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ABSTRACT

Hypertension remains a major and growing public health problem associated with the greatest global
rate of cardiovascular morbidity and mortality. Although numerous factors contribute to poor control
of blood pressure (BP) and to pseudoresistance (eg, unawareness, lifestyle habits, nonadherence to
medication, insufficient treatment, drug-induced hypertension, undiagnosed secondary causes), true
resistant hypertension (RH) is reported in 10.1% of patients treated for elevated BP. While the mecha-
nisms underlying RH remain complex and not entirely understood, sympathetic activation involved in the
pathophysiology of hypertension, disease progression, and adverse complications is further augmented
in patients with drug-resistant hypertension. The well-established contribution of neurogenic component
of hypertension has led to the introduction of new alternative therapies aimed specifically at modulating
central and neural reflexes mechanisms involved in BP control. Although clinical benefits of lowering BP
with renal denervation, baroreflex activation therapy, carotid body denervation, central arteriovenous
anastomosis, and deep brain stimulation have advanced our knowledge on uncontrolled hypertension,
the variable BP response has prompted extensive ongoing research to define predictors of treatment
effectiveness and further investigation of pathophysiology of RH. Very recently, research on the role of
vasopressinergic neurons, masked tachycardia, and impaired brain neural activity has provided novel
insights into hypertension. This review briefly summarizes the role of the centrally mediated sympathetic
nervous system in hypertension, the therapeutic strategies that distinctively target impaired neural reflex
mechanisms, and potential implications for future clinical research and therapies.

Introduction  Despite the well-recognized benefits ~ population. Notably, only 46.5% of participants

of reducing major cardiovascular events and mor-
tality through the control of blood pressure (BP),
detection rates and control of hypertension re-
main low across all countries. Even though thera-
py is initiated in the vast majority of patients diag-
nosed with hypertension, treatment is suboptimal
with a declined use of antihypertensive drugs over
time. A large gap between the prevalence, aware-
ness, treatment, and control of hypertension has
been addressed in the multinational Prospective
Urban Rural Epidemiology (PURE) study conduct-
ed in 628 communities, including high-income,
upper-middle-income, low-middle-income and
low-income countries." A low global control of
BP was found among the treated hypertensive

were aware of their hypertension, with less than

half (40.6%) medically treated and BP levels less

than 140/90 mm Hg achieved in 1 in 3 individuals

(13.2%)." The global disparities in the prevalence,
awareness, treatment, and control of hypertension

have also been indicated in a recent meta-analysis

of 135 population-based studies from 90 coun-
tries.? Globally, the number of individuals with hy-
pertension increased, reaching an estimated total

of 1.39 billion adults with hypertension, including
349 million in high-income countries and 1.04 bil-
lion in low- and middle-income countries by 2010.
The increased and highest prevalence of raised BP
has been particularly noted in East Europe, Asia,
Africa, and Latin America.?
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Among hypertensive patients, specific consid-
eration was given to the high-risk cohort with hy-
pertension that was difficult to treat, including
patients with drug resistance or drug intolerance.
Patients with RH commonly display a high preva-
lence of organ damage (ie, left ventricular hyper-
trophy, carotid intima-media thickening, carotid
plaques, advanced retinal involvement, increased
albumin urinary excretion) when compared to pa-
tients with controlled hypertension.? The risk of
cardiovascular events increases with ambulato-
ry BP levels and is higher than in patients with
controlled or white coat hypertension.* Moreover,
higher 24-hour BP levels predicted the compos-
ite endpoints of fatal and nonfatal cardiovascular
events in hypertension.>® In addition to a higher
risk of adverse cardiovascular outcomes, patients
with RH are more likely to develop cardiovascular
comorbidities (ie, ischemic heart disease, heart
failure, chronic kidney disease).”?

The exact prevalence of RH remains unknown
and data mainly derive from BP control popula-
tion, outcomes, or retrospective studies in which
medication adherence was not directly monitored.
Nevertheless, pooled prevalence rates for uncon-
trolled RH account for 10.1% among treated pa-
tients.? While the improvement of patient ad-
herence to medication can considerably decrease
the prevalence of RH, physician therapeutic in-
ertia is a major contributing factor to the inade-
quate management and lack of BP control.”” A ret-
rospective investigation revealed that only ap-
propriate therapy intensification, but not thera-
py adherence, was associated with 1-year control
of BP." These findings highlight the importance
of tailoring drugs for lowering BP towards im-
proving the control of BP. The observed 8.2% in-
crease in death rate attributable to high BP and
the actual number of deaths of 34.7% between
2003 and 2013 indicate an unmet need for col-
laborative efforts to combat the emerging inci-
dence of hypertension.

