter which should be correctly positioned in the 
jugular vein adjacent to the region of the right-carotid bifur-
cation guided by fluoroscopy. Therapeutic ablations lasting 
8 to 12 s are then applied to target the CB and its afferent 
nerve fibers.

7.3  Current Evidence

Two small, proof-of-concept, studies were performed to 
demonstrate the feasibility of surgical CB [41, 42]. Despite 
no major safety concerns, there was no significant reduction 
in office or ambulatory BP, despite some benefit related to 
reduced sympathetic nerve activity [43, 44]. More recently 
catheter-based interventional approaches via arterial access 
through the carotid artery or via a transvenous access have 
been tested. The unilateral right CB ablation was performed 
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using an ablation catheter system (Cibiem, USA) deliver-
ing ultrasound waves through the jugular vein under intra-
vascular imaging guidance. However, available evidence 
remains heterogeneous and derives from relatively small 
populations.

8  Cardiac Neuromodulation Therapy

8.1  Rationale

Cardiac pump function is a principal determinant of BP, and 
its performance is modulated by preload in accordance with 
the Frank-Starling law [45]. Atrial contraction contributes 
approximately 15% to left ventricular filling during sinus 
rhythm [46]. Dual-chamber pacemakers are implanted in 
patients with advanced bradyarrhythmia, with reported 
prevalence rates ranging from 40 to 1,102 per 100,000 
individuals, varying across countries and increasing with 
age. Moreover, prevalence demonstrates a rising trend over 
time [47]. Epidemiological data indicate that over 70% of 
patients requiring pacemaker implantation have concomi-
tant hypertension, largely attributable to the advanced age 
of this population [48]. In patients with hypertension and 
implanted pacemakers, modulation of atrioventricular 
delay, and consequently left ventricular filling, has been 
proposed as a potential therapeutic strategy. This concept 
has led to the development of cardiac neuromodulation 
therapy (CNT).

8.2  Procedure

The Moderato System (BackBeat Medical, New Hope, PA) 
is an implantable, dual-chamber, rate-responsive pacemaker 
that integrates programmable hypertension control (PHC) 
algorithms. In contrast to conventional pacemakers, its dis-
tinguishing feature is its software that is designed to deliver 
alternating atrioventricular (AV) intervals, typically 8 to 
13 beats with a shortened AV delay (20–80 ms), followed 
by 1 to 3 beats with a prolonged AV delay (100–180 ms). 
The device is implanted using standard dual-chamber pace-
maker techniques, with the PHC algorithm constituting its 
principal innovation [45].

8.3  Current Evidence

In the BackBeat pilot study, patients requiring dual-cham-
ber pacing with office systolic BP >150 mmHg despite 
stable antihypertensive therapy received the Moderato™ 
device with the PHC algorithm [43]. After a 1-month run-in 
period of conventional pacing, those with persistent office 
SBP >140 mmHg continued with PHC activation. Of 35 

implanted patients, 27 qualified for PHC initiation (base-
line office SBP 166±11/80±10 mmHg on an average of 3.2 
medications). During the run-in period, office SBP and 24-h 
ambulatory systolic BP decreased modestly (−  8±13 and 
− 5±12 mmHg, respectively) [43]. At 3 months post-activa-
tion, additional reductions were observed (− 16±15 mmHg 
in office SBP; − 10±13 mmHg in ambulatory systolic BP; 
both p<0.01). Patients demonstrated sustained reductions 
in BP over a 2-year follow-up period. No device-related 
serious adverse events occurred [45]. The double-blinded 
Moderato II trial included patients with uncontrolled hyper-
tension and an indication for dual-chamber pacing that 
received the Moderato system [46]. After a 1-month run-
in, 47 patients were randomized to active CNT or inactive 
control. At 6 months, CNT reduced 24-h ambulatory SBP 
by 11.1±10.5 mmHg versus 3.1±9.5 mmHg in controls, 
yielding a net effect of 8.1±10.1 mmHg (p=0.012), with no 
device- or therapy-related adverse events [48]. Although 
these small studies report favorable outcomes, CNT is still 
experimental and restricted to patients with a pacing indica-
tion and therefore cannot currently be considered a broadly 
applicable treatment strategy for resistant hypertension

9  Deep Brain Stimulation

9.1  Rationale

Deep brain stimulation (DBS) has been effectively used for 
the treatment of neurological disorders, such as Parkinson’s 
disease, dystonia, tremor, epilepsy, pain, and Tourette syn-
drome [49]. It provides symptom improvement by electrical 
stimulation of specific brain regions, disrupting neuronal 
firing and inducing targeted modulation of neural circuits 
[49–51].

