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Treatment-resistant hypertension (TRH) affects between 3 and 30% of hypertensive patients, and its presence is associated with increased
cardiovascular morbidity and mortality. Until recently, the interest on these patients has been limited, because providing care for them is difficult and often frustrating. However, the arrival of new treatment options [i.e. catheter-based renal denervation (RDN) and baroreceptor
stimulation] has revitalized the interest in this topic. The very promising results of the initial uncontrolled studies on the blood pressure
(BP)-lowering effect of RDN in TRH seemed to suggest that this intervention might represent an easy solution for a complex problem. However, subsequently, data from controlled studies have tempered the enthusiasm of the medical community (and the industry). Conversely, these
new studies emphasized some seminal aspects on this topic: (i) the key role of 24 h ambulatory BP and arterial stiffness measurement to identify
‘true’ resistant patients; (ii) the high prevalence of secondary hypertension among this population; and (iii) the difficulty to identify those patients
who may profit from device-based interventions. Accordingly, for those patients with documented TRH, the guidelines suggest to refer them to
a hypertension specialist/centre in order to perform adequate work-up and treatment strategies. The aim of this review is to provide guidance
for the cardiologist on how to identify patients with TRH and elucidate the prevailing underlying pathophysiological mechanism(s), to define a
strategy for the identification of patients with TRH who may benefit from device-based interventions and discuss results and limitations of these
interventions, and finally to briefly summarize the different drug-based treatment strategies.
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Introduction
There is wide variability in the reported prevalence of treatmentresistant hypertension (TRH) with rates from 3 to 30% of hypertensive patients.1 – 7
Medical care for these patients has been proved to be difficult,
time-consuming, and often frustrating. Accordingly, for those patients with documented TRH, the guidelines suggest to refer them
to a hypertension specialist/centre in order to perform adequate
work-up and treatment strategies. Although TRH is a relevant problem associated with significant cardiovascular (CV) morbidity and
mortality (Table 1),8,9 until recently, it received little attention
from the medical establishment. With the advent of catheter-based
renal denervation (RDN), the interest for this high-risk population
has increased dramatically.10 Driven by a medico-industrial complex
and sustained by a large echo in the media, the initially very

promising blood pressure (BP)-lowering effects of TRH in patients
with TRH11,12 were used to suggest that this novel therapeutic option may represent an easy solution for a complex problem. However, this overoptimistic view has been tempered by recent data
from controlled studies that failed to demonstrate efficacy of
TRH13 or showed efficacy only in highly selected patients.14
The revitalized scientific interest for this topic has allowed us to
identify several important aspects that need to be considered in the
evaluation and management of patients with TRH. The aim of this
review is to discuss some points that are seminal for the cardiologist,
namely (i) the key role of 24 h ambulatory BP measurement (ABPM)
for the assessment of patients with suspected TRH to rule out white
coat hypertension, confirm the diagnosis, and guide the further
evaluation; (ii) the importance of excluding secondary hypertension
as underlying cause of TRH by appropriate work-up; (iii) evaluate
the presence of vascular remodelling to guide further investigation;
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Table 1 Co-morbidities associated with resistant
hypertension
Co-morbidities

Odds ratio (95% CI)

Coronary artery disease
Peripheral vascular disease

1.3 (1.1–1.5)
1.3 (1.1–1.5)

................................................................................

1.3 (1.1–1.5)

Congestive heart failure
Atrial fibrillation

2.9 (2.4–3.4)
3.5 (2.0–6.2)

Left ventricular hypertrophy

2.1 (1.2–3.6)

Chronic kidney disease
Albuminuria

2.1 (1.8–2.5)
2.4 (1.7–3.5)

(iv) define a strategy to identify patients with TRH who may benefit
from device-based interventions; (v) discuss results and limitations
and provide indications for the use of device-based interventions
in TRH; and (vi) briefly summarize the medical treatment for TRH.

Definition and prevalence of
treatment-resistant hypertension
The reported variation in the prevalence of TRH in a general hypertensive patient population is due to differences in the definition of
and in the methods used for the assessment of BP resistance.
According to the most recent European Society of Hypertension/
European Society of Cardiology guidelines on hypertension, TRH is
defined as office systolic BP . 140 mmHg and/or diastolic BP .
90 mmHg despite appropriate life-style measures and antihypertensive treatment including a diuretic (at full dose) and two other
antihypertensive drugs of different classes at adequate doses.7
A drawback of this definition is based on office BP measurements
and, therefore, may result in the inclusion of a significant proportion
of patients with white coat hypertension.

Work-up of patients with
suspected resistant hypertension
Key role of 24 h ambulatory blood
pressure measurement
Rule out white coat hypertension
Given the high prevalence of white coat hypertension in patients
with suspected TRH based on office BP measurements, 24 h
ABPM should be part of the routine work-up (Figure 1). Clinical signs
suggestive of white coat hypertension are high office BP values without signs of target organ damage (discussed subsequently) and the
presence of symptoms associated with hypotension (i.e. dizziness,
fatigue, and blurring) that may be related to antihypertensive overtreatment. The importance of 24 h ABPM to rule out white coat
hypertension in the setting of suspected TRH is demonstrated by
de la Sierra et al.15 in a large cohort of hypertensive patients. In
this study, the prevalence of TRH based on office BP (systolic office
BP ≥ 140 mmHg and/or diastolic BP ≥ 90 mmHg on three or more

Alteration of the dipping status as a clue for the presence
of secondary hypertension
In patients with TRH, the prevalence of secondary hypertension is
significantly higher than that in the general hypertensive population.22 This is illustrated by Azizi et al.14 in a cohort of 1416 patients
with TRH who were screened for eligibility of RDN, and of whom
.50% had to be excluded because of the presence of secondary
hypertension.
Twenty-four-hour ABPM allows the assessment of night-time BP.
The absence of a night-time drop (dipping of .10% relative to the
daytime BP) or the increase of BP during night time (‘reverse nocturnal dipping’) is often associated with secondary hypertension.22 The
most common causes of secondary hypertension in the context of
treatment resistance and non-dipper status are obstructive sleep apnoea (OSA), renal parenchymal and/or vascular disease, and primary aldosteronism (PA). Screening for these common causes
should be performed as follows (for more detailed information,
see our recent review22).

