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Abstract Raised blood pressure is the leading attributable
risk factor for global morbidity and mortality. Real world data
demonstrates that half of treated patients are at elevated cardiovascular risk because of inadequately controlled BP. In
addition to pharmacotherapy, certain interventional strategies
to reduce blood pressure and cardiovascular risk in hypertension can be considered according to international guidelines.
One of the newer technologies entering this field is a proprietary arteriovenous coupler device that forms a fixed flow
arteriovenous conduit in the central vasculature. In this review,
we examine the development of and rationale for the creation
of a central arteriovenous anastomosis in patients with hypertension and review the proposed mechanisms by which it may

ameliorate hypertension. We critically review the clinical trial
evidence base to date and postulate on future therapeutic
directions.
Keywords Hypertension . Arterial stiffness . Arteriovenous
anastomosis . Arteriovenous fistula . Interventional devices .
Coupler

Introduction
Raised blood pressure (BP) remains the leading attributable
risk factor for mortality worldwide [1], despite an enormous
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evidence base [2] for the myriad of licensed classes of antihypertensive medications. Only half of treated hypertensive
patients achieve controlled BP to international guidelinebased targets [3, 4]. Furthermore, in patients with
(pharmacologically) resistant hypertension (RHTN, taking
≥3 anti-hypertensive medication classes, including a diuretic
at maximally tolerated doses [5–7]) who remain at excessive
cardiovascular (CV) risk [8], there is a paucity of high-quality,
endpoint-driven evidence to suggest that addition of a fourth
medication (or more) is likely to control BP and reduce excess
morbidity and mortality. Thus, novel therapeutic strategies,
including non-medication approaches, are of broad interest.
Although there are current advances in improved iterations
of established anti-hypertensive medication classes and entirely new medication classes for both established and recently
apparent pathophysiological mechanisms [9], additional polypharmacy may be a less attractive approach in patients with
RHTN. It is estimated that adherence to anti-hypertensive
medications for primary prevention is only ~50 % after 2 years
[10]. Dislike of life-long pharmacotherapy and adverse medication effects are some of the reasons thought to underlie this
non-adherence [11], leaving such patients at elevated cardiovascular risk. The past decade has seen the introduction of a
suite of interventional approaches for the management of hypertension that are at different stages of clinical development
[12•]. Whilst the majority of these technologies aim to reduce
BP via targeting of the autonomic nervous system [12•], a new
device strategy targeting mechanical properties of the vascular
system has demonstrated significant, sustained and safe blood
pressure lowering in a randomized, controlled trial without
sham treatment. This device addresses the mechanical loss
of arterial compliance, representing a novel treatment strategy
and presenting potential unique clinical value.

Design, Rationale and Development
of the Arteriovenous Anastomotic Coupler
The CE-marked ROX Medical arteriovenous (AV) coupler is
a stent-like device made of nickel/titanium alloy (nitinol) that
exhibits shape memory to self-expand on deployment into a
pre-formed configuration. It is deployed via percutaneous
trans-arterial and -venous access from the external iliac vein
into the adjacent external iliac artery, just above the level of
the femoral head, to form a fixed diameter AV anastomosis
delivering an arterial–venous shunt estimated to be ~0.8–1 L/
min when sized to 4 mm in diameter [13]. The coupler remains
constant in shape and the pressure gradient preserves constant
flow. It was originally developed for the treatment of advanced
chronic obstructive pulmonary disease (COPD) [14••, 15], with
the aim of forming a fixed calibre, central AV anastomosis,
conceived to increase central venous oxygenation. In so doing,
arterial blood saturation is raised despite the venous blood
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flowing through pulmonary shunts that do not participate in
gaseous exchange due to the parenchymal destruction in advanced COPD. Furthermore, the increase in venous return
would cause a commensurate increase in cardiac output, therefore further increasing oxygen delivery to tissues [14••].
Initial pilot studies were conducted in two cohorts of patients with advanced/end-stage COPD. Whilst these initial
studies demonstrated improvements in arterial blood oxygen
content and tissue oxygen delivery, there were heterogeneous
results with respect to functional improvements in exercise
capacity [16, 15]. Although reduction in systemic vascular
resistance [16] and increased cardiac output were demonstrated [16, 15], the effects on systemic arterial pressure were not
reported. These initial proof-of-concept studies were performed using either end-to-side surgical AV anastomosis
and/or a coupler sized to 5 mm in diameter (i.e., larger than
the current iteration) with an earlier method of procedural
implantation in advanced/end-stage COPD [16, 15]. These
patients have different clinical risks/benefits and certainly
their physiology is appreciably different to patients with
RHTN. Whilst the procedural adverse event rates in these pilot
COPD trials are notable (and includes ipsilateral lower limb
oedema (67 %), venous stenosis (47 %), right heart failure
(27 %) and deep venous thrombosis (27 %)), they cannot
simply be translated to other patient groups with current
device/delivery modifications.
Historical reports show that experimental very large-calibre, non-fixed diameter AV anastomoses in canines caused
significant, sustained reduction in BP, though the maladaptive
responses to such fistulae were not desirable [17, 18]. These
included an increase in cardiac output and heart rate as well as
an increase in total blood volume. In the case of larger or more
proximal fistulae, the resultant hypotension could even be
fatal or eventually cardiac dilatation and high output cardiac
failure would ensue. In modern medical practice, the most
common reason for formation of an iatrogenic AV anastomosis is to provide vascular access (AV fistula or AVF) in patients
with end-stage renal disease (ESRD) for the purpose of
haemodialysis (HD). Closure of AVFs in stable HD patients
post-renal transplantation is associated with elevation in BP
[19] and formation and maturation of upper limb AVFs in predialysis patients is associated with significant peripheral BP
reduction [20••, 21] and, in addition, reduction in central BP
and aortic pulse wave velocity [20••], both validated measures
of the effects of arterial stiffness [22]. High volume, upper
limb AVF formation for HD has been associated with enlarged
myocardial dimensions and reduction in endothelial function
[23]. However, upper limb AVFs for HD are non-fixed calibre
and dilate over time, have pressure-variable diameters and
blood flow resulting in increased shunt fractions as blood
pressure rises. When fistula flow as a proportion of cardiac
output exceeds 30 %, screening for high output failure is often
conducted; however, cardiac failure is seldom reported unless
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the shunt volume is greater than 2 L/min [24]. The ROX
coupler delivers a fixed diameter conduit that can be upsized
only through further balloon dilatation but will not expand
spontaneously, resulting in anastomosis flow rates [13] that
are unlikely to result in cardiac decompensation,