The potential of DBS in the treatment of arterial hyper-
tension was first observed in 15 patients treated for chronic 
neuropathic pain [52]. Notably, stimulation of the ventral 
periaqueductal gray (PAG) in these patients led to signifi-
cant reductions in BP, presumably by modulating auto-
nomic and baroreflex function [52–54]. In addition to the 
PAG, subsequent studies have also identified other potential 
targets for DBS in the management of hypertension, includ-
ing subcallosal neocortex and subthalamic nucleus [49, 53, 
55, 56].

9.2  Procedure

DBS is a neurosurgical procedure that involves implanting 
electrodes into specific areas of the brain. These electrodes 
are connected to a neurostimulator (a battery-powered 
device) implanted under the skin in the chest or abdomen. 
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Firstly, computed tomography or magnetic resonance 
imaging is performed to map the brain and guide precise 
electrode placement. Following burr hole trepanation, the 
electrodes are inserted into the brain – for certain indica-
tions, the patient may remain awake during this stage. In the 
second stage, under general anesthesia, the neurostimulator 
is implanted and connected to the electrodes. The device is 
then externally programmed to deliver electrical impulses 
that modulate neural activity. DBS requires regular follow-
ups for device adjustments and monitoring for potential 
complications. As with any invasive surgical procedure, 
DBS carries risks such as infection, haemorrhage, other 
procedure-related neurological impairment, and adverse 
reactions to anaesthesia [51].

9.3  Current Evidence

There is growing evidence from preclinical and animal stud-
ies, which apart from conventional electrostimulation also 
explore other forms of neuromodulation (e.g., light-based, 
magnetothermal, focused ultrasound) [54, 57–60]. The 
existing evidence from human studies primarily consists of 
few case reports [61–64] and small-scale studies [52, 53, 
65]. In 2005, Green et al. examined BP response to DBS of 
the PAG in 15 awake study participants who were treated 
for neuropathic pain [50]. Stimulation of the ventral part 
caused a mean reduction in systolic BP of 14.2 ± 3.6 mmHg 
in 7 patients (without significant changes in pain severity), 
while stimulation of the dorsal part of PAG was associated 
with an increase in BP [52]. In 2014, Sverrisdóttir et al. 
evaluated sympathetic outflow after DBS of specific mid-
brain nuclei known to regulate CV function in 17 patients 
treated for chronic neuropathic pain and Parkinson's dis-
ease [51]. Stimulation of the dorsal part of the subthalamic 
nucleus and ventrolateral PAG resulted in improved vaso-
motor baroreflex sensitivity, decreased BP, and a reduced 
fall in BP after tilt [53].

While these studies offer promising insights, further 
research is crucial to better understand the role of abnormal 
sympathetic activity in CV disease, to elucidate the mecha-
nisms by which DBS modulates CV function and regulates 
BP, and to assess its potential as a novel interventional 
approach for hypertension management. At present, the use 
of DBS for hypertension treatment remains investigational 
since current evidence is derived primarily from secondary 
observations in patients undergoing DBS for other neuro-
logical indications rather than from dedicated hypertension 
trials [16, 19, 66, 67].

10  Arteriovenous Shunts

10.1  Rationale

Arteriovenous (AV) shunts have been developed for treat-
ing resistant arterial hypertension. This procedure creates a 
direct connection between an artery and a vein, bypassing 
the capillary bed, which lowers total peripheral resistance 
and increases venous return. These changes can reduce BP 
but also raise cardiac output. Proposed mechanisms of action 
include restoring Windkessel function, reducing effective 
arterial volume and systemic vascular resistance, increasing 
cardiac natriuretic peptide secretion, and mitigating central 
arterial stiffness, although direct evidence for these mecha-
nisms is lacking [5, 68–70]. The concept of using AV shunts 
to reduce BP is not new and has been observed with AV 
fistulas used for hemodialysis [71].