Sympathetic activation in human hypertension
The activation of the sympathetic nervous sys-
tem (SNS) in human hypertension has been con-
vincingly demonstrated through the use of iso-
tope dilution method for quantifying noradren-
aline (NA) spillover rates and postganglionic ef-
ferent sympathetic nerve recording with micro-
neurography. NA is the main neurotransmitter
of sympathetic nerves and the rates of its release
from nerve terminals allow to measure sympa-
thetic nerve activity. While the rate of NA over-
flow was documented for most internal organs,
a selective increase in sympathetic outflow to
the heart and the kidney is evident in primary
hypertension, and is likely contributing to es-
tablished hypertension.’®'* Augmented NA lev-
els from the renal sympathetic nerves charac-
terizes essential hypertension (EH), predomi-
nantly in adults below the age of 40 years, and
is a prime mover for BP rise.” Increased car-
diac NA spillover and decreased NA neuronal
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reuptake further potentiate sympathetic acti-
vation in maintaining arterial hypertension.'

Increased muscle sympathetic nerve activity
(MSNA) was present even in high-normal BP."
Our study corroborated these findings and fur-
ther suggested that resting sympathetic excita-
tion may precede overt arterial hypertension in
very low risk patients with high-normal BP."® Ton-
ic sympathetic activation evident in patients with
prehypertension appears to contribute to time-
-related increase in BP and development of sus-
tained hypertension and asymptomatic arterial
stiffness.'® High levels of NA release from cardiac
and renal sympathetic nerves accompanying ele-
vated MSNA was linked to left ventricular hyper-
trophy and left ventricular dysfunction in hyper-
tension.”0-?2 Sympathetically mediated rise in BP
and induced organ damage are likely to contrib-
ute to the development of cardiac, renal, vascu-
lar, and cerebrovascular events. The magnitude of
sympathetic excitation predicted mortality and
cardiovascular outcomes.?

The SNS is directly related to the renin-
-angiotensin-aldosterone system (RAAS). Both
systems play an important role in the control of
BP and blood volume, acting at different levels of
the central nervous system and peripheral sites
leading to the synthesis and release of angioten-
sin II and NA, the fundamental neurotransmit-
ters involved in the development and progres-
sion of the disease.? Sympathetic activation in-
creases the activity of the RAAS through direct
effects on the 3 renal neuroeffectors: 1) the jux-
taglomerular granular cells that enhance renin
release, 2) the renal tubular epithelial cells that
increase sodium reabsorption, and 3) the renal
vasculature that reduces renal blood flow. Con-
sequently, it results in increased efferent renal
sympathetic nerve activity (ERSNA)." In phys-
iological conditions, ERSNA stimulates afferent
renal sensory nerves which, through the renore-
nal reflex mechanism, leads to a subsequent re-
duction in ERSNA and resultant diuresis and na-
triuresis. In the presence of elevated BP, increased
signals arising from the injured and/or ischemic
kidney through afferent renal sensory nerves is
projected directly to the central integrative struc-
ture in the brainstem, rostral ventrolateral me-
dulla (RVLM), potentiating sympathetic outflow
to the periphery, causing end-organ damage and
adverse sequelae.

The RVLM integrates neural reflex mechanisms
from afferent arterial baroreceptors and afferent
arterial chemoreceptors. Baroreflex is an impor-
tant inhibitory regulatory mechanism induced by
changes in BP mediated by the parasympathet-
ic and sympathetic component. Reduced barore-
flex sensitivity has been demonstrated in patients
with hypertension and also patients with family
history of hypertension and normal BP levels.?®
Augmented gain of the cardiopulmonary barore-
flex control of sympathetic activity was found in
hypertension when compared to normal coun-
terparts. This augmentation was not associated



with the attenuation of the arterial baroreflex.?t
Further causative mechanism that leads to in-
creased sympathetic activation in hypertension
is the potentiated sensitivity of arterial chemo-
receptors. Studies performed by Trzebski et al?”’
in the early 1980s for the first time demonstrat-
ed the contribution of increased sensitivity of
arterial chemoreceptors to the pathogenesis of
human hypertension. This concept was support-
ed by microneurography studies demonstrating
high sympathetic drive induced by hypoxia in hy-
pertension.?® On the other hand, deactivation of
peripheral chemoreceptors (hyperoxia) resulted
in BP and MSNA reduction in EH.?7-29