Evidence for Blood Pressure Reduction
in Hypertension
Whilst neither of the two initial published studies in normotensive COPD patients reported changes in systemic arterial BP,
an interesting signal was apparent in a pooled cohort from two
separate clinical trials in COPD patients (clinicialtrials.gov
NCT00832611 and NCT00992680; total n=95). In post hoc
analyses of 24 patients with co-existent (systemic arterial) hypertension (mean resting BP 145/86 mmHg), insertion of the
AV coupler (sized to 4 mm) was associated with 13/18 mmHg
reduction in resting BP at 12 months post-central AV anastomosis formation [25]. More importantly, this effect was consistent with 67 % patients having >10 mmHg systolic blood
pressure (SBP) reduction and 83 % patients having >10 mmHg
diastolic blood pressure reduction, and negligible BP reduction
in normotensive patients [26, 25]. The adverse event rate was
lower than in the previous studies, with 17 % developing venous stenosis proximal to the stent insertion point that required
either balloon venoplasty and/or stenting and 17 % developing
deep vein thrombosis [25].
Following these observations, a small, prospective study
(unpublished) in eight RHTN patients (mean 4 antihypertensive medications) was conducted using both office
and ambulatory BP measurements to 6 months post-AV anastomosis (4 mm diameter) formation. Office BP (OBP) and
ambulatory BP (ABP) decreased by 17/13 mmHg and by
6/13 mmHg, respectively [27], with some improvements in
echocardiographic measures of diastolic function and left ventricular hypertrophy in a small subset (n=5) [27].
These pilot data spurred the design of a larger, international, multi-centre, open-label, randomized, controlled trial in
patients with confirmed office and out-of-office RHTN. In
the ROX CONTROL HTN trial [28••], 83 patients were randomized in a 1:1 fashion to receive standard care (medication
continuation) or insertion of the AV coupler plus standard care
until the co-primary endpoint analysis (OBP and ABP) at
6 months, and a modified intention to treat analysis was performed in the 77 patients with complete data at this time-point.
The trial cohort was well balanced between the limbs and
the patients had significant hypertension despite taking >4.6
medications. Baseline OBP was 175/100 mmHg, with out-ofoffice RHTN confirmed by ABP (24 h mean 157/93 mmHg).
OBP was significantly reduced by 27/20 mmHg and ABP by
14/14 mmHg from baseline in the active treatment group, with
no significant change in the control group [28••]. The
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magnitude of BP reduction observed at 6 months postintervention was similar to those achieved through firstgeneration renal sympathetic denervation (RSD) technology
and second-generation baroreflex activation therapy (BAT)
[29, 30]. In a subset of patients (n=10) who had previously
received RSD, there was an equivalent BP response [28••],
suggesting that inadequate response to one interventional
technology does not preclude response to another, as had previously been demonstrated with BAT following inadequate
response to RSD [29]. Importantly, the similar reduction in
both SBP and DBP following central AV anastomosis formation preserves pulse pressure (PP), and therefore, long-term
evaluation of these effects on target organ damage, arterial
stiffness and CV events is required to demonstrate that maintenance of large PP (with lower mean arterial pressure) is
beneficial overall. An initial case report of the effects of central AV anastomosis formation on parameters of arterial stiffness 4 months post-AV coupler insertion suggest that reduction in pulse wave velocity was independent of associated BPlowering [31]. In the control group, five admissions for hypertension crisis occurred within the primary analysis 6month period, whilst none occurred in the intervention group.
Furthermore, there was medication reduction at 6 months in
25.6 % (p=0.03) of patients in the intervention group whilst in
the control group, 29.4 % (p=0.04) of patients increased antihypertensives. This may have led to an underestimate of the
true BP-lowering effect of the coupler as BP analysis was
done independent of medication changes [28••].
Procedural complication rates were common (31 %) and
included an ipsilateral iliac artery dissection, which required
no further intervention (n=1), severe contrast reaction in a
patient with known dye allergy (n=1) and localized timelimited pain (n=2). Late, device-related events were exclusively related to venous stenosis causing limb oedema in
29 % of patients that were treated successfully by balloon
venoplasty and/or stenting. Venous stenosis is caused by venous neointimal hyperplasia (VIH) and is a leading cause of
AVF dysfunction in ESRD, with 2-year patency rates of only
75 % [32], and is a leading cause of both morbidity and hospitalization in ESRD patients [33]. Another potential mechanism for ipsilateral limb oedema is venous hypertension from
impaired venous return distal to the anastomosis. Compression stockings are advised in all patients after device insertion,
and some suggest co-administration of aspirin [25] or diuretics
(current Barts BP Centre practice) to all patients to prevent
these issues, though the efficacy of these approaches are as yet
unknown.
ROX CONTROL HTN did not include a sham-control as
the most recent Food and Drug Administration (FDA) Investigational Device Exemption (IDE) trial for radio-frequency
(RF) RSD was designed to do. However, in the case of the AV
coupler technology, a sham-controlled study may not be necessary or feasible. Firstly, upon opening of the anastomosis,
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there is immediate imaging confirmation of anatomical success of the procedure and this is confirmed by immediate, ontable, large reduction in BP [13], unlike RSD where technical
success remains unverified at the time of the procedure. This
immediate blood pressure finding restricts possible influences
of the Hawthorne or placebo effect. Secondly, this therapy
leads to a palpable thrill in the ipsilateral groin that can be felt
by the patient [13].