Rule out secondary hypertension as a
cause of treatment-resistant hypertension
Obstructive sleep apnoea
OSA has been identified as one of the most common causes of secondary hypertension. Non-dipping or reverse dipping associated
with a history of snoring, daytime sleepiness, and morning headache
should prompt to suspect OSA. Screening for OSA can easily be
done by assessing daytime sleepiness using a questionnaire
(Epworth screening questionnaire) and by home sleep testing using
a portable sleep monitor device. If the latter reveals an increased
apnoea – hypopnoea index (i.e. .5 apnoeas/hypopnoeas per hour
of sleep), the patient should be referred to a specialist for further
evaluation and treatment.
Renal parenchymal or renovascular disease
Screening for renal parenchymal disease should be performed by
urine analysis (protein, erythrocytes, and leucocytes) and measurement of serum creatinine concentration. In the case of a pathological
finding, renal ultrasound should be the next step.
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antihypertensive drugs, one of them being a diuretic) was 12.2%. Of
these patients, roughly one-third had white coat hypertension, suggesting that in unselected patients treated for hypertension, the
prevalence of TRH based on 24 h ABPM is ,10%. In line with
this estimation, in a study using 24 h ABPM to determine the eligibility for catheter-based RDN, the proportion of patients with TRH
was ,10%,16 and a recent survey of a very large population
(.172 000) of patients with hypertension reported a prevalence
of TRH of ,5%.17 Parenthetically, it should be noted here that inaccurate BP measurement techniques are a common cause of
pseudo-resistance in patients treated for hypertension. Particular attention should be paid to adequate cuff size, because the use of a cuff
size that is too small for the circumference of the arm may result in
the overestimation of BP by .15 mmHg.18
Based on these observations and in accordance with recent
guidelines (i.e. NICE guidelines)19 and other experts in the field,20,21
we deem 24 h ABPM to be mandatory for the diagnosis, risk stratification, and work-up in patients with suspected TRH (Table 2).
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Table 2 Value of office, home, and 24 h ambulatory
blood pressure measurement in resistant hypertensive
patients
Significance

Office
BP

Home
BP

24 h
ABPM

therapy with angiotensin-converting enzyme (ACE)-inhibitors or
angiotensin-receptor blockers] or patients presenting with flash pulmonary oedema (i.e. Pickering syndrome)25,26 should be screened
for RAS by duplex ultrasound, computed tomography, or magnetic
resonance imagining.

................................................................................
Diagnosis of resistant hypertension

+/2

+

+++

Prognostic value

+/2

+

+++

+/2
+/2

++
++

+/2

++

Exclusion of white coat hypertension 2
Assessment of therapy adherence
2
Differentiation primary/secondary
hypertension

+/2

Although in the general hypertensive population the presence of
atherosclerotic renal artery stenosis (RAS) is low (1 – 8%),23,24 its
prevalence in patients with TRH is much higher (i.e. 15 – 40%).22
Non-dippers with abrupt progression of the severity of hypertension or recent renal function deterioration [particularly after

Primary aldosteronism
Primary aldosteronism refers to inappropriately high aldosterone
synthesis that is independent of the renin– angiotensin system and
cannot be suppressed by sodium loading. Clinical signs of PA are
not very specific, and hypokalaemia is present in only 40% of
the patients with confirmed PA. As a first screening step, the plasma
aldosterone – renin ratio (ARR) should be assessed after adequate
preparation of the patient.22 In the case of increased ARR, the patient should be referred to a hypertension specialist/centre for additional work-up and treatment.

Less common causes of secondary hypertension
For an extensive discussion about screening for less common causes
of secondary hypertension, we refer to our previous review.22
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Figure 1 Work-up of patients with suspected treatment-resistant hypertension. The work-up comprises three main steps: (i) confirmation of
resistant hypertension by 24 h ABPM; (ii) evaluation of night-time BP dipping; and (iii) assessment of vascular stiffness. After confirmation of TRH
by 24 h ABPM and if altered dipping or increased vascular stiffness is present, exclusion of secondary hypertension should be the next step. In
those patients with normal dipping status and 24 h PP , 63 mmHg, carotid-femoral PWV should be measured. If normal (i.e. ,10 m/s), poor
compliance, life-style factors, and interfering substances should be excluded, before searching for secondary hypertension. ABPM, ambulatory
blood pressure measurement; BP, blood pressure; Na+, sodium; LVEF, left ventricular ejection fraction; PWV, pulse-wave velocity; PP, pulse
pressure.

Resistant hypertension

Evaluate the presence of vascular
remodelling

If vascular remodelling is absent, rule out poor treatment
adherence, life-style factors that increase arterial BP, and
substances interfering with efficacy of antihypertensive
treatment
Poor treatment adherence
Non-adherence is one of the most frequent causes of treatment
‘resistance’,32 with up to 50% of the patients with apparent resistance not taking their medication as prescribed, when adherence is
assessed by urine analysis.33 Accordingly, when adherence is monitored, roughly one-third of patients with ‘apparent’ TRH normalize
their BP.34 Several strategies have been proposed to assess and improve therapy adherence, including the measurement of drug concentrations in serum or urine, the use of pillboxes recording every
opening event, and specific counselling programmes. This topic has
been recently extensively discussed35 and is beyond the scope of
our article, but as an example, electronic pillboxes have been shown
to improve and normalize BP in roughly 30% of the ‘resistant’ hypertensive patients.34 Performing 24 h ABPM immediately after the
patient has taken his/her antihypertensive drugs in the presence
of a nurse or physician is an easy way to assess the effect of the
prescribed medication.

Sodium consumption and water retention. Patients with TRH often
are salt-sensitive and are characterized by an increased salt intake
and impaired renal function.42 – 45 Increased sodium consumption
(i.e. .6 g/day) is associated with a gradual rise in BP and CV risk
in normotensive and hypertensive subjects.42 The BP-lowering effect of decreased sodium consumption is particularly marked in
‘salt-sensitive’ patients with HT (i.e. Africans and East Asians, obese
and elderly of all ethnicities),46 which may be related to the altered
responsiveness of the renin – angiotensin – aldosterone system
(RAAS).42 In patients with TRH, excessive salt intake contributes
importantly to resistance, as shown by a marked decrease in both
office (by 22.7/9.1 mmHg) and 24 h ambulatory BPs (by 20.7/
9.6 mmHg) during dietary sodium restriction in a cross-over study
by Pimenta et al.44 The magnitude of the sodium restriction-induced
decrease of BP is substantially greater in patients with TRH than in
normotensive subjects or general hypertensive patients. This observation is consistent with the hypothesis that in TRH, excessive sodium consumption is a major contributor to treatment resistance,
particularly when associated with increased arterial stiffness.44
The relationship among vascular stiffening, ageing, and volume expansion is shown in Figure 2:47 with ageing and consequent stiffening
of the vasculature, a small increase in volume is associated with an
exaggerated increase in BP. Thus, vascular remodelling and volume
expansion are two important mechanisms involved in the pathogenesis of TRH (Figure 3).
Alcohol consumption. Acute alcohol intake increases BP by sympathetic activation that appears to be centrally mediated.48 Moreover,
chronic heavy alcohol intake (.60 g/day ethanol) increases BP even
in normotensive subjects.48,49 There is, however, little information
on the role of excessive alcohol consumption and the effect of its
reduction in patients with TRH.50