Recent studies documented the underlying per-
sistent neurohumoral activation in patients with
RH. Direct microneurography recordings docu-
mented an increased activity of all properties of
single-unit firing pattern and multi-unit MSNA
in RH.?® Our own experience indicated that pa-
tients with RH were characterized by high levels
of multi-unit MSNA (often 50-70 bursts/min)
with burst activity synchronized with every heart-
beat, often superimposed within one cardiac cy-
cle (sharp “M” shape burst) due to high sympa-
thetic nerve discharge when compared to healthy
controls (<20 bursts/min) and to patients with
untreated EH (25-40 bursts/min). Patients with
RH displayed markedly elevated activity of single-
-unit muscle vasoconstrictor fibers, including fir-
ing rate, firing probability, and incidence of mul-
tiple spikes within a cardiac cycle.?® This is of par-
ticular significance as high sympathetic drive is
a hallmark of RH despite the use of all available
antihypertensive drug classes®?3! which target
the efferent sympathetic component of the heart,
kidney, vasculature, and central nervous system
through different mechanisms. Notably, some
specific agents (diuretics, calcium channel block-
ers, selective B-blockers, and a-blockers) result in
increased or unchanged sympathetic activation
instead of inhibition, particularly when given in
a mixed-drug cocktail combination.’? An increased
prevalence of sympathetically mediated comor-
bidities including diabetes, chronic kidney dis-
ease, obesity, and obstructive sleep apnea (OSA)
in RH patients?3* is likely to further potentiate
high sympathetic drive.

Against this background, inhibition of the SNS
and the RAAS were a major target for BP control.
However, despite the availability of potent anti-
hypertensive drugs, high-risk patients with hy-
pertension that is difficult to treat remain a chal-
lenge from a clinical perspective. This triggered
an increasing interest in the development of al-
ternative therapies aimed at precise targeting of
hypertension physiology.

Role of central neuroplasticity in hypertension A col-
lective body of research documented that
the brain has a powerful ability to adapt to new
behavioral, physical, and physiological challeng-
es and to alter existing neural pathways in re-
sponse to stimuli over time.* This process known
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as neuroplasticity (brain plasticity) involves mo-
lecular, functional, and structural modification of
neural networks in association with central sen-
sitization. While centrally mediated sensitization
is integral for controlling many functions, par-
ticularly during early development (eg, memory
formation), it occurs in various pathophysiolog-
ical conditions in response to chronic pain, plea-
sure (eg, drug abuse), baroreceptor and chemo-
receptor reflexes, intermittent hypoxia, exercise,
and depression. It was suggested that changes in
cellular and molecular components in the neural
network involved in sympathetic control and con-
trol of BP can promote and potentiate pressor re-
sponse to recurrent, sustained, or new stressors.
Neuroplasticity underlining sensitization appears
to play an important role in the long-term regu-
lation of BP and hypertension.® The pressor re-
sponse to repeated infusion of angiotensin II can
be substantially potentiated by small nonpressor
doses of angiotensin II or aldosterone adminis-
tered for several days.% %’ The hypertensive re-
sponse sensitization mediated by the brain RAAS
resulted in sustained neurochemical changes in
the organum vasculosum of the lamina termina-
lis,*® which is an osmosensitive area of the brain
involved in the regulation of NA release in the an-
terior hypothalamic nucleus.*

Amongst numerous neurohumoral mediators
involved in the central sensitization network
(eg, dopamine, substance P), brain-derived neu-
rotrophic factor (BDNF) plays a critical role in
the neurogenesis and plasticity of the brain. Aside
from neuroprotective role in preventing neuronal
atrophy, age-related cognitive impairment and po-
tentially Alzheimer disease,*® BDNF is involved
in modulation of the central angiotensin signal-
ing.3® Preclinical data demonstrate that overex-
pression of BDNF in the paraventricular nucle-
us (PVN) is associated with sympathoexcitation,
elevation of BP and heart rate (HR), and weight
loss that are largely mediated by modulation of
angiotensin signaling in the PVN.*' Another study
found that high-fat diet elicits augmented hyper-
tensive response to subsequent angiotensin II ad-
ministration, which is mediated by leptin through
upregulation of the central RAAS and proinflam-
matory cytokines.*? These findings indicate that
sensitization stems from permanent alterations
in the brain RAAS and potentiated activation of
markers associated with central plasticity which
influence the long-term regulation of BP. Under-
standing the underlying mechanisms may have
important implications for preventing and treat-
ing hypertension; however, this requires further
investigation.

Role of brain neural activity in hypertension In-
creased NA release within the central nervous
system was demonstrated in studies assessing
the combined overflow of brain NA, its precur-
sor dihydroxyphenylalanine, and its lipophilic
metabolites into the internal jugular veins.*344
Direct blood sampling from the internal jugular
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veins and concomitant cerebral blood flow scans
revealed that suprabulbar noradrenergic projec-
tions from the brainstem to the hypothalamus
play a key role in neurogenic hypertension.*® Sub-
cortical NA turnover in brain regions (not cerebral
cortex) was found to be significantly higher in EH
when compared to healthy patients, and directly
related to neurochemical indices of the SNS ac-
tivity and renal NA spillover in EH,* supporting
the notion that sympathetic activation in EH is of
central nervous system origin that potentiate ef-
ferent sympathetic outflow to the periphery. Fur-
ther studies revealed that the measurements of
transcranial plasma NA spillover provide a valid
tool for assessing the sympathetic nerve activity
of the cerebral vessels (outside the blood-brain
barrier) in a range of clinical settings and that
the NA metabolites originate primarily from brain
noradrenergic neurons.*® This technique, howev-
er, due to its need for arterial and venous cath-
eterization, was used for research purpose only.

