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blind clinical trials, the side effects that occur with increased
energy delivery [5], the need for a surgical procedure, the high
costs, and the need for battery replacement every 3–5 years,
there has been a pursuit for alternative techniques to activate
the baroreflex and lower BP.

Endovascular Baroreflex Amplification

EBA relies on a passive activation of the baroreceptor by
intermittingly changing the geometric shape of the carotid
sinus which increases pulsatile wall stretch (Fig. 1a). The
MobiusHD is a self-expanding nitinol implant that promotes
this geometric shape change. The mechanism of action is not
intuitive: the outward radial forces of the longitudinal nitinol

struts are not active components of the device, rather the
carotid bulb components within the windows of the device.
In the systolic phase of the cardiac cycle, the arc of the carotid
in each window of the device projects a radius that is much
larger than the radius of the baseline carotid bulb without
geometric change. According to the strain equation, increased
wall strain or vessel stretch would be expected with each
systolic phase. In the diastolic phase of the cardiac cycle,
quadrants within the device windows return to the baseline
exaggerated arc. Therefore, the end result of the MobiusHD is
increased carotid sinus pulsatile stretch. The implant is avail-
able in three sizes: 5.00–7.00 mm, 6.25–9.00 mm, and 8.00–
11.75 mm and is placed into the internal carotid artery by a
specially developed delivery catheter introduced over a
guidewire via the femoral artery (Fig. 1b–d).

Fig. 1 b–d Images are
reproduced by permission of
Vascular Dynamics, Inc. a Cross-
sectional view of the carotid sinus
in three different situations. In the
untreated vessel, the radius
increases pulsatile during the
systolic phase of the cardiac
cycle. The MobiusHD implant
changes the geometric shape of
the vessel during the systole and,
therefore, increases the effective
radius (� r, in red). This results in
increased vessel wall strain while
preserving pulsatility. The
conventional carotid stent drives
the carotid sinus into a static
circular shape, blunting
baroreceptor function. b The self-
expendable nitinol MobiusHD
device (c) implanted in the
proximal internal carotid artery. d
The device is delivered by a
specially developed delivery
catheter, introduced over a
guidewire via the femoral artery. e
Reproduced from Peter DA,
Alemu Y,Xenos M. Fluid structure
interaction with contact surface
methodology for evaluation of
endovascular carotid implants for
drug-resistant hypertension
treatment. Journal of Biomedical
Engineering. 2012:134;041001–
6. DOI: 0.1115/1.4006339.
Computer simulation showing
circumferential and longitudinal
wall stretch variation in an
average carotid sinus after device
implantation, plotted for the plane
shown on the left
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Animal Studies

The pre-clinical evaluation included several animal models to
study the effect ofMobiusHD implantation on hemodynamics
and vessel anatomy. In a canine model, carotid baroreceptor
firing rate was measured after implantation of the MobiusHD
and compared to implantation of conventional self-expanding
carotid stent [6••]. The carotid stent caused a stair step increase
of carotid baroreceptor nerve activity that was decoupled with
BP. In contrast, the MobiusHD not only increased immediate
baroreceptor firing rate to a greater extent than the conven-
tional carotid stent but, more importantly, showed a progres-
sive linear increase in firing as the animal’s BP was increased
(Supplementary Fig. 1A). In addition, these experiments
showed that MobiusHD implantation was followed by an im-
mediate drop in BP (Supplementary Fig. 1B). In order to op-
timize design and ensure radial force could be programmed to
reduce vessel injury or device migration through the vessel
wall, several ovine carotid survival studies were performed
to inform design metrics (data unpublished). Since few ani-
mals have carotid baroreceptors and an ideal surrogate for the
human carotid artery is lacking, information of the effect of
MobiusHD implantation on carotid biomechanics and hemo-
dynamics largely comes from computer simulation studies.