10.2  Procedure

The procedure has evolved to become less invasive, notably 
with the ROX Anastomotic Coupler device, which is used 
to create a central iliac arteriovenous shunt. This device is 
introduced percutaneously using fluoroscopic guidance. 
After creating a shunt to connect the external iliac artery 
and vein, the ROX device is implanted to maintain the 
shunt's patency with a 4 mm opening, ensuring it remains 
open while avoiding excessive flow rates that could cause 
high-output cardiac failure. Potential complications include 
lower extremity edema, venous stenosis, right heart failure, 
and deep venous thrombosis [68, 72, 73].

10.3  Current Evidence

The ROX CONTROL HTN study [72, 74], a randomized 
trial with 83 treatment-resistant hypertensive patients, com-
pared AV shunt formation with the ROX Coupler device to 
medical therapy. After 6 months, the device group had a mean 
systolic office BP reduction of 27±24 mmHg and ambula-
tory systolic BP reduction of 14±19 mmHg (p<0.001) [72]. 
BP reduction persisted at one year, and significant reduc-
tions were also found in a subgroup of patients who had pre-
viously undergone renal artery denervation, suggesting that 
hemodynamic modulation could be effective for patients 
unresponsive to neuromodulatory therapies. Late ipsilateral 
venous stenosis requiring treatment has been found in 33% 
of patients in the device group [74]. Key advantages of the 
ROX Coupler system include verifiable deployment, revers-
ibility, and immediate BP-lowering effects [5, 68–70, 74].

The ROX CONTROL HTN-2 study (NCT02895386), 
a randomized, double-blind, sham-controlled trial, began 
in 2017 but was terminated in 2019 after a potential heart 
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failure signal was observed in coupler-treated patients dur-
ing long-term follow-up. The technology is no longer being 
pursued, with concerns about a high incidence of venous 
stenosis and uncontrolled, sustained increases in cardiac 
output [5, 16].

11  Sphenopalatine Ganglion Block

11.1  Rationale

The sphenopalatine ganglion (SPG), which is connected 
to the trigeminal nerve and the superior salivatory nucleus 
as part of the trigemino-autonomic reflex arc, plays a key 
role in autonomic regulation of vascular tone, making its 
modulation a potential therapeutic target for hypertension 
[75, 76].

11.2  Procedure

The SPG block is performed using a small, flexible sheath 
with a curved tip, inserted through the anterior nasal pas-
sage parallel to the nasal septum and above the middle tur-
binate. The inner catheter is then advanced to administer 2 
mL of 2% lidocaine. Following the block, patients typically 
exhibit a 1–2  °C increase in facial temperature and/or lacri-
mation, indicative of successful ganglion engagement [77].

11.3  Current Evidence

In a study of 33 hypertensive patients, bilateral SPG block 
with 2% lidocaine was performed, with 11 patients receiv-
ing a sham procedure as controls [73]. One month after SPG 
block, the study group demonstrated significant reductions 
in 24-h and daytime diastolic BP (p=0.02) and daytime dia-
stolic load (p=0.03). Additionally, 12 of 33 patients (36%) 
exhibited significant decreases in systolic and diastolic 
BP across 24-h, daytime, nighttime, pre-awake, and early 
morning periods, whereas no changes were observed in 
the sham control group [75]. A follow-up study involving 
a larger cohort of 47 treatment-naïve hypertensive patients 
confirmed previous observations, showing that SPG block 
produced modest but significant reductions in 24-h and day-
time diastolic BP (-1.6±5 mmHg, p=0.04; − 1.9±5 mmHg, 
p=0.01) and in daytime systolic BP variability (11±2 vs. 
10±2 mmHg, p<0.05), with effects sustained at one month 
[78].