Numerous studies investigated the link be-
tween hypertension and the brain and its rele-
vance for the development of cerebrovascular
disease and aging-related cognitive impairment.
Studies applied functional magnetic resonance
imaging (fMRI), which has the capacity to mea-
sure neuronal activity of the brain noninvasive-
ly by detecting changes associated with cerebral
blood flow. Hypertension was found to be asso-
ciated with cerebral hypoperfusion and reduced
cortical thickness independently of the use of
antihypertensive drugs.?’ The presence of type 2
diabetes in patients with hypertension appeared
to accelerate these abnormalities further.*® Cere-
brovascular reactivity assessed by MRI depen-
dent on the level of blood oxygenation and cor-
tical thickness estimated from MRI images were
reduced in patients with type 2 diabetes. More-
over, coexisting hypertension, when compared to
age-matched hypertensive individuals, suggested
that brain regions affected by the combined ef-
fects of both comorbidities may underlie cogni-
tive impairment. While these findings were in-
triguing, the underlying mechanistic insights
have not yet been elucidated. The situation was
even more complex with the findings indicating
a continued atrophy with the shrinkage of region-
al gray matter despite reducing BP to normoten-
sive levels over 12 months therapy in newly treat-
ed patients with hypertension.*®

More recently, 2 studies aimed at unravelling
BP-dependent and independent structural and
functional characteristics of the brain provided
novel insights into disease physiology.®*' Micro-
neurography recordings and simultaneous assess-
ment of brain neuronal activity using fMRI docu-
mented that high levels of MSNA in OSA patients
is associated with functional (not anatomical)
changes within the higher cortical and subcorti-
cal brain regions, which are involved in the mod-
ulation of sympathetic outflow and BP through
the brainstem regulatory nuclei, when compared
to healthy controls.” Increased signal intensity
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in the medial prefrontal cortex and its relation to
MSNA in OSA may have important implications
for understanding the neural reflex regulation
of BP (ie, reduced baroreflex gain) in OSA (con-
dition characterized by high sympathetic activi-
ty), which often coexists with hypertension and
shares its multiple physiological and cardiovas-
cular consequences. Notably, the medial prefron-
tal cortex has projections to the nucleus tractus
solitarius and RVLM, which are responsible for
basal and reflex sympathetic activity and cardio-
vascular function.’

A novel finding linking functional neural reor-
ganization to the history of hypertension comes
from a recent study of a total of 40 middle-
-aged patients (20 patients with EH, 20 healthy
matched controls) who underwent a comprehen-
sive assessment of fMRI during a Stroop color in-
terference task and structural evaluation based
on a modified Fazekas scale.’' There were no dif-
ferences in white matter lesions, distribution of
punctuate white matter, and task performance
between patients with hypertension and con-
trol group. However, there were substantial vari-
ations in brain activation between both groups
during the demanding task processing irrespec-
tively of the task difficulty. Importantly, this func-
tional reorganization occurred in a reasonably
controlled hypertensive cohort, in the absence
of previous history of cardiovascular disease, di-
abetes, drug or alcohol abuse, cerebral damage,
brain injury, and factors influencing functional
reorganizations at neuronal level. This study for
the first time revealed that neuroplasticity occurs
in the course of human hypertension.’' The func-
tional reorganization in the brain neuronal net-
work in relation to stress and demand may fur-
ther impair brain plasticity leading to cognitive
decline at a later age. This, however, merits fur-
ther studies in arterial hypertension. Likewise, it
remains unknown if lowering the BP per se may
facilitate neuroplasticity of certain brain areas,
thereby favorably affecting cognitive function.

Consistent findings indicated that hitherto
physical exercise is associated with neurocogni-
tive benefits by enhancing brain plasticity, as well
as structural and functional alterations.®? Results
from fMRI studies demonstrated that exercise
training increases the size of the anterior hippo-
campus, hippocampal volume, and BDNF levels,
which leads to improvement of spatial memory
increased neuronal efficiency during “executive
and memory task”.5%:%

In this context, further larger studies are war-
ranted to determine whether physical exercise
may alter brain functional connectivity and im-
prove neuronal processing in hypertension irre-
spective of BP control and whether this is medi-
ated by BDNF signaling.