Rule out life-style factors causing RHT
Life-style modifications reduce BP by 5–10 mmHg in non-selected
hypertensive patients.36 Obesity, excessive salt intake, and alcohol
consumption are frequently associated with TRH.
Obesity. Treatment-resistant hypertension and more severe hypertension are often associated with obesity.37 Underlying mechanisms
contributing to this problem are an increased cardiac output related
to sodium retention and subsequent volume expansion38 and increased sympathetic nervous system (SNS) activity, particularly in
obese patients suffering from concomitant OSA.39 It has to be
kept in mind, however, that in the general hypertensive population,
weight loss is associated with modest BP reduction (i.e. systolic/diastolic BP reduction of 2/1 mmHg per kg of body weight loss),40 and
data on the effect of weight loss on BP in obese patients with TRH
are scarce.37 It appears that interventions targeting simultaneously
several life-style modifications (i.e. weight loss, lower salt, and alcohol consumption) are more effective than interventions targeting
each of these factors sequentially.41

Figure 2 Age dependency of the aortic volume – pressure relationship. With increasing age, volume expansion results in a markedly larger increase of aortic pressure, reflecting the increasing
vascular rigidity associated with ageing [modified from (37) with
permission].
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In the next step, we propose to evaluate the presence of increased arterial stiffness, because in patients with true TRH vascular remodelling
is likely to be present. The gold standard method to non-invasively
assess arterial stiffness is the measurement of carotid-femoral pulsewave velocity (PWV).27 This is easily done by using appropriate
devices,28 and normal values have been published.29 Alternatively,
it is often forgotten that pulse pressure (PP ¼ systolic BP – diastolic
BP) is a valid and widely available proxy of vascular stiffness. 27
PWV . 10 m/s, 29 24 h PP ≥ 63 mmHg, 30 or central PP .
55 mmHg31 suggests vascular remodelling. The absence of increased arterial stiffness suggests the presence of pseudo-resistance,
and we suggest to search for poor treatment adherence, life-style
factors known to increase arterial BP, and drugs interfering with
the antihypertensive treatment.
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Substances or drugs interfering with antihypertensive treatment.
Several substances and drugs can induce arterial hypertension or
interfere with antihypertensive medications. For an extensive discussion of this topic, we refer to a previous review.51 In the context
of TRH, the potential role of a BP rising effect by non-steroidal antiinflammatory drugs (NSAIDs) needs to be considered. NSAIDs
induce sodium and water retention by inhibition of renal prostaglandin synthesis as well as other mechanisms. In susceptible patients
(i.e. elderly, salt-sensitive, and pre-existing renovascular disease),
this effect may lead to treatment resistance and/or acute renal failure. Moreover, NSAIDs may interfere with several important antihypertensive drug classes [ACE-inhibitors, angiotensin-receptor
blockers (ARBs), and b-blockers].

Identification of patients with
treatment-resistant hypertension
who may benefit from device-based
interventions
Patients who remain hypertensive despite treatment with a combination of ‘A’ (ACE-inhibitor or ARB) with ‘C’ [calcium channel blocker (CCB)] plus ‘D’ (thiazide-like diuretic, i.e. chlortalidone or
indapamide) at the maximal tolerated dosage and a fourth-line antihypertensive agent (i.e. aldosterone antagonist, discussed subsequently) may qualify for a device-based intervention.
With the demonstration of the failure of RDN to lower BP in the
general population of patients with TRH, identification of patients
with TRH who may/may not benefit from device-based intervention
becomes of major importance. In the following, we focus on

sympathetic activation, isolated systolic hypertension (ISH), and arterial remodelling as potential predictors of the success and/or failure of device-based intervention (Figure 4).
Excessive sympathetic activity does not predict the BP
response to device-based intervention
Excessive activity of the SNS has been suggested to contribute importantly to the sustained BP increase in hypertensive patients.52
This notion was confirmed by Grassi et al.,53 showing marked sympathetic activation and baroreflex dysfunction in TRH. It needs,
however, to be kept in mind that the pathogenic role of sympathetic
activation seems to be most relevant in young (and/or obese) hypertensive patients.52,54 In line with this hypothesis, surgical sympathectomy has been documented to reduce BP and mortality in young
(mean age 42 years) hypertensive patients.55 In contrast, several recent studies refute the hypothesis of a major role of the SNS in the
pathogenesis of TRH in elderly patients,13,56 and BP changes after
RDN were reported to be temporarily, qualitatively, and quantitatively independent of sympathetic and baroreflex effects.57 Taken
together, the current evidence suggests that pre-intervention
assessment of sympathetic nerve activity is a poor predictor of BP
response to RDN.
Isolated systolic hypertension, a contraindication
for device-based intervention?
Twenty-four-hour ABPM should be performed to confirm the
presence of therapy resistance (24 h ambulatory pressure .130/
80 mmHg) and to check whether marked ISH (24 h ambulatory
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Figure 3 Risk factors and pathogenic mechanisms associated with treatment-resistant hypertension. Risk factors for treatment-resistant hypertension often induce vascular remodelling and volume expansion, two factors known to contribute to resistant hypertension. BP, blood pressure;
Na+, sodium; PWV, pulse-wave velocity; LV, left ventricular; EF, ejection fraction.
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PP ≥ 63 mmHg)30 is present. Systolic and diastolic BPs increase until the age of about 50 years. Thereafter, due to age-related progressive stiffening of the vasculature, systolic BP continues to increase
whereas diastolic BP decreases. This has three important consequences: (i) the proportion of patients with ISH increases with
age, from about 47% in the decade of the 50 – 59 years old to
.75% a decade later;58 (ii) in people .50 years, systolic BP becomes the most important determinant and predictor of CV
risk;59 and (iii) ISH is a marker for increased arterial stiffness (also
discussed subsequently) and has been associated with blunted BP
response to RDN.56 Accordingly, we suggest that the presence of
ISH is a contraindication to device-based interventions.

Pronounced arterial stiffness, a contraindication for
device-based intervention
Advanced vascular remodelling represents a ‘common denominator’ for ISH, TRH, and poor systolic BP control (Table 3). Most importantly, vascular remodelling is an important factor associated
with a blunted BP-lowering effect of device-based interventions. In
line with this concept, patients with pronounced arterial stiffening31,60 and/or ISH56 show no or a reduced effect of RDN on BP.
Indeed, in a recent observation, roughly 30% of the patients with
TRH taking six antihypertensive drugs failed to attain target BP values (home BP ,135/85 mmHg) after RDN.14
Therefore, assessment of arterial stiffness by measuring carotidfemoral PWV or central PP should be part of the work-up of patients with TRH before considering device-based interventions.