Proposed Mechanism of Beneficial Haemodynamic
Effects in Hypertension
The mechanisms that regulate BP and can contribute to the
pathophysiology of hypertension and RHTN are complex and
manifold [34]. Two themes that have gained particular attention over the past two decades are the roles of the autonomic
nervous system and large vessel arterial stiffening in the initiation, maintenance and resistance to pharmacotherapy of hypertension phenotypes.
Tonic elevation of sympathetic tone is widely recognized
as a hallmark of hypertension, particularly in renal- and
obesity-driven forms and in the young [35]. Furthermore,
there is a clear association of increased indirect measures of
sympathetic overactivity in uncontrolled (pharmacologically)
RHTN [36, 37]. These abnormalities drove the development
of two contrasting sympathomodulatory approaches for
RHTN: RSD [38] and BAT [39]. Whilst these technologies
have accrued substantial evidence of BP reduction in most
studies to date and recommendations for use are included in
recent international guidelines [6], sympathomodulation using
RSD has been shown significantly less effective in terms of
BP reduction in the context of isolated systolic hypertension
(ISH) [40, 41], a common finding in middle-aged and older
patients with hypertension [42]. There are multiple mechanisms that may be responsible for BP modulation after creation of a central AV anastomosis [43••]. Whilst it is predominantly thought that the BP reduction is related to mechanocirculatory improvements [28••], there is the possibility that
neurally mediated vasomotor and hormonal alterations also
play a role.
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as a leading determinant of resistance to conventional pharmacotherapy, as most anti-hypertensive medications work at
the level of the muscular arterioles rather than the central,
elastic, large arteries [49••]. Central aortic elastic disorders
inherently raise blood pressure, pulse pressure, pulse wave
velocity all contributing to increases in volume sensitivity
[50] and blood pressure variability [51] (Fig. 1). Loss of aortic
elasticity is a component of ageing and may well explain the
age-related increase in pulse pressure and loss of responsiveness to neurohumoral interventions.
Impedance mismatch in the distal aorta, predominantly at
major arterial branching points, leads to pressure-wave reflection and return of a backward wave that augments systolic BP
on top of the forward, propagation wave that leaves the heart
[52]. This augmentation of central pressures is further increased in the setting of central arterial stiffness, as the lack
of arterial compliance accelerates the velocity of both the forward and backward pressure waves, leading to more overlap
of the distinct pressure waves in systole, leading to greater PP
amplification and thus giving rise to the ISH phenotype [52]
(Fig. 2). Furthermore, there is a contribution to central arterial
stiffness arising from the distending pressure of the pressurized, blood-filled aorta [53], and thus, there is a potential for a
negative feed-forward loop in this regard (Fig. 1).
Loss of arterial compliance necessarily involves loss of the
Windkessel effect within the central arterial vasculature [54].
This loss of pressure dampening (BP cushioning) increases
rate of pressure change within systole in the aorta and predisposes to increased systolic BP levels, greater BP variability
and enhanced volume sensitivity of BP levels [55] (Fig. 2).
The resultant magnification of peak systolic BP, PP and BP
variability predisposes to organ damage, such as left ventricular hypertrophy, and increased risk of CV events [56].