Potential surrogate markers in the clinical man-
agement of hypertension Copeptin Clinical in-
terest was focused on testing plasma copeptin,
a peptide derived from preprohormone arginine



vasopressin (AVP) produced by the hypothalam-
ic PVN. Unlike AVP, which is an unstable mole-
cule with short half-life and quite complicated
measures, copeptin is considered a vasopressin
surrogate. Diagnostic benefits of measuring co-
peptin levels were documented in acute cardio-
vascular events, including acute coronary syn-
drome.5%%% An independent and prognostic value
of copeptin levels for unfavorable outcomes and
mortality was evidenced in patients with hemor-
rhagic and ischemic stroke.®’ Elevated copeptin
was also found in septic shock,’® suggesting its
potential use in guiding clinical therapy and re-
versing vasodilatory shock states that are unre-
sponsive to standard catecholamine therapy.>®5

Apart from the benefits of monitoring co-
peptin in acute clinical scenarios, data from an-
imal studies suggested that stress-mediated re-
lease of AVP from the hypothalamus plays a crit-
ical role in triggering BP and sympathetic out-
flow through activation of the brain RAAS.5 On
the contrary, chronic infusion of angiotensin an-
tagonists acting in the PVN prevented BP rise
induced by sleep apnea.’' In this context, inter-
esting were the findings from a study on young
healthy adults in whom copeptin independent-
ly predicted nighttime hypertension among men,
but not women. Previous studies indicated that
the copeptin level is higher in healthy men than
in women.® While the sex-related association be-
tween copeptin and MSNA has not yet been deter-
mined, it is likely that lower copeptin paralleled
MSNA levels, in line with our previous findings
of lower BP and MSNA in younger women than
men counterparts.5? Likewise, female sex hor-
mones may attenuate stress-induced vasopres-
sin release and prevent BP-related disease and
sympathetic activation in women; however, this
merits further clinical research.

Recent findings determining the impact of an-
tihypertensive therapy on copeptin levels in pa-
tients with RH were also clinically relevant.® Fol-
lowing a 4-week treatment (irbesartan, hydrochlo-
rothiazide, and amlodipine), patients with RH
were randomized to the sequential nephron block-
ade group (spironolactone, furosemide, amiloride)
or the sequential RAAS blockade group (ramipril,
bispoprolol) if home BP was greater than or equal
to 135/85 mm Hg.%® Following 12-week therapy,
baseline plasma copeptin was positively associat-
ed with men, plasma osmolality, BP, and inversely
with glomerular filtration rate. Plasma copeptin
levels were nearly 2-fold higher in RH patients
than in patients with controlled BP after adjust-
ment for plasma osmolality. Importantly, plasma
copeptin remained significantly higher in patients
whose BP was controlled by sequential nephron
blockade or sequential RAAS blockade than in pa-
tients with controlled hypertension. Given that in
hypervolemia in physiological conditions hyper-
tension and hyperosmolality inhibit AVP secre-
tion, these findings suggested that RH was associ-
ated with impaired biosynthesis and chronic stim-
ulation of vasopressinergic neurons, subsequent
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release of AVP despite hypervolemia, and resul-
tant resistance to antihypertensive drugs.®® In
view of these findings, it would be relevant to ex-
plore whether blocking AVP may restore neuro-
endocrine imbalance and overcome the centrally
mediated resistance in hypertension.

Tachycardia
fluencing patient prognosis and used for patient
stratification of total cardiovascular risk,% elevat-
ed HR gained important prognostic recognition.
The association between tachycardia and the de-
velopment of hypertension, metabolic abnormal-
ities, atherosclerosis, and cardiovascular disease
is well established. A strong independent rela-
tionship between tachycardia and all-cause car-
diovascular morbidity and mortality was docu-
mented in the general population,® patients with
prehypertension, patients with hypertension,?®
cardiovascular disease,?’ and heart failure.t® Ele-
vated HR predicted cardiac events in high-risk pa-
tients with hypertension when compared to pa-
tients with the lowest HR.% The negative impact
of elevated HR on patient prognosis was unre-
lated to BP control suggesting that even patients
with reasonably well-controlled hypertension but
presence of tachycardia display high risk for car-
diac events. The prognostic value of resting HR
was also demonstrated in RH patients in whom
not only fast (>75 bpm or >70 bpm for nighttime
HR) but also slow HR (<60 bpm or <55 bpm for
nighttime HR) were predictors of cardiovascular
mortality.”” Notably, therapy with B-blockers had
an impact on prognosis related to HR. While fast
HR was a significant risk marker in patients us-
ing B-blockers, slow HR was also a predictor in
those not using B-blockers suggesting an overall
U-shaped phenomenon between the levels of HR
and outcomes in RH.”

Recent findings which provided the first clini-
cal evidence for the important independent pre-
dictive role of masked tachycardia for risk strati-
fication in patients with untreated hypertension
were clinically relevant.”’ A novel finding is that
masked tachycardia defined as normal office HR
(<85 bpm) and nighttime HR (276 bpm) increased
both the risk of excess major adverse cardiovascu-
lar events and mortality in hypertension. In con-
trast, patients with sustained tachycardia (elevat-
ed office and nighttime HR) presented a great-
er risk for major adverse cardiovascular events
only, but not for all-cause death, whereas white
coat tachycardia bore no association with any
cardiac events or all-cause mortality. Important-
ly, the prognostic significance of masked tachy-
cardia and sustained tachycardia in future major
adverse cardiovascular events was independent
of B-blocker use. The mechanisms through which
B-blockers were unable to prevent cardiovascular
events in patients with out-off-office tachycardia
have not yet been determined.