11.4  Guideline Recommendations Regarding 
Interventional Treatment of Hypertension

Among the aforementioned interventional approaches for 
hypertension, RDN is the only modality currently supported 
by guideline recommendations, with an expanding evidence 
base [31]. In this context, and according to the 2023 ESH 
guidelines, RDN may be considered in patients with an 
eGFR >40 mL/min/1.73 m2 who exhibit uncontrolled BP 
despite combination antihypertensive therapy or experience 
significant drug-related adverse effects compromising qual-
ity of life (Class IIa) [31]. Furthermore, RDN can be offered 
as an adjunctive therapy in patients with true resistant hyper-
tension and eGFR >40 mL/min/1.73 m2 (Class IIa). The 
procedure should be performed exclusively in experienced 
specialized centers to ensure proper patient selection and 
procedural completeness (Class I) [16]. However, accord-
ing to the 2024 ESC guidelines, RDN carries a Class IIb 
recommendation for BP reduction [18]. In medium- to high-
volume centers, catheter-based RDN may be considered 
for patients with resistant hypertension whose BP remains 
uncontrolled on a three-drug regimen, provided they con-
sent following a shared risk-benefit discussion and multidis-
ciplinary evaluation [19]. The 2025 AHA guidelines assign 
a Class IIb recommendation to RDN in carefully selected 
patients with systolic and diastolic hypertension (office SBP 
140–180 mmHg and DBP ≥90 mmHg) and an eGFR ≥40 
mL/min/1.73 m2, who exhibit resistant hypertension despite 
optimal therapy or experience intolerable side effects from 
additional antihypertensive medications [77]. In such 
patients, RDN may be considered as an adjunct to phar-
macologic treatment and lifestyle modification to reduce 
BP [79]. In summary, current guidelines endorse RDN for 
selected patients with resistant hypertension, with recom-
mendations classified as Class IIa or IIb depending on the 
guideline and patient context (Table 1). Based on available 
evidence, recommendations for current use of RDN have 
been captured starting from 2012 from a dedicated study 
group of the Italian Society of Hypertension. The evaluation 
of RDN has shifted from strictly treating resistant patients 
failing a three-drug regimen to a comprehensive approach 
centred on individual patient adherence, tolerability, and 
preferences. Clinical eligibility has expanded from heavily 
medicated individuals including untreated or drug-intoler-
ant patients with lower grades of hypertension. Technologi-
cal advancements have also introduced multi-electrode and 
ultrasound devices that allow safer, faster, and more pre-
cise circumferential ablation extending into distal arterial 
branches [80, 81]. Pros and cons of the different interven-
tional modalities are reported in Table 2.
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11.5  Future directions

The future of interventional treatment for arterial hyperten-
sion lies in appropriate patient selection, the improvement 
of long-term outcomes, and the integrating novel technolo-
gies into clinical practice. The most important aim for the 
future is the accumulation of long-term efficacy and safety 
data from large-scale randomized controlled trials and 
real-world registries, which will establish the effectiveness 
of interventions on BP reduction and their impact on CV 
morbidity and mortality. Digital health platforms, wearable 
sensors, and artificial intelligence, could play a key role in 
post-procedural monitoring, allowing continuous assess-
ment of hemodynamic responses and the safety and efficacy 
of therapy.

Future strategies may also explore synergistic combina-
tions of interventional procedures with pharmacological 
therapies, or novel approaches in patients with comorbidi-
ties, such as chronic kidney disease, metabolic syndrome, 
or advanced heart failure. Furthermore, cost-effectiveness 
analyses will be needed to evaluate the economic aspect of 
these therapies compared with lifelong medical treatment, 
particularly in settings where healthcare resources are lim-
ited. The transition toward precision medicine enables the 
optimization of device-based cardiovascular interventions, 
moving beyond a one-size-fits-all approach by integrat-
ing genomic profiles and phenotypic data to identify spe-
cific patient endotypes. This personalized strategy, which 

accounts for patient-specific comorbidities and aims to miti-
gate residual cardiovascular risk, repositions these therapies 
as proactive tools for target-organ protection and long-term 
outcome improvement.

Guideline Class of 
recommenda-
tion (level of 
evidence)

Target patient 
population

Renal function threshold 
(eGFR)

Core procedural and 
clinical requirements

ESH 2023 Class IIb
(Level B)

True resistant 
hypertension.
Uncontrolled hyper-
tension with ongoing 
drug intolerance or 
severe treatment-
related impaired 
quality of life.

> 40 mL/min/1.73m2 Mandatory execution 
within a shared deci-
sion-making framework.
Restricted to highly 
specialized excellence 
centers.
Objective ruling out of 
pseudo-resistance.

ESC 2024 Class IIb
(Level B)

Uncontrolled or 
resistant hyperten-
sion despite com-
prehensive lifestyle 
changes and appro-
priate combination 
pharmacotherapy.

> 40 mL/min/1.73m2 Strong emphasis on 
patient preferences.
Highlights the "always-
on" continuous effect of 
the device to counterbal-
ance suboptimal drug 
adherence.

ACC / 
AHA 2025

Class IIb
(Level B-R)

Uncontrolled or 
resistant hyperten-
sion as an adjunctive, 
rather than substi-
tutive, treatment 
strategy.