Table 3 Patient characteristics associated with
increased arterial stiffness, resistant hypertension, and
isolated systolic hypertension

Arterial
stiffness

Resistant
Isolated
hypertension systolic
hypertension

Older age
Poor systolic BP
control
Obesity

++
++

++
++

+++
+++

+

++

+/2

Diabetes mellitus

+

++

++

Smoking
Vascular
atherosclerosis
 Carotid IMT

++
++

++
++

++
++

++

++

++

LV hypertrophy

++

+++

+++

Chronic kidney
disease

+++

++

++

Characteristic

................................................................................

IMT, intima-media thickness; LV, left ventricle.

The presence of exaggerated arterial stiffness (i.e. carotid-femoral
PWV . 10 m/s,29 or 24 h PP . 63 mmHg,30 or central PP .
55 mmHg31) represents a contraindication for device-based
intervention.
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Figure 4 Screening for device-based interventions. Patients remaining hypertensive under therapy with the combination A + C + D plus an
aldosterone antagonist should undergo 24 h ABPM and arterial stiffness assessment. If isolated systolic hypertension or increased arterial stiffness
(i.e. carotid-femoral PWV . 10 m/s and/or 24 h PP . 63 mmHg and/or central PP . 55 mmHg) is found, device-based interventions should be
not performed. A, angiotensin-converting enzyme inhibitor or angiotensin-receptor blocker; C, calcium channel blocker; D, thiazide(-like) diuretic; ABPM, ambulatory blood pressure measurement; PWV, pulse-wave velocity; PP, pulse pressure.
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Device-based and medical therapy
of patients with resistant
hypertension
Device-based interventions

Table 4 Potential factors and co-morbidities related
to blunted blood pressure lowering effect of renal
denervation
Patient-related factors
Vascular remodelling (i.e. exaggerated arterial stiffness)
Older age
Presence of isolated systolic hypertension
Increased pulse-wave velocity and increased pulse pressure
Long duration of hypertension
Generalized arteriosclerosis
Smoking and diabetes
Chronic kidney disease
Pathophysiological factors (i.e. exaggerated sympathetic activation
is not a major contributor)
Older age
Ethnicity
Exaggerated salt retention and volume expansion
Anatomical factors
Presence of accessory renal arteries
Secondary renal artery stenosis
Renal sympathetic re-innervation
Medication adherence

Carotid baroreceptor stimulation
Electrical stimulation of the carotid baroreceptor(s) causes a sustained reduction of sympathetic outflow and arterial BP in animal
models of hypertension and humans.62 – 64 Similarly, in animal models of obesity-induced hypertension, baroreceptor activation induces a sustained BP decrease through global- and renal-specific
inhibition of SNS activity.65 In contrast, in animal models of angiotensin II-induced hypertension and aldosterone hypertension,66
baroreflex-induced reductions in arterial BP are blunted,62,67 suggesting that this intervention may not be very effective in the presence of high concentrations of angiotensin II or aldosterone. In
humans with TRH, baroreceptor stimulation has been found to decrease 24 h ambulatory BP (210/6 mmHg) by reducing central
neural sympathetic outflow and renin release at 4-month followup.68 Interestingly, recent data suggest that unilateral right-sided carotid baroreceptor stimulation may be more effective than leftsided or bilateral stimulation in lowering office BP in patients with
TRH.69
The main disadvantages of this technique are the need of surgical
implantation and the lack of data on its effectiveness on CV events.
Therefore, in accordance with recent guidelines, we suggest that
baroreceptor stimulation should be considered in patients with
TRH only after documented failure of adequate drug treatment,
and the implantation of the device should be performed by experienced surgeons in selected hypertension centres (Class IIb, Level
C).7 Moreover, it should be kept in mind that the BP-lowering effect
of baroreceptor stimulation may be attenuated in TRH associated
with hyperaldosteronism.66
Catheter-based renal denervation
The initial enthusiasm for this minimally invasive technique has recently been tempered by the publication of the negative results of
the first randomized SHAM-controlled study.13 As a consequence
of these disappointing results, most industry-sponsored studies

................................................................................
Technical factors
Incomplete ablation of the renal nerves
Insufficient number of ablation points
Localization of ablation (should comprise all four quadrants)
Device-related factors
No direct feedback for success of denervation
Insufficient ablation depth
Operator experience

were stopped, and the scientific community has started an intensive
search for possible explanations of this debacle. Table 4 outlines potential factors and co-morbidities that may result in a blunted
BP-lowering effect of RDN in TRH. In the following, we will elaborate a few of them.
Patient-related factors
Vascular remodelling is often present in TRH and may represent an
important factor associated with blunted BP-lowering effect of
RDN. In line with this hypothesis, RDN had little or no BP-lowering
effect in patients with pronounced arterial stiffening31,60 and/or
ISH.56
Another important aspect that needs to be considered is the role
of SNS activation in the pathogenesis of TRH. In the elderly, and patients of African and East Asian origin (i.e. salt-sensitive populations)
with TRH, increased SNS activity appears to play a minor pathogenic
role. In line with this hypothesis, African and East Asian ethnicities
have been identified as independent predictors of poor BP response
to RDN in the Symplicity HTN-3 trial.70
The anatomy of the renal vasculature has been identified as another relevant factor for patient selection and the subsequent BP response to RDN. Roughly 50% of the non-selected patients with
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Attenuation of exaggerated activity of the SNS represents the aim of
device-based interventions (i.e. carotid baroreceptor stimulation
and RDN) for the treatment of TRH. Some (patho)physiological differences between these two interventions should, however, be kept
in mind. Although carotid baroreceptor stimulation decreases central neural sympathetic outflow through electrical activation of this
sympatho-inhibitory reflexogenic area, RDN decreases sympathetic
over-activity by ablation of renal sympatho-excitatory afferents.
Moreover, carotid baroreceptor stimulation significantly decreases
resting heart rate, whereas RDN has no detectable effect on this
variable.
In the following, we will briefly review the pathophysiological
background and the clinical evidence of these two device-based
therapeutic options.
For an extensive overview on this topic, we refer to a previous
review.61
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Technical factors
As evidenced by the recent failure of RDN to lower BP in TRH13
and the ensuing search for anatomical and technical explanations
for this failure, effective catheter-based RDN is not as simple as it
was initially believed. An extensive discussion on this topic77,78 is beyond the scope of this review. Nevertheless, we wish to point out a
few important aspects: first, incomplete ablation of the renal nerves
(i.e. insufficient number of ablation points and/or inadequate localization of ablation) results in a blunted BP-lowering effect.70,74,79 – 81
Accordingly, the recent Expert Consensus Guidelines on RDN
recommend four-quadrant ablation in order to obtain sufficient
ablation of renal sympathetic nerves.78,81 Of note, in the Symplicity
HTN-3 trial, only 6% of the patients underwent bilateral