Importance of Arterial Stiffness to Age-Related BP
Elevation
Large, central artery stiffening is due to elastin fatigue, collagen deposition and medial calcific arteriosclerosis [44, 45],
and it precedes incident hypertension in large, prospective
cohorts [46, 47]. Recent computational studies suggest that
large artery stiffening alone is sufficient to explain both agerelated increases in BP and failure of normal regulatory mechanisms (primarily renal and baroreflex mediated) to provide
homeostasis [48]. Furthermore, arterial stiffness is implicated

Fig. 1 Feed-forward loop involving blood pressure parameters,
circulatory damage and arterial stiffness
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Fig. 2 Modifying effects of arterial ageing/stiffness on the arterial
pressure waveform. Incident (i) pressure waves leave the heart during
systole and are accommodated by the Windkessel effect in young
elastic arteries. Reflected (r) waves from arterial branching points arrive

late in relation to the i wave and do not contribute to pressure
amplification. In aged, stiff arteries, there is a loss of BP cushioning and
early reflection of r waves, leading to increased systolic and pulse
pressures (BP blood pressure)

Central AV Anastomosis: Targeting Mechano-circulatory
Aspects

cardiac output is not commensurate with the reduction in SVR
caused by the addition of the parallel, low-resistance circuit,
then mean arterial pressure will drop as is the case with HD
AVF formation as previously discussed [20••]. Cardiac
afterload is thereby reduced through a variety of mechanisms,
including reduction of effective arterial volume and arterial
stress, slowing of reflected pressure waves and preventing
their systolic stacking. Importantly, reduction in effective arterial volume achieved through a central AV anastomosis does
not come at the expense of reduction in whole-body volume
affecting the intracellular, interstitial and venous capacitance
compartments as typified by use of diuretics which are known
to result in a concomitant increase in sympathetic outflow and
may be responsible for attenuation of anti-hypertensive effect
[57, 58].
Perhaps most importantly, merely reducing effective arterial volume and cardiac afterload with a central AV anastomosis will alter the strain–stress intercept that reflects the nonlinear volume/pressure dependency that determines arterial
compliance (the reciprocal of arterial stiffness). This relationship is pathophysiologically shifted leftwards in hypertension

There are several mechanisms by which creation of a central,
fixed calibre AV anastomosis will target abnormal mechanocirculatory aspects of vascular physiology in hypertension that
are likely to be additive and work in a beneficial feed-forward
loops.
The addition of a low-resistance, high-compliance venous
segment in parallel to the systemic arterial circulation will
reduce overall systemic vascular resistance (SVR) (as has
been demonstrated with the formation of a central AV anastomosis in the original pilot studies [16]), similar to Ohm’s law
of electrical resistance. With a more proximal anastomosis, the
reduction in SVR will be relatively greater than for distal
circulatory AV conduits (such as upper limb AVFs) in relation
to the contribution of vessel length to flow through a fixed
diameter vessel/tube (Poiseuille’s Law). With increased venous return, there is activation of the Starling mechanism to
increase cardiac output [16, 15, 20••, 21], equivalent to the
anastomosis flow rate (~1 L/min); however, if the increase in
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related to arterial stiffening (Fig. 3). This change will allow for
some improvement in BP cushioning and return of a
Windkessel-like effect, further reducing pulse pressure amplification due to a delayed return of the reflected wave and
reduced pressure stacking. Reduction of distending BP in
the aorta will also further improve arterial compliance, and
therefore, there is a possibility of a feed-forward loop occurring between reduced SVR, improved compliance, and reduced distending BP and the long-term possibilities of beneficial aortic remodeling (Fig. 3).

oxygen to various tissue beds, with possible beneficial effects,
mediated in part by inhibition of peripheral carotid chemoreceptor activity, which augments sympathoexcitation and is
reduced with hyperoxia [61]. This arises by improving renal
oxygenation and thus downregulating afferent sympathetic
signalling from ischaemia-sensitive renal chemoreceptors
[62] and by reducing hypoxia-dependent pulmonary arterial
vasoconstriction that would facilitate further improvements in
systemic oxygenation.

Central AV Anastomosis: Neurohumoral
and Sympathomodulatory Aspects

Future Directions

In addition to several mechano-circulatory aspects that may
contribute to mean BP and BP variability improvements
discussed above, there may well be anticipated benefits from
neurohumoral and sympathomodulatory aspects. Increased
flow to the cardio-pulmonary circuit will stimulate release of
atrial natriuretic peptide, which may augment BP reduction as
it is a potent vasorelaxant peptide that additionally has tubular
effects in the glomerulus to reduce sodium reabsorption [59].
Furthermore, increased cardiac output resulting in stimulation
of right atrial baroreceptors (via the Bainbridge reflex) and
possibly cardiac vagal mechanoreceptors (via increased parasympathetic tone) may cause a beneficial sympathomodulatory
effect on natriuresis and vasomotor tone [60].
The combination of increased cardiac output [13] and arterial blood oxygen content [16] will improve delivery of