Amongst numerous risk factors in-

Nonpharmacological therapeutic interventions for hy-
pertension management Recent advancements
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in the treatment of RH were directed at inhibit-
ing the relevant neurogenic pathways underlying
the physiology of hypertension. The effect of BP
lowering was demonstrated through the modula-
tion of the SNS activity through interruption of
afferent signaling arising from the kidney (RDN),
carotid arterial baroreceptors (BAT), and carot-
id arterial chemoreceptors (CBD) projected to
the RVLM, which controls BP and sympathetic
outflow. Although clinical experience with deep
brain stimulation (DBS) is limited to case reports
of severe RH, direct stimulation of the ventrolat-
eral periaqueductal gray (PAG) has potential to
favorably alter brain activity resulting in sympa-
thoinhibition and BP reduction. While central
iliac AV anastomosis does not directly influence
sympathetic nerve activity, it is likely to activate
pulmonary arterial mechanoreceptors and alter
mechano-circulatory properties of the arteries,
providing a novel therapeutic approach to un-
controlled hypertension.

Renal denervation While most interventional
advancements for the treatment of drug-RH fo-
cused on renal nerve ablation since the first in-
-man proof of concept Symplicity HTN-1 trial,’?
its broad clinical utility has not yet been fully es-
tablished. Evidence from the unblinded stud-
ies applying catheter-based RDN demonstrated
a significant decrease of around 10 to 15 mm Hg
in mean ambulatory systolic BP and around
15 to 25 mm Hg in office systolic BP.*76 The BP
lowering following RDN has been linked to atten-
uation of hypertension-induced organ damage
in RH patients.””®' Although expectations were
high for the first prospective randomized double-
-blind sham-controlled Symplicity HTN-3 study
designed for assessing true ambulatory BP lower-
ing effects, unexpectedly this trial failed to meet
its primary and secondary efficacy endpoints.®
The negative results surrounding the Symplicity
HTN-3 trial triggered preclinical and clinical stud-
ies for further exploration of the RDN technique,
including both procedural and anatomical factors.
Evidence from human autopsy studies broadened
our knowledge and provided a more comprehen-
sive understanding of renal nerve localization to
the renal artery lumen,® potentially explaining
the high variability in BP®* and renal NA spillover
rate in response to RDN.7?

Conflicting results derive from other sham con-
trolled trials of RDN. In patients with mild to
moderate RH, RDN failed to demonstrate signif-
icant changes in the primary efficacy endpoint of
24-hour systolic BP at 6 months postprocedure
between the RDN and sham-controlled groups.®
Another sham-controlled, double-blinded ran-
domized, single-center trial assessing the ef-
ficacy of RDN on ambulatory BP levels in pa-
tients with RH demonstrated comparable reduc-
tions in daytime systolic BP at 3- and 6-month
follow-up between both groups.®® However, these
studies did not indicate whether the sufficient
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circumferential renal nerves ablation was actu-
ally achieved.®-86

On the contrary, the recently reported renal
denervation for hypertension study, a prospec-
tive, open-label randomized controlled trial with
blinded 24-hour ambulatory BP endpoint evalu-
ation in patients with RH demonstrated that ef-
fectiveness in BP lowering is greater when RDN
is added to a standardized stepped-care antihy-
pertensive treatment when compared to the same
medication alone.’® The 6-month primary efficacy
endpoint which was a reduction in daytime sys-
tolic BP was met (-15.8 mm Hg in the RDN vs
-9.9 mm Hg in the control arm). Furthermore, ex-
tended analysis of the renal denervation for hy-
pertension study identified baseline nighttime BP
as a predictor for the reduction of daytime systol-
ic BP 6 months after RDN.%2%7 Higher nighttime
BP variability prior to RDN was associated with
greater daytime systolic BP lowering at 6 months
postprocedure in responders. In contrast, in con-
trols neither nighttime BP nor its variability pre-
dicted 6-month BP response to standardized an-
tihypertensive drugs, which therefore preclud-
ed the prediction of response to antihyperten-
sive drug therapy.

In order to overcome the confounding factors
encountered in the Symplicity HTN-3 study (ie,
medication adherence, study population, proce-
dural variability, insufficient renal nerve abla-
tion),% currently ongoing SPYRAL HTN Global
Clinical trial further evaluates the potential effi-
cacy of RDN. The trial uses the next generation
RDN multi-electrode Symplicity Spyral cathe-
ter, which delivers radiofrequency energy treat-
ment to all 4 renal artery quadrants and is like-
ly to provide sufficient nerve ablation circumfer-
entially. This global randomized sham-controlled
program includes 2 studies aimed to determine
the effects of RDN on BP control in patients with
hypertension who are drug naive or who are able
to discontinue existing pharmacological therapy
(SPYRAL HTN OFE-MED study) and patients with
moderate to high-risk hypertension on 3 antihy-
pertensive drugs (SPYRAL HTN-ON MED study).