four-quadrant ablation,81 and a high number of ablations and energy
delivery in a four-quadrant pattern were associated with a greater
decrease in office and ambulatory systolic BPs in this trial.70 Secondly,
and along the same lines, no ablation device has a useful direct
feedback system to detect successful ablation, and, as a consequence, operator experience is essential for successful RDN. The
importance of the latter is highlighted by the results of two recent
trials. In the Symplicity HTN-3 trial, .30% of the operators performed only one intervention and only 50% performed more than
two interventions. In the recently published DENERHTN trial,
showing a significant decrease in ambulatory BP in patients treated
with standardized stepped-care antihypertensive medications and
RDN compared with those without RDN, .80% of the procedures
were performed in five centres treating five or more patients.14,82
Finally, it has to be noted that even if (and there still remains an ‘if’)
RDN will be documented to consistently decrease BP, we do not
know whether or not this decrease in BP will translate into a decrease in stroke, heart attack, and CV death. Interestingly, data in
apoprotein E knockout mice suggest that RDN may have favourable
CV effects beyond BP lowering as, in this experimental model, RDN
attenuated the progression of atherosclerosis.83
We recommend considering RDN in patients with TRH under
A + C + D plus aldosterone antagonist after exclusion of isolated
systolic HT and increased arterial stiffness. Keeping in mind that
even when fulfilling the abovementioned criteria, salt-sensitive populations with TRH (i.e. Asians and American Africans) and patients
with accessory renal arteries are expected to respond poorly to
RDN.

Standard medical treatment approach
for treatment-resistant hypertension
The standard medical treatment of TRH has been discussed in detail
by others. Briefly, we recommend the following approach (Figure 5).

Figure 5 Antihypertensive drug therapy in patients with resistant hypertension. We recommend to start with the combination A + C + D. If
the patient remains hypertensive, we recommend a clinical evaluation to determine which one among the three potential pathogenic mechanisms
volume expansion, sympathetic over-activity, and increased arterial stiffness prevails over the others, and to add additional drugs in function of this
evaluation. A, angiotensin-converting enzyme inhibitor or angiotensin-receptor blocker; C, calcium channel blocker; D, thiazide(-like) diuretic;
SNS, sympathetic nervous system.
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arterial hypertension do not meet the current anatomical eligibility
criteria for RDN.71 – 73 For example, accessory renal arteries appear
to be important for the BP response to RDN, as these arteries,
which often are not accessible to denervation, are surrounded by
sympathetic nerves.74 In line with this hypothesis, in patients with accessory renal arteries, the BP reduction achieved by RDN is less
pronounced than in patients with bilateral single renal arteries.75
Finally, the so-called ‘Wilder’s principle’ (i.e. the pre-treatment
value determines the magnitude of the post-treatment response)
should be kept in mind, when considering BP responses to an antihypertensive treatment.76 In the context of RDN, different BP
measurement methods (i.e. office BP and 24 h ABPM) have been
used to determine the antihypertensive response. In general, office
BP values often are significantly higher than ambulatory 24 h BP
values. It is not surprising, therefore, that in studies using office BP
measurements (higher pre-treatment valuesgreater posttreatment effect), the BP-lowering effect of RDN is more
pronounced than in studies using 24 h ABPMs (lower pre-treatment
valuessmaller post-treatment effect).76

2693

2694

Second step: clinical evaluation to detect whether a
pathogenic mechanism prevails over others
If the patient under A + C + D is still hypertensive (i.e. office BP .
140/90 mmHg and/or 24 h ABPM . 130/80 mmHg), we recommend
a clinical evaluation to determine whether sodium and water retention [search for peripheral oedema, increased urinary sodium excretion, increased left ventricular (LV) filling pressures, etc.] or
sympathetic activation and increased arterial stiffness (increased average heart rate on 24 h ABPM and increased PWV or PP) predominate.
Third step: addition of a fourth-line antihypertensive agent
We recommend different drugs depending on the prevailing pathogenic mechanism detected during step 2. If volume expansion
predominates, spironolactone (25 – 50 mg/day) or eplerenone
(50 –100 mg/day in the case of gynaecomastia with spironolactone)
should be added.99,100 In the case of increased SNS activity and/or
arterial stiffness, an alpha-blocker (i.e. doxazosin) that may have
favourable effects on BP and vascular remodelling should be
added.101 – 103
Fourth step: addition of a fifth/sixth antihypertensive agent
In the case of persistent volume expansion, we propose to add
(in addition to the thiazide, not instead) a long-acting loop diuretic

(i.e. torasemide). If persistent sympathetic over-activity is suspected,
adding a b-blocker with vasodilator properties (i.e. nebivolol which
is also NO donor) or a combined a-/b-blocker (i.e. carvedilol and
labetalol) should be considered.104 In the case of increased arterial
stiffness, aldosterone antagonists have been shown to have favourable effects on BP and vascular remodelling.105 For further steps, see
Figure 5.

Assessment of target organ
damage and co-morbidities in
patients with treatment-resistant
hypertension
Patients with TRH are at high risk for CV morbidity and mortality
and are characterized by an increased prevalence of target organ damages and co-morbidities (Table 1).8,9,106 It is, therefore, important
to search for these problems in order to evaluate the overall CV risk
and to take appropriate measures.7

Cardiac evaluation by echocardiography
Echocardiography allows us to detect morphological alterations
that are common in TRH, such as LV hypertrophy (≥115 g/m 2
for men and ≥95 g/m 2 for women), left atrial (≥34 mL/m 2 ),
and aortic enlargement, 107 and, in patients with cardiac symptoms, to search for functional alterations such as LV diastolic
[septal tissue Doppler early diastolic velocity (e ′ ) ,8.0 cm/s]
and/or systolic dysfunction (LV ejection fraction ,55%) and
altered LV filling pressures [increased if transmitral E and septal
e′ (E/e′ ) ≥13].108

Renal function and (micro)albuminuria
Hypertension-induced renal damage should be searched for by assessment of renal function and by measurement of urinary albumin
excretion. The cut-off value for impaired renal function is an estimated GFR (eGFR) ,60 mL/min/1.73 m2, and for microalbuminuria
a urinary albumin/creatinine ratio .3.9 mg/g for men and .7.5 mg/g
for women. If excessive salt intake is suspected, assessment of 24 h
urinary Na+ excretion is recommended.