Fig. 3 Age-related changes in the
stress–strain relationship may be
modified by central arteriovenous
anastomosis. Age-related arterial
stiffness moves the stress–strain
relationship in the major elastic
arteries to the left, reducing
distensibility for a given BP.
Effective reduction in arterial
volume shifts the operating curve
of the stress–strain relationship
downwards, resulting in a
pseudonormalisation of
relationship. Further arterial
remodeling may allow the stress–
strain relationship to drift back
towards the right towards
normality allowing greater
compliance for a given BP (BP
blood pressure)

In common with similar early-phase investigations of interventional strategies for hypertension, ROX CONTROL HTN
was designed to evaluate safety and efficacy of a primary
endpoint and not designed to evaluate reductions in target
organ damage or hard CV endpoints, and therefore, longerterm follow-up in global registries and investigator-led studies
will be necessary to demonstrate an equivalent evidence base
to guideline-based pharmacotherapy [2]. In addition, reporting
on late complications is pending further follow-up on the reported cohort. A FDA, US-based IDE trial is in development
and will help better define the optimal target population(s) and
expected benefit and risks. A global registry (RH03) has
started recruitment with the aim of entering 100 RHTN patients with ongoing follow-up to determine long-term efficacy
and safety (clinicaltrials.gov: NCT01885390) and may allow
for the inclusion of other hypertension phenotypes, such as
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multi-drug intolerant patients, for whom there are extremely
limited treatment options [63]. Additional, serial testing will
be performed at some sites to include detailed cardiac structural evaluation, to determine whether non-fixed calibre AVF
formation in non-ESRD patients is associated with previously
observed maladaptive changes [23]. Non-invasive autonomic
testing with simultaneous beat-by-beat haemodynamic assessment could in addition determine whether the observed BPlowering effects are purely mechano-circulatory or involve
sympathomodulation as well.
Other avenues that are being explored in nascent clinical
trials include evaluating the effects of the coupler in paroxysmal atrial fibrillation (AF), as an adjunct to AF ablation
(clinicaltrials.gov: NCT02243891) and in neurally mediated
syncope (clinicaltrials.gov: NCT02388087) where it is postulated that increases in cardiac pre-load will reduce symptoms.
Due to the expected reduction in cardiac afterload related to
reduction in SVR and improvements in arterial compliance, it
has been suggested that improvements in cardiac mechanics
and reductions in myocardial oxygen consumption may be
apparent [13], which would provide the possibility of an additional research stream in refractory angina, though to date,
no pre-clinical or clinical data has been presented to demonstrate these effects.
In common with more established interventional technologies in the field of hypertension, such as RSD and BAT, iteration of the device and deployment technique may be possible
to improve efficacy and enhance safety. One possibility is for
graded sizing of the AVanastomosis, so that patients first have
a smaller calibre anastomosis formed (e.g., 2–3 mm diameter)
and that if BP reduction related to this effect is not sufficient to
control BP to guideline-driven targets, then the anastomosis
could be further dilated to achieve the necessary haemodynamic effect. Furthermore, procedural modification is desirable to minimize venous trauma and modulation of artery-tovein flow to avoid neo-intimal hyperplasia in order to reduce
the prevalence of venous stenosis.

Page 7 of 9 73
Compliance with Ethics Guidelines

Conflict of Interest Dr. Lobo reports personal fees from ROX Medical,
St Jude Medical, and Cardiosonic, and grants from Medtronic. Dr. Stanton reports that ROX Medical funded the ROX CONTROL HTN study.
Dr. Sobotka reports personal fees and equity from ROX Medical; equity
in Cibiem, Ablative Solutions, and Rainbow Medical; and personal fees
from Abbott Ventures and Boston Scientific.
All authors with the exception of Dr Kapil were investigators in the
ROX Control Hypertension Study (reference 28••).
Human and Animal Rights and Informed Consent This article does
not contain any studies with human or animal subjects performed by any
of the authors
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References
Papers of particular interest, published recently, have been
highlighted as:
• Of importance
• Of major importance
1.

2.

3.

4.

5.

Conclusions
Formation of a central AV anastomosis via a proprietary anastomotic coupler device has joined the burgeoning suite of
interventional strategies for the reduction of BP in
(pharmacologically) RHTN. Although its beneficial effects
are likely to be related to mechano-circulatory improvement
in SVR and arterial compliance, there is the possibility that it
is sympathomodulatory in addition. Clinical trial data to date
is encouraging, but both regulatory authorities and international guideline-writing societies will require further safety
and hard CV end-point data before it becomes an established
weapon in the anti-hypertensive armamentarium.

6.

7.

8.

9.
10.