Baroreflex activation therapy  Electric stimulation
of carotid sinus baroreceptors through modula-
tion afferent signaling is another attractive ap-
proach for the treatment of RH. The safety and ef-
ficacy in substantial and durable BP-lowering ef-
fect with the CVRx Rheos System was demonstrat-
ed in the initial proof of concept study (DEBuT-HT
Trial).3990 The implantation of the first generation
device was associated with procedure-related se-
rious adverse events and the short-term battery
life, which limited its utility. The next generation
minimally invasive BAROSTIM neo led to a sig-
nificant BP reduction in RH patients at 3- and
6-month follow-up, even in a subset of patients
previously treated with RDN, and was associat-
ed with less device-related side effects.”! Further
proof for additive BP lowering and antiprotein-
uric effects achieved by BAT was demonstrated



in 28 patients presenting with elevated BP de-
spite previous RDN performed 5 months earlier.*?

Two recent case reports that demonstrated
the beneficial clinical utility of BAT in acute clin-
ical scenarios deserve to be mentioned. General-
ly, the BAT device is activated between 2 and 4
weeks after surgical implantation to allow the site
to heal. Its immediate activation in a young men
with hypertensive crisis following aortic dissec-
tion due to RH that was unresponsive to sym-
patholytic agents resulted in a rapid, significant,
and sustained BP reduction out to 12 months
after procedure with no further incidence of hy-
pertensive crisis.% While the application of BAT
in an emergency situation may not be feasible,
the potential of this treatment option should be
emphasised.

Clinical utility of the second generation Baros-
tim neo was demonstrated in the first in-man
treatment of severe BP variability greater than
30 mm Hgin a patient diagnosed with a progres-
sive central and peripheral dysautonomia sec-
ondary to Sjégren syndrome and impaired car-
diovascular reflex regulation.® While initially no
significant improvement was observed follow-
ing the procedure, cessation of all antihyperten-
sive medication revealed the true effect of BAT -
the improvement of BP variability and associated
symptoms. This observation suggested that drugs
acting on different mechanisms (short acting cen-
tral sympatholytics [clonidine and/or methyldo-
pal, a-blocker [prazosin] and B-blocker [metopro-
lol]) were likely to potentiate neural baroreflex-
es, thereby interfering with BAT in this patient.
Nevertheless, this case report highlights further
clinical applicability of BAT in severe forms of dif-
ficult to manage hypertension.

Carotid body denervation The association between
potentiated tonic chemoreflex sensitivity and
increased sympathetic activation in hyperten-
sion pathophysiology encouraged the initiation
of studies investigating the feasibility and efficacy
of a therapeutic intervention directed at modula-
tion of peripheral arterial chemoreceptors locat-
ed in the carotid body.* The clinical benefits as-
sociated with resection of unilateral carotid body
was first described in the early 1960s as a surgi-
cal approach for the management of asthma in
patients who failed to respond to convention-
al therapy.% Data from rat model of neurogenic
hypertension demonstrated that CBD results in
sustained reduction in BP and sympathoinhibi-
tion with a more pronounced lowering of BP when
combined with RDN, which suggested indepen-
dent afferent inputs to disease process.”’ The re-
sults from the first in-human proof of concept
study of a total of 15 patients with RH who under-
went unilateral carotid body removal came from
Gdansk’s group.®® Histology material revealed
the finding of glomus cells in resected tissue in
14 out of 15 treated patients confirming the feasi-
bility of the surgical approach. There were no sig-
nificant changes in office, home, and ambulatory
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BP at follow-up. However, when patients were di-
vided according to the reduction in daytime sys-
tolic BP greater than or equal to 10 mm Hg from
3 months after the procedure, eight out of 15 pa-
tients showed a significant and sustained reduc-
tion in daytime and nighttime BP accompanied
by a reduction in MSNA and in number of antihy-
pertensive medication out to 12 months follow-
-up. Interestingly, all patients who showed a de-
crease in BP underwent carotid body removal on
the right side. In a patient previously treated with
RDN who had the left carotid body removed, no
short-term and long-term BP changes were not-
ed after the procedure. Another novel finding was
the association between the BP responses and in-
creased chemoreflex sensitivity which indicated
the underlying contributing mechanism of RH.
While these finding were promising and BP low-
ering effects appeared higher when compared to
RDN, this approach requires general anesthesia.
Based on the results of a surgical removal, cur-
rently ongoing clinical trials are aimed at deter-
mining the effects of CBD through an arterial- or
venous-based catheter approach for the treatment
of difficult to control hypertension.