Arteriosclerosis
Generalized arteriosclerosis (i.e. coronary, peripheral, and cerebrovascular) is a common finding in patients with TRH8 and its
presence is predictive for future CV events.2,109 Physical examination should therefore at least include fundoscopy (presence of
retinopathy) and the search for carotid, abdominal, and femoral
bruits.
If patients with TRH report symptoms evoking generalized arteriosclerosis (i.e. angina pectoris, claudication, and cerebrovascular
symptoms) and/or the physical examination reveals suspicious signs,
rapid diagnostic work-up (i.e. coronary angiography and duplex of
cerebral and peripheral arteries) should be performed, because
TRH increases the risk for CV disease,4 and if associated with coronary artery disease, it markedly increases CV morbidity and
mortality.1
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First step: A 1 C 1 D
RAAS activation plays an important role in the pathophysiology of
hypertension. In accordance with several guidelines,19,84,85 we recommend as first step in the treatment of TRH the combination of A
(ACE-inhibitor or ARB) with C (CCB) plus D (thiazide-like diuretic,
i.e. chlortalidone or indapamide) at the maximal tolerated dosage.
This recommendation is based on a pathophysiological rationale.86
The ‘A + C + D’ combination acts on different BP regulatory systems in a way that both activated and counter-regulatory mechanisms
are inhibited: although all A + C + D promote natriuresis and vasodilation, A inhibits the RAAS and the SNS activated by ‘C + D’.86 Of
note, RAAS activation is often absent in elderly patients and in patients of African origin in whom a low renin status is frequently
found.87 In line with this observation, sequential nephron blockade
appeared to be more effective than sequential RAAS blockade for
the treatment of TRH,88 suggesting that these patients may be
more sensitive to intensified sodium depletion than to reinforced
RAAS blockade.
In patients with a moderate-to-severe impairment of renal function
[i.e. glomerular filtration rate (GFR) ≤ 45 mL/min/1.73 m2], a shift
from a thiazide(-like) to a loop diuretic should be considered.
Although C strategy is often based on dihydropyridine CCBs (i.e. amlodipine, felodipine, lercanidipine, and nifedipine), in some cases (i.e.
increased heart rate), non-dihydropyridine CCBs (i.e. verapamil and
diltiazem) should be considered.
There is sound evidence that ‘A + C’,89 – 91 ‘A + D’,92 – 94 and ‘C +
95
D’ are very effective in reducing hard CV endpoints in hypertensive
patients. Moreover, recent data show that A + C + D is associated
with a significantly greater reduction of all-cause mortality in patients
with TRH and diabetes than ‘A + Placebo + D’.96 We recommend,
whenever possible, to use single-pill combinations of A + C + D, as
these combinations are more effective in lowering BP,97 have a better
adverse effect profile,98 and improve therapy adherence.98
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Follow-up of patients with
treatment-resistant hypertension
According to the current European guidelines on hypertension, we
recommend 24 h ABPM and assessment of end-organ damage (i.e.
search for arteriosclerosis on physical examination, fundoscopy,
eGFR, albuminuria, and echocardiography) on a yearly basis.7

The development of new therapeutic approaches during the last
years awakened the ‘hibernated’ interest on resistant hypertensive
patients. Correct diagnosis of ‘true’ drug resistance through 24 h
ABPM, exclusion of a secondary form of hypertension, and assessment of arterial stiffness are indispensable steps in the work-up. The
different pathogenic mechanisms involved in therapy resistance are
still incompletely understood. Sodium retention and consequent
volume expansion and vascular remodelling appear to play a central
role; however, specific de-stiffening therapeutic strategies are still
under investigation and not available at a large scale.110 Future studies should elucidate the role of SNS activation in different resistant
hypertensive subpopulations and confirm (rule out) its role as an important modifiable determinant of CV morbidity and mortality in
these subpopulations. A better understanding of the underpinning
pathogenic mechanisms is expected to result in a more personalized
therapeutic approach. In particular, there is an urgent need to refine
the selection criteria for device-based interventions. Finally, technical advancements of interventional therapy may result in better
BP control and, in turn, reduce CV morbidity and mortality in this
growing high-risk population.

Conflict of interest: F.H.M. is a consultant or advisory relationships with the following companies: Daiichi-Sankyo, Pfizer, Abbott,
Servier, Medtronic, WebMD, and ACC. S.F.R. is a consultant or advisory relationships with the following companies: Servier, Menarini,
Daiichi-Sankyo.

References
1. Bangalore S, Fayyad R, Laskey R, Demicco DA, Deedwania P, Kostis JB,
Messerli FH, Treating to New Targets Steering Committee and Investigators.
Prevalence, predictors, and outcomes in treatment-resistant hypertension in patients with coronary disease. Am J Med 2014;127:71 –81.
2. Daugherty SL, Powers JD, Magid DJ, Tavel HM, Masoudi FA, Margolis KL,
O’Connor PJ, Selby JV, Ho PM. Incidence and prognosis of resistant hypertension
in hypertensive patients. Circulation 2012;125:1635 –1642.
3. Egan BM, Zhao Y, Axon RN, Brzezinski WA, Ferdinand KC. Uncontrolled and apparent treatment resistant hypertension in the United States, 1988 to 2008. Circulation 2011;124:1046 – 1058.
4. Muntner P, Davis BR, Cushman WC, Bangalore S, Calhoun DA, Pressel SL,
Black HR, Kostis JB, Probstfield JL, Whelton PK, Rahman M, for the ALLHAT Collaborative Research Group. Treatment-resistant hypertension and the incidence
of cardiovascular disease and end-stage renal disease: results from the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT).
Hypertension 2014;64:1012 –1021.
5. Persell SD. Prevalence of resistant hypertension in the United States, 2003 –2008.
Hypertension 2011;57:1076 –1080.
6. Calhoun DA, Jones D, Textor S, Goff DC, Murphy TP, Toto RD, White A,
Cushman WC, White W, Sica D, Ferdinand K, Giles TD, Falkner B, Carey RM.
Resistant hypertension: diagnosis, evaluation, and treatment: a scientific statement from the American Heart Association Professional Education Committee
of the Council for High Blood Pressure Research. Circulation 2008;117:510–526.