World Health Organization. Global health risks: mortality and burden of disease attributable to selected major risks. Geneva: WHO
Press; 2009.
Blood Pressure Lowering Treatment Trialists Collaboration. Effects
of different blood-pressure-lowering regimens on major cardiovascular events: results of prospectively-designed overviews of
randomised trials. Lancet. 2003;362:1527–35.
Egan BM, Zhao Y, Axon RN. US trends in prevalence, awareness,
treatment, and control of hypertension, 1988–2008. J Am Med
Assoc. 2010;303:2043–50.
Falaschetti E, Mindell J, Knott C, Poulter N. Hypertension management in England: a serial cross-sectional study from 1994 to 2011.
Lancet. 2014;383:1912–9.
Calhoun DA, Jones D, Textor S, Goff DC, Murphy TP, Toto RD,
et al. 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. Hypertension. 2008;51:1403–19.
Mancia G, Fagard R, Narkiewicz K, Redon J, Zanchetti A, Böhm
M, et al. 2013 ESH/ESC guidelines for the management of arterial
hypertension. Eur Heart J. 2013;34:2159–219.
National Institute of Clinical Excellence. Hypertension: the clinical
management of primary hypertension in adults. London: National
Clinical Guideline Centre, Royal College of Physicians; 2011.
Daugherty SL, Powers JD, Magid DJ, Tavel HM, Masoudi FA,
Margolis KL, et al. Incidence and prognosis of resistant hypertension in hypertensive patients. Circulation. 2012;125:1635–42.
Oparil S, Schmieder RE. New approaches in the treatment of hypertension. Circ Res. 2015;116:1074–95.
Naderi SH, Bestwick JP, Wald DS. Adherence to drugs that prevent
cardiovascular disease: meta-analysis on 376,162 patients. Am J
Med. 2012;125, 882–7.e1.

73 Page 8 of 9
11.

Svensson S, Kjellgren KI, Ahlner J, Saljo R. Reasons for adherence
with antihypertensive medication. Int J Cardiol. 2000;76:157–63.
12.• Ott C, Schmieder RE. Invasive treatment of resistant hypertension:
present and future. Curr Hypertens Rep. 2014;16:488. Extensive
review of available interventional technologies for BP
reduction.
13. Foran JP, Jain AK, Casserly IP, Kandzari DE, Rocha-Singh KJ,
Witkowski A, et al. The ROX coupler: creation of a fixed iliac
arteriovenous anastomosis for the treatment of uncontrolled systemic arterial hypertension, exploiting the physical properties of the
arterial vasculature. Catheter Cardiovasc Interv. 2015;85:880–6.
14.•• Cooper CB, Celli B. Venous admixture in COPD: pathophysiology
and therapeutic approaches. COPD. 2008;5:376–81. Hypothesis
paper setting the rationale for central arteriovenous fistula formation in COPD.
15. Faul JL, Galindo J, Posadas-Valay R, Elizondo-Riojas G, Martinez
A, Cooper CB. An arteriovenous fistula increases exercise capacity
in patients with COPD. Chest. 2010;138:52–8.
16. Bertog SC, Kolmer C, Kleschnew S, Franke J, Wunderlich N,
Kardos P, et al. Percutaneous femoral arteriovenous shunt creation
for advanced chronic obstructive pulmonary disease: a singlecenter safety and efficacy study. Circ Cardiovasc Interv. 2012;5:
118–26.
17. Holman E. Experimental studies in arteriovenous fistulas: iii.
Cardiac dilatation and blood vessel changes. Arch Surg. 1924;9:
856–79.
18. Holman E, Kolls AC. Experimental studies in arteriovenous fistulas: ii. Pulse and blood pressure variations. Arch Surg. 1924;9:837–
55.
19. Unger P, Xhaet O, Wissing KM, Najem B, Dehon P, van de Borne
P. Arteriovenous fistula closure after renal transplantation: a prospective study with 24-hour ambulatory blood pressure monitoring.
Transplantation. 2008;85:482–5.
20.•• Korsheed S, Eldehni MT, John SG, Fluck RJ, McIntyre CW. Effects
of arteriovenous fistula formation on arterial stiffness and cardiovascular performance and function. Nephrol Dial Transplant.
2011;26:3296–302. Controlled study of maturation of HD
AVF, demonstrating beneficial effects on both peripheral BP
and arterial stiffness of AVF formation in ESRD.
21. Saratzis N, Saratzis A, Sarafidis PA, Melas N, Ktenidis K, Kiskinis
D. Quantitative evaluation of the systemic effects of transposed
basilic vein to brachial artery arteriovenous fistula: a prospective
study. J Vasc Access. 2008;9:285–90.
22. Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C,
Hayoz D, et al. Expert consensus document on arterial stiffness:
methodological issues and clinical applications. Eur Heart J.
2006;27:2588–605.
23. Dundon BK, Torpey K, Nelson AJ, Wong DT, Duncan RF,
Meredith IT, et al. The deleterious effects of arteriovenous fistulacreation on the cardiovascular system: a longitudinal magnetic resonance imaging study. Int J Nephrol Renov Dis. 2014;7:337–45.
24. Basile C, Lomonte C, Vernaglione L, Casucci F, Antonelli M,
Losurdo N. The relationship between the flow of arteriovenous
fistula and cardiac output in haemodialysis patients. Nephrol Dial
Transplant. 2008;23:282–7.
25. Faul J, Schoors D, Brouwers S, Scott B, Jerrentrup A, Galvin J,
et al. Creation of an iliac arteriovenous shunt lowers blood pressure
in chronic obstructive pulmonary disease patients with hypertension. J Vasc Surg. 2014;59:1078–83.
26. Brouwers S, Schoors D, Dupont A, Dolan E, Celli B, Cooper CB,
et al. Iliofemoral arteriovenous fistula decrease blood pressure in
severe COPD patients with hypertension [abstract]. J Hypertens.
2012;30S, a5.
27. Brouwers S, Droogmans S, Dolan E, Galvin J, Dupont A, Van
Camp G, et al. A prospective non-randomized open label multicenter study to evaluate the effect of an iliofemoral arteriovenous