Deep brain stimulation Implanting electrodes
within certain areas of the brain nuclei modu-
lates local pathological activity involved in a spe-
cific disease process. Therapeutic effects of DBS
have been successfully demonstrated in a wide
range of neurological disorders (eg, Parkinson dis-
ease, chronic pain syndrome resistant to analge-
sics, major depressive disorder, dystonia, epilep-
sy, schizophrenia). The long-term DBS was found
to restore local brain structural connectivity and
global functional connectivity (eg, Parkinson dis-
ease).%? The first clinical evidence that demon-
strated an effective BP reduction after DBS was
reported in a patient who primarily underwent
a stimulation of the ventrolateral PAG/periven-
tricular gray matter to treat his chronic central
pain syndrome that was unresponsive to pain-
-relief drug.'® While DBS alleviated pain levels
for 4 months which then returned to the same
level as before the procedure, there was a gradu-
al decrease in BP up to 33 months after DBS with
medication withdrawal postoperatively. These re-
sults indicated that the site in the brain (PAG) can
be a target for sympathetic BP control and cen-
ter for pain modulation. Further proof for sus-
tained BP reduction with corresponding decreas-
es in HR variability and pulse pressure following
stimulation of PAG was documented in a man,
who initially underwent DBS to relieve his neu-
ropathic facial pain resistant to other regimens.'"!
Very recently, DBS led to a pronounced reduction
in BP and MSNA in a resistant hypertensive pa-
tient with BP readings of 300/170 mm Hg, de-
spite taking 8 antihypertensive drugs and pre-
vious device therapies, including chronic BAT
and bilateral RDN.'%? This observation indicated
that DBS has the potential to treat severe forms
of uncontrolled hypertension in which available
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pharmacological approach failed, and presumably
to treat nonresponders to device-based or inter-
ventional strategies. It is yet to be established
whether DBS may be associated with neuroplas-
ticity over long periods in patients with hyper-
tension that is difficult to treat.

Central arteriovenous anastomosis The ROX Cou-
pler device is another therapeutic option for
achieving BP reduction. The creation of a 4-mm
anastomosis between the iliac artery and iliac
vein diverges a defined amount of arterial blood
(~800 ml/min) into the venous system, which
leads to beneficial hemodynamic alterations (eg,
a reduction in total vascular resistance, an in-
crease in arterial compliance and oxygen deliv-
ery to tissues) and immediate and sustained re-
duction of BP. Evidence for the feasibility and
efficacy of the ROX system comes from a mul-
ticenter controlled trial in which RH patients
were randomized to either interventional cre-
ation of anastomosis in addition to concomitant
medication, or to BP-lowering medication alone.
The primary efficacy endpoint was met, which was
a significant reduction in office systolic BP and
24-hour daytime systolic BP at 6-month follow-
-up in the anastomosis group when compared
to the control group. However, implantation of
the AV coupler was associated with a number of
adverse events (ie, anemia, transient bradycar-
dia, deep venous thrombosis, intimal dissection
of the iliac artery, lower limb painm) and late ip-
silateral venous stenosis in 12 out of 42 patients
that required venoplasty or stenting. Given the as-
sociated high postprocedural risk and potential in
improving BP control, the ROX anastomosis de-
vice should be considered particularly in the ab-
sence of other options available, in patients who
failed or are not eligible for RDN (ie, inappropri-
ate renal anatomy) or CBD (ie, invisible or diffi-
cult access to the carotid body). Further studies
need to determine the long-term safety and effi-
cacy of this intervention and define the mecha-
nisms underlying BP-lowering effects.

Perspectives Increasing the awareness of hyper-
tension and cardiovascular risk associated with
it is a global imperative for reducing the burden
of disease connected with raised BP. The substan-
tial increase in morbidity and mortality attribut-
able to poorly controlled hypertension worldwide
can be considerably reduced by improving patient
medication adherence and physician therapeutic
inertia. However, despite the wide range of avail-
able pharmacological approaches to BP lowering,
there is still a portion of patients who remain re-
sistant to drug therapy. Innovative device-based
and procedural interventions that directly manip-
ulate the mechanisms underlying hypertension
successfully demonstrated their ability to lower
BP in a vast majority of patients. The high variabil-
ity in BP response to these therapies indicates that
the pathophysiology, including complex neural re-
flexes that may trigger a disease in an individual,
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is still not completely understood. Nevertheless,
the available data suggest a disturbed regulato-
ry process underlying BP and sympathetic regu-
lation at the central and peripheral levels, includ-
ing augmented activity of the sympathetic, vaso-
pressinergic, and renin-angiotensin-aldosterone
systems. This abnormal function may further im-
pair brain neuronal activity, as well as compen-
satory functional and structural reorganization.
Understanding the underlying mechanisms and
neuroplasticity in hypertension may open a new
arena for future therapies and therefore clearly
warrants further studies.
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