≥ 40–45 mL/min/1.73m2 
(per clinical trial 
protocols)

Requires specific base-
line office BP thresholds 
(typically SBP 140–180 
mmHg and DBP ≥ 90 
mmHg).
Validates both radiofre-
quency and ultrasound 
systems.

Table 1  Clinical Indications 
and current recommendations 
for device-based interventions 
(renal denervation) in arterial 
hypertension according to major 
international guidelines

ACC, American College of Car-
diology; AHA, American Heart 
Association; BP, blood pressure; 
DBP, diastolic blood pressure; 
ESC, European Society of Cardi-
ology; ESH, European Society of 
Hypertension; eGFR, estimated 
glomerular filtration rate; SBP, 
systolic blood pressure.
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Table 2  Pros and cons of different interventional modalities for hypertension treatment
PROS CONS

Renal Artery Denervation
Class IIb (Level B) recommendation in ESH 2023/
ESC 2024 guidelines; fully approved for clinical use 
as a safe, device-based adjunctive therapy

Safe and minimally invasive medical procedure.
Mean ambulatory systolic and diastolic BP were 
significantly reduced from baseline up to 36 months of 
follow-up

High cost
Variable response among 
individuals
Risk of rebound hypertension
The most common complica-
tions are procedure-related, 
such as hematoma at the access 
site, renal artery dissection, 
pseudoaneurysm formation, 
retroperitoneal bleeding, and 
contrast-mediated acute kidney 
injury

Baroreflex Activation Therapy
Approved exclusively for heart failure with reduced 
ejection fraction; currently not recommended (Class 
III) for isolated hypertension due to lack of large-
scale RCTs

Systolic BP was reduced by 26 mmHg and diastolic 
BP reduced by 12.4 mmHg at 6 months (29)

Lack of strong evidence 
regarding efficacy and safety 
from appropriately designed, 
randomized controlled trials

Endovascular Baroreflex Amplification
Restricted to investigational use; clinical validation 
is pending large-scale, sham-controlled randomized 
clinical trials

In patients with resistant hypertension, the office BP 
was reduced by 22/10 mmHg at 1 month and 24/12 
mmHg after 6 months

Symptomatic hypotension
Ipsilateral focal neurological 
events

Carotid Body Ablation
Confined to early-stage experimental research The 24-h ambulatory BP was reduced by an average 

of 9.1/6.7 mmHg at 6 months post-procedure with 
similar reductions observed already at 1 and 3 months

More prospective randomized 
clinical trials are missing

Cardiac Neuromodulation Therapy (CNT)
Limited to niche clinical investigation; applicable 
solely as a protocol-based therapy in patients with a 
primary pacemaker indication

CNT reduced 24-h ambulatory systolic BP by 11.1 
mmHg versus 3.1 mmHg in controls, yielding a net 
effect of 8.1±10.1 mmHg (p=0.012) at 6 months,
No device- or therapy-related adverse events (46)

Applicable only to patients 
requiring cardiac pacemaker

Deep Brain Stimulation
No clinical validation for hypertension Stimulation of the ventral periventricular/periaqueduc-

tal gray matter at 10 Hz consistently lowered continu-
ous on-table intraarterial systolic BP/diastolic BP by 
14.2/4.9 mmHg(50)

Potential complications from 
neurosurgical intervention.
Few cases treated

Arteriovenous Shunts
Broadly contraindicated (Class III) by international 
guidelines and clinically abandoned due to severe 
long-term hemodynamic complications like high-
output heart failure

Reversibility, and immediate BP-lowering effects
It is revealed a large reduction in office systolic and 
diastolic BP (26.9 and 20.1 mmHg, respectively) at 
6 months; These reductions persisted to 12-month 
follow-up

May cause high-output heart 
failure
Potential complications: hemor-
rhage, infection, device migra-
tion, thrombosis, and stenosis
It has high cost

Sphenopalatine Ganglion Block
Lacks clinical validation and structured trials for 
hypertension; currently approved and used only for 
chronic craniofacial pain management

Modest but significant reductions of BP (in never 
treated patients with stage I–II essential hyperten-
sion), 24-h average diastolic BP and daytime diastolic 
BP were reduced by 1.6 mmHg and 1.9 mmHg 
respectively (76)
Minimally invasive option.
Effect is only anesthetic

Effect is non-permanent

ESH, European Society of Hypertension; BP: blood pressure
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