Curr Hypertens Rep (2015) 17: 73
fistula on blood pressure in patients with therapy-resistant hypertension [abstract]. Eur Heart J. 2013;34S:654–5.
28.•• Lobo MD, Sobotka PA, Stanton A, Cockcroft JR, Sulke N, Dolan
E, et al. Central arteriovenous anastomosis for the treatment of
patients with uncontrolled hypertension (the ROX CONTROL
HTN study): a randomised controlled trial. Lancet. 2015;385:
1634–41. First randomised, controlled, trial of AV coupler insertion in true RHTN demonstrated robust BP reduction using
both OBP and ABP up to 6 months post-intervention with a
substantial device related adverse effect rate.
29. Hoppe UC, Brandt MC, Wachter R, Beige J, Rump LC, Kroon AA,
et al. Minimally invasive system for baroreflex activation therapy
chronically lowers blood pressure with pacemaker-like safety profile: results from the Barostim neo trial. J Am Soc Hypertens.
2012;6:270–6.
30. Symplicity HTN-2 Investigators. Renal sympathetic denervation in
patients with treatment-resistant hypertension (the Symplicity
HTN-2 trial): a randomised controlled trial. Lancet. 2010;376:
1903–9.
31. Sobotka P, Munnery M, Davies L, Gale NS, Cockcroft JR. Creation
of a fixed central arterial-venous anastomosis on arterial stiffness
and central haemodynamics: a treatment for hypertension targeting
the physical properties of the arterial vasculature [abstract]. Artery
Res. 2014;8:176.
32. Roy-Chaudhury P, Sukhatme VP, Cheung AK. Hemodialysis vascular access dysfunction: a cellular and molecular viewpoint. J Am
Soc Nephrol. 2006;17:1112–27.
33. Feldman HI, Kobrin S, Wasserstein A. Hemodialysis vascular access morbidity. J Am Soc Nephrol. 1996;7:523–35.
34. Page IH. Pathogenesis of arterial hypertension. J Am Med Assoc.
1949;140:451–8.
35. Grassi G, Mark A, Esler M. The sympathetic nervous system alterations in human hypertension. Circ Res. 2015;116:976–90.
36. Dudenbostel T, Acelajado MC, Pisoni R, Li P, Oparil S, Calhoun
DA. Refractory hypertension: evidence of heightened sympathetic
activity as a cause of antihypertensive treatment failure.
Hypertension. 2015;66:126–33.
37. Grassi G, Seravalle G, Brambilla G, Pini C, Alimento M, Facchetti
R, et al. Marked sympathetic activation and baroreflex dysfunction
in true resistant hypertension. Int J Cardiol. 2014;177:1020–5.
38. Krum H, Schlaich M, Whitbourn R, Sobotka PA, Sadowski J,
Bartus K, et al. Catheter-based renal sympathetic denervation for
resistant hypertension: a multicentre safety and proof-of-principle
cohort study. Lancet. 2009;373:1275–81.
39. Tordoir JHM, Scheffers I, Schmidli J, Savolainen H, Liebeskind U,
Hansky B, et al. An implantable carotid sinus baroreflex activating
system: surgical technique and short-term outcome from a multicenter feasibility trial for the treatment of resistant hypertension.
Eur J Vasc Endovasc Surg. 2007;33:414–21.
40. Ewen S, Ukena C, Linz D, Kindermann I, Cremers B, Laufs U,
et al. Reduced effect of percutaneous renal denervation on blood
pressure in patients with isolated systolic hypertension.
Hypertension. 2014;65:193–9.
41. Mahfoud F, Bakris G, Bhatt D, Esler M, Kandzari D, Kario K, et al.
Reduced blood pressure lowering effect of catheter-based renal denervation in patients with isolated systolic hypertension: data from
pooled Symplicity HTN trials [abstract]. J Am Coll Cardiol.
2015;65S:A1527.
42. Franklin SS, Jacobs MJ, Wong ND, L’Italien GJ, Lapuerta P.
Predominance of isolated systolic hypertension among middleaged and elderly US hypertensives: analysis based on National
Health and Nutrition Examination Survey (NHANES) III.
Hypertension. 2001;37:869–74.
43.•• Burchell AE, Lobo MD, Sulke N, Sobotka PA, Paton JF.
Arteriovenous anastomosis: is this the way to control hypertension? Hypertension. 2014;64:6–12. Extensive review of

Curr Hypertens Rep (2015) 17: 73

44.