7. Mancia G, Fagard R, Narkiewicz K, Redon J, Zanchetti A, Bohm M, Christiaens T,
Cifkova R, De Backer G, Dominiczak A, Galderisi M, Grobbee DE, Jaarsma T,
Kirchhof P, Kjeldsen SE, Laurent S, Manolis AJ, Nilsson PM, Ruilope LM,
Schmieder RE, Sirnes PA, Sleight P, Viigimaa M, Waeber B, Zannad F,
Burnier M, Ambrosioni E, Caufield M, Coca A, Olsen MH, Tsioufis C, van de
Borne P, Zamorano JL, Achenbach S, Baumgartner H, Bax JJ, Bueno H, Dean V,
Deaton C, Erol C, Ferrari R, Hasdai D, Hoes AW, Knuuti J, Kolh P,
Lancellotti P, Linhart A, Nihoyannopoulos P, Piepoli MF, Ponikowski P,
Tamargo JL, Tendera M, Torbicki A, Wijns W, Windecker S, Clement DL,
Gillebert TC, Rosei EA, Anker SD, Bauersachs J, Hitij JB, Caulfield M, De
Buyzere M, De Geest S, Derumeaux GA, Erdine S, Farsang C,
Funck-Brentano C, Gerc V, Germano G, Gielen S, Haller H, Jordan J, Kahan T,
Komajda M, Lovic D, Mahrholdt H, Ostergren J, Parati G, Perk J, Polonia J,
Popescu BA, Reiner Z, Ryden L, Sirenko Y, Stanton A, Struijker-Boudier H,
Vlachopoulos C, Volpe M, Wood DA. 2013 ESH/ESC guidelines for the management of arterial hypertension: the Task Force for the Management of Arterial
Hypertension of the European Society of Hypertension (ESH) and of the European Society of Cardiology (ESC). Eur Heart J 2013;34:2159 – 2219.
8. Acharya T, Tringali S, Singh M, Huang J. Resistant hypertension and associated comorbidities in a veterans affairs population. J Clin Hypertens (Greenwich) 2014;16:
741 –745.
9. Lotufo PA, Pereira AC, Vasconcellos PS, Santos IS, Mill JG, Bensenor IM. Resistant
hypertension: risk factors, subclinical atherosclerosis, and comorbidities among
adults—the Brazilian Longitudinal Study of Adult Health (ELSA-Brasil). J Clin Hypertens (Greenwich) 2015;17:74 –80.
10. Messerli FH, Bangalore S. Treatment-resistant hypertension: another Cinderella
story. Eur Heart J 2013;34:1175 –1177.
11. Esler MD, Krum H, Sobotka PA, Schlaich MP, Schmieder RE, Bohm M. Renal sympathetic denervation in patients with treatment-resistant hypertension (the Symplicity HTN-2 trial): a randomised controlled trial. Lancet 2010;376:1903 –1909.
12. Krum H, Schlaich M, Whitbourn R, Sobotka PA, Sadowski J, Bartus K, Kapelak B,
Walton A, Sievert H, Thambar S, Abraham WT, Esler M. Catheter-based renal
sympathetic denervation for resistant hypertension: a multicentre safety and
proof-of-principle cohort study. Lancet 2009;373:1275 – 1281.
13. Bhatt DL, Kandzari DE, O’Neill WW, D’Agostino R, Flack JM, Katzen BT,
Leon MB, Liu M, Mauri L, Negoita M, Cohen SA, Oparil S, Rocha-Singh K,
Townsend RR, Bakris GL, for the SYMPLICITY HTN-3 Investigators. A controlled
trial of renal denervation for resistant hypertension. N Engl J Med 2014;370:
1393 –1401.
14. Azizi M, Sapoval M, Gosse P, Monge M, Bobrie G, Delsart P, Midulla M,
Mounier-Vehier C, Courand PY, Lantelme P, Denolle T, Dourmap-Collas C,
Trillaud H, Pereira H, Plouin PF, Chatellier G, the Renal Denervation for Hypertension (DENERHTN) Investigators. Optimum and stepped care standardised
antihypertensive treatment with or without renal denervation for resistant hypertension (DENERHTN): a multicentre, open-label, randomised controlled trial.
Lancet 2015;385:1957 –1965.
15. de la Sierra A, Segura J, Banegas JR, Gorostidi M, de la Cruz JJ, Armario P,
Oliveras A, Ruilope LM. Clinical features of 8295 patients with resistant hypertension classified on the basis of ambulatory blood pressure monitoring. Hypertension
2011;57:898 –902.
16. Hayek SS, Abdou MH, Demoss BD, Legaspi JM, Veledar E, Deka A, Krishnan SK,
Wilmot KA, Patel AD, Kumar VR, Devireddy CM. Prevalence of resistant hypertension and eligibility for catheter-based renal denervation in hypertensive outpatients. Am J Hypertens 2013;26:1452 –1458.
17. Weitzman D, Chodick G, Shalev V, Grossman C, Grossman E. Prevalence and factors associated with resistant hypertension in a large health maintenance organization in Israel. Hypertension 2014;64:501 –507.
18. Pickering TG, Hall JE, Appel LJ, Falkner BE, Graves J, Hill MN, Jones DW, Kurtz T,
Sheps SG, Roccella EJ. Recommendations for blood pressure measurement in humans and experimental animals: part 1: blood pressure measurement in humans: a
statement for professionals from the Subcommittee of Professional and Public
Education of the American Heart Association Council on High Blood Pressure
Research. Circulation 2005;111:697 –716.
19. Myat A, Redwood SR, Qureshi AC, Spertus JA, Williams B. Resistant hypertension. BMJ 2012;345:e7473.
20. Fagard RH. Resistant hypertension. Heart 2012;98:254 –261.
21. Persu A, O’Brien E, Verdecchia P. Use of ambulatory blood pressure measurement in the definition of resistant hypertension: a review of the evidence. Hypertens Res 2014;37:967 –972.
22. Rimoldi SF, Scherrer U, Messerli FH. Secondary arterial hypertension: when, who,
and how to screen? Eur Heart J 2014;35:1245 –1254.
23. Kalra PA, Guo H, Kausz AT, Gilbertson DT, Liu J, Chen SC, Ishani A, Collins AJ,
Foley RN. Atherosclerotic renovascular disease in United States patients aged 67
years or older: risk factors, revascularization, and prognosis. Kidney Int 2005;68:
293 –301.

Downloaded from https://academic.oup.com/eurheartj/article-abstract/36/40/2686/2293386 by Pierre Ronco on 09 July 2019

Conclusions and perspectives

2695

2695a

46.

47.
48.

49.
50.

51.
52.
53.

54.

55.
56.

57.

58.