45.

46.

47.

48.

49.•

50.

51.

52.
53.

neurohumoral and other physiological mechanisms that may
be altered following creation of central AVA for hypertension.
Dao HH, Essalihi R, Bouvet C, Moreau P. Evolution and modulation of age-related medial elastocalcinosis: impact on large artery
stiffness and isolated systolic hypertension. Cardiovasc Res.
2005;66:307–17.
Yasmin, McEniery CM, Wallace S, Dakham Z, Pulsalkar P, MakiPetaja K, et al. Matrix metalloproteinase-9 (MMP-9), MMP-2, and
serum elastase activity are associated with systolic hypertension and
arterial stiffness. Arterioscler Thromb Vasc Biol. 2005;25:372–8.
Kaess BM, Rong J, Larson MG, Hamburg NM, Vita JA, Levy D,
et al. Aortic stiffness, blood pressure progression, and incident hypertension. J Am Med Assoc. 2012;308:875–81.
Zheng X, Jin C, Liu Y, Zhang J, Zhu Y, Kan S et al. Arterial stiffness
as a predictor of clinical hypertension. J Clin Hypertens. 2015:1–
10. DOI: 10.1111/jch.12556.
Pettersen KH, Bugenhagen SM, Nauman J, Beard DA, Omholt SW.
Arterial stiffening provides sufficient explanation for primary hypertension. PLoS Comput Biol. 2014;10, e1003634.
Pickering TG. Arterial stiffness as a cause of resistant hypertension?
J Clin Hypertens. 2007;9:390–5. Review of key evidence linking
arterial stiffness and difficult to treat hypertension.
Safar ME, Temmar M, Kakou A, Lacolley P, Thornton SN. Sodium
intake and vascular stiffness in hypertension. Hypertension.
2009;54:203–9.
Goldstein DS. Arterial baroreflex sensitivity, plasma catecholamines, and pressor responsiveness in essential hypertension.
Circulation. 1983;68:234–40.
Safar ME. Arterial aging—hemodynamic changes and therapeutic
options. Nat Rev Cardiol. 2010;7:442–9.
Arnett DK, Boland LL, Evans GW, Riley W, Barnes R, Tyroler HA,
et al. Hypertension and arterial stiffness: the atherosclerosis risk in
communities study*. Am J Hypertens. 2000;13:317–23.

Page 9 of 9 73
54.
55.

56.

57.
58.

59.

60.
61.

62.

63.

O'Rourke M. Arterial stiffness, systolic blood pressure, and logical
treatment of arterial hypertension. Hypertension. 1990;15:339–47.
Chen CH, Nakayama M, Nevo E, Fetics BJ, Maughan WL, Kass
DA. Coupled systolic-ventricular and vascular stiffening with age:
implications for pressure regulation and cardiac reserve in the elderly. J Am Coll Cardiol. 1998;32:1221–7.
Rothwell PM, Howard SC, Dolan E, O'Brien E, Dobson JE, Dahlof
B, et al. Prognostic significance of visit-to-visit variability, maximum systolic blood pressure, and episodic hypertension. Lancet.
2010;375:895–905.
Burnier M, Brunner HR. Neurohormonal consequences of diuretics
in different cardiovascular syndromes. Eur Heart J. 1992;13:28–33.
Okada Y, Jarvis SS, Best SA, Bivens TB, Adams-Huet B, Levine
BD, et al. Chronic renin inhibition lowers blood pressure and reduces upright muscle sympathetic nerve activity in hypertensive
seniors. J Phys. 2013;591:5913–22.
Rubattu S, Calvieri C, Pagliaro B, Volpe M. Atrial natriuretic peptide and regulation of vascular function in hypertension and heart
failure: implications for novel therapeutic strategies. J Hypertens.
2013;31:1061–72.
Hainsworth R. Cardiovascular control from cardiac and pulmonary
vascular receptors. Exp Physiol. 2014;99:312–9.
Sinski M, Lewandowski J, Przybylski J, Bidiuk J, Abramczyk P,
Ciarka A, et al. Tonic activity of carotid body chemoreceptors contributes to the increased sympathetic drive in essential hypertension.
Hypertens Res. 2012;35:487–91.
Recordati GM, Moss NG, Genovesi S, Rogenes PR. Renal receptors in the rat sensitive to chemical alterations of their environment.
Circ Res. 1980;46:395–405.
Antoniou S, Saxena M, Hamedi N, de Cates C, Moghul S, Lidder S,
Kapil V, Lobo MD. Management of hypertensive patients with
multiple drug intolerances: a single-centre experience of a novel
treatment algorithm. J Clin Hypertens. 2015. doi:10.1111/jch.
12637.