59.
60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

treatment-resistant hypertension among individuals with CKD. Clin J Am Soc Nephrol 2013;8:1583 – 1590.
Vollmer WM, Sacks FM, Ard J, Appel LJ, Bray GA, Simons-Morton DG, Conlin PR,
Svetkey LP, Erlinger TP, Moore TJ, Karanja N. Effects of diet and sodium intake on
blood pressure: subgroup analysis of the DASH-sodium trial. Ann Intern Med 2001;
135:1019 –1028.
Hallock P, Benson IC. Studies on the elastic properties of human isolated aorta.
J Clin Invest 1937;16:595 –602.
Randin D, Vollenweider P, Tappy L, Jequier E, Nicod P, Scherrer U. Suppression of
alcohol-induced hypertension by dexamethasone. N Engl J Med 1995;332:
1733 –1737.
Rosito GA, Fuchs FD, Duncan BB. Dose-dependent biphasic effect of ethanol on
24-h blood pressure in normotensive subjects. Am J Hypertens 1999;12:236 –240.
Aguilera MT, de la Sierra A, Coca A, Estruch R, Fernandez-Sola J,
Urbano-Marquez A. Effect of alcohol abstinence on blood pressure: assessment
by 24-hour ambulatory blood pressure monitoring. Hypertension 1999;33:
653 –657.
Grossman E, Messerli FH. Drug-induced hypertension: an unappreciated cause of
secondary hypertension. Am J Med 2012;125:14 –22.
Parati G, Esler M. The human sympathetic nervous system: its relevance in hypertension and heart failure. Eur Heart J 2012;33:1058 –1066.
Grassi G, Seravalle G, Brambilla G, Pini C, Alimento M, Facchetti R, Spaziani D,
Cuspidi C, Mancia G. Marked sympathetic activation and baroreflex dysfunction
in true resistant hypertension. Int J Cardiol 2014;177:1020 –1025.
Esler M, Jennings G, Korner P, Willett I, Dudley F, Hasking G, Anderson W,
Lambert G. Assessment of human sympathetic nervous system activity from measurements of norepinephrine turnover. Hypertension 1988;11:3– 20.
Smithwick RH, Thompson JE. Splanchnicectomy for essential hypertension: results in 1,266 cases. J Am Med Assoc 1953;152:1501 –1504.
Ewen S, Ukena C, Linz D, Kindermann I, Cremers B, Laufs U, Wagenpfeil S,
Schmieder RE, Bohm M, Mahfoud F. Reduced effect of percutaneous renal denervation on blood pressure in patients with isolated systolic hypertension.
Hypertension 2015;65:193 –199.
Grassi G, Seravalle G, Brambilla G, Trabattoni D, Cuspidi C, Corso R, Pieruzzi F,
Genovesi S, Stella A, Facchetti R, Spaziani D, Bartorelli A, Mancia G. Blood pressure responses to renal denervation precede and are independent of the sympathetic and baroreflex effects. Hypertension 2015;65:1209 –1216.
Franklin SS, Gustin W IV, Wong ND, Larson MG, Weber MA, Kannel WB, Levy D.
Hemodynamic patterns of age-related changes in blood pressure. The Framingham Heart Study. Circulation 1997;96:308 –315.
Williams B, Lindholm LH, Sever P. Systolic pressure is all that matters. Lancet 2008;
371:2219 –2221.
von Arx R, Rexhaj E, Allemann Y, Moschovitis A, Windecker S, Meier B,
Scherrer U, Rimoldi SF. Lack of blood pressure-lowering effect of renal denervation in a drug-naive patient with pronounced arterial stiffening. Am J Med 2014;
127:e3 –e4.
Krum H, Schlaich M, Sobotka P, Scheffers I, Kroon AA, de Leeuw PW. Novel
procedure- and device-based strategies in the management of systemic hypertension. Eur Heart J 2011;32:537 –544.
Lohmeier TE, Iliescu R. The baroreflex as a long-term controller of arterial pressure. Physiology (Bethesda) 2015;30:148 –158.
Lohmeier TE, Iliescu R, Dwyer TM, Irwin ED, Cates AW, Rossing MA. Sustained
suppression of sympathetic activity and arterial pressure during chronic activation
of the carotid baroreflex. Am J Physiol Heart Circ Physiol 2010;299:H402 –H409.
Wustmann K, Kucera JP, Scheffers I, Mohaupt M, Kroon AA, de Leeuw PW,
Schmidli J, Allemann Y, Delacretaz E. Effects of chronic baroreceptor stimulation
on the autonomic cardiovascular regulation in patients with drug-resistant arterial
hypertension. Hypertension 2009;54:530–536.
Lohmeier TE, Iliescu R, Liu B, Henegar JR, Maric-Bilkan C, Irwin ED. Systemic and
renal-specific sympathoinhibition in obesity hypertension. Hypertension 2012;59:
331 –338.
Lohmeier TE, Liu B, Hildebrandt DA, Cates AW, Georgakopoulos D, Irwin ED.
Global- and renal-specific sympathoinhibition in aldosterone hypertension. Hypertension 2015;65:1223 –1230.
Lohmeier TE, Dwyer TM, Hildebrandt DA, Irwin ED, Rossing MA, Serdar DJ,
Kieval RS. Influence of prolonged baroreflex activation on arterial pressure in
angiotensin hypertension. Hypertension 2005;46:1194 –1200.
Heusser K, Tank J, Engeli S, Diedrich A, Menne J, Eckert S, Peters T, Sweep FC,
Haller H, Pichlmaier AM, Luft FC, Jordan J. Carotid baroreceptor stimulation, sympathetic activity, baroreflex function, and blood pressure in hypertensive patients.
Hypertension 2010;55:619 –626.
de Leeuw PW, Alnima T, Lovett E, Sica D, Bisognano J, Haller H, Kroon AA. Bilateral or unilateral stimulation for baroreflex activation therapy. Hypertension
2015;65:187 –192.

Downloaded from https://academic.oup.com/eurheartj/article-abstract/36/40/2686/2293386 by Pierre Ronco on 09 July 2019

24. Rimoldi SF, de Marchi SF, Windecker S, Meier B, Allemann Y. Screening renal artery angiography in hypertensive patients undergoing coronary angiography and
6-month follow-up after ad hoc percutaneous revascularization. J Hypertens
2010;28:842 – 847.
25. Messerli FH, Bangalore S, Makani H, Rimoldi SF, Allemann Y, White CJ, Textor S,
Sleight P. Flash pulmonary oedema and bilateral renal artery stenosis: the Pickering
syndrome. Eur Heart J 2011;32:2231 – 2235.
26. Rimoldi SF, Yuzefpolskaya M, Allemann Y, Messerli F. Flash pulmonary edema. Prog
Cardiovasc Dis 2009;52:249 –259.
27. Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D,
Pannier B, Vlachopoulos C, Wilkinson I, Struijker-Boudier H. Expert consensus
document on arterial stiffness: methodological issues and clinical applications.
Eur Heart J 2006;27:2588 –2605.
28. Boutouyrie P, Fliser D, Goldsmith D, Covic A, Wiecek A, Ortiz A,
Martinez-Castelao A, Lindholm B, Massy ZA, Suleymanlar G, Sicari R,
Gargani L, Parati G, Mallamaci F, Zoccali C, London GM. Assessment of arterial
stiffness for clinical and epidemiological studies: methodological considerations
for validation and entry into the European Renal and Cardiovascular Medicine
registry. Nephrol Dial Transplant 2014;29:232–239.
29. Mattace-Raso F, Hofman A, Verwoert GC, Wittemana JC, Wilkinson I,
Cockcroft J, McEniery C, Yasmin, Laurent S, Boutouyrie P, Bozec E,
Hansen TW, Torp-Pedersen C, Ibsen H, Jeppesen J, Vermeersch SJ,
Rietzschel E, De Buyzere M, Gillebert TC, Van Bortel L, Segers P,
Vlachopoulos C, Aznaouridis C, Stefanadis C, Benetos A, Labat C, Lacolley P,
Stehouwer C, Nijpels G, Dekker JM, Stehouwer C, Ferreira I, Twisk JW,
Czernichow S, Galan P, Hercberg S, Pannier B, Guérin A, London G,
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