Computer Simulation Studies

The effect of MobiusHD implantation on the carotid wall and
vessel hemodynamics was studied by fluid-structure interac-
tion combined with contact surface methodology. This tech-
nology allows for a three-way coupled dynamic interaction
simulation of the endovascular device, carotid sinus, and fluid
flow [45••]. Simulations were performed in two carotid
models: the first representing an average carotid artery in
terms of geometry and dimensions and the second
representing the clinical worst-case scenario of a carotid bifur-
cation, devoid of a typical sinus, much smaller in dimensions,
and having the internal and external carotid arteries (ICA and
ECA) aligned almost parallel to each other (Supplementary
Fig. 2A). The simulations showed an increase in carotid wall
stretch and strain after MobiusHD deployment, affecting he-
modynamics only in extreme situations. In the average model
device, placement resulted in increased circumferential and
longitudinal wall stretch of 2.5 and 7.5%, respectively. Von
Mises wall stress in the ICA increased from 198 to 305 kPa
(Supplementary Fig. 2B). The peak stress at the level of the
bifurcation and the peak flow velocity in ICA and ECA did
not change. In the diminutive model, circumferential and lon-
gitudinal wall stretch both increased with 6%. VonMises wall
stress in the ICA increased from 60 to 90 kPa. Device deploy-
ment caused a reduction of the ECA inflow area, increasing
the velocities and peak stress at the level of the bifurcation:

peak stress increased from 211 to 622 kPa. Since increased
stretch and stress increases baroreceptor firing rate [46•], these
elevations are presumed to activate the baroreflex and reduce
BP.

This simulation study additionally showed that pulsatility
of the average carotid wall, although moderately attenuated,
was maintained [45••] (Fig. 1e). The authors reason that the
observed attenuated pulsatility is exaggerated as a result of
prespecified characteristics of the device material: modeling
was performed with stainless steel properties, being less elas-
tic and stiffer than the nitinol the MobiusHD is made of.
Therefore, these studies predict that the MobiusHD implanta-
tion preserves pulsatility in the carotid vessel.

Results from the First-in-Man Study

Two parallel proof-of-principle studies investigated the safety
and efficacy of EBA in patients with resistant hypertension:
controlling and lowering blood pressure with the MobiusHD,
first in man, USA and Europe (CALM-FIM_US and CALM-
FIM_EUR). The first MobiusHD implantation in human was
performed in 2013, Atlanta, USA. The CALM-FIM_EUR
study enrolled the last patient in February 2017, and the results
of this study were published in September 2017 (6••). The
CALM_FIM_EUR study included 30 patients in six
European centers: five in The Netherlands and one in
Germany. Patients were eligible if they were 18–80 years of
age; diagnosed with primary resistant hypertension; taking a
stable regimen for at least 30 days with maximally tolerated
doses of at least three antihypertensive drugs from different
classes (one of them being a diuretic); and having a mean
systolic office BP of at least 160mmHg,mean 24-h ambulatory
BP of at least 130 mmHg systolic, and at least 80 mmHg dia-
stolic. The main exclusion criteria were hypertension second-
ary to an identifiable and treatable cause other than sleep apnea;
any plaque or ulceration in the carotid artery or aortic arch;
inadequate diameter or anatomy of the carotid vessels; history
of orthostatic hypotension or syncope; atrial fibrillation; history
of myocardial infarction in the past 3 months; history of cere-
bral vascular accident in the past 12 months; and severe renal,
cardiac, or pulmonary disease. MobiusHD implantation was
performed by interventionists that had at least performed 100
carotid stent implants before. Patients were treated with dual
antiplatelet therapy aspirin, and clopidogrel (or equivalent), ad-
ministered 3 days before up to 3 months after the procedure.
Aspirin was continued indefinitely.

Patients were on average 52 years old, 15 (50%) were fe-
male, 8 (27%) had failed renal denervation, mean office BP
was 184/109 mmHg (SD 18/14), mean 24-h ambulatory BP
166/100 mmHg (SD 177/14), and mean number of antihyper-
tensive medications 4.4 (SD 1.4). The primary endpoint was
the incidence of serious adverse events (SAEs) and
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unanticipated device effects (UADEs) at 6 months. In the first
6 months, two patients had to be treated because of severe
hypotension, two because of worsening of hypertension (one
case in which both hypotension and hypertension occurred),
and one because of dislodgement of the femoral closure device.
After thromboendarterectomy, this patient developed a wound
infection, which was treated by wound irrigation and antibi-
otics. NoUADEs occurred.Most common adverse events were
dizziness, musculoskeletal pain, hypotension, and groin hema-
toma. Not unimportantly, two patients in one center had a tran-
sient ischemic attack; fortunately, their symptoms resolved.

Mean office BP (average of two readings after 5 min
rest, measured seated with an automated oscillometric de-
vice) decreased by 24/11 mmHg (95%CI 12–35/4–18) at
3 months and 24/12 mmHg (95%CI 13–34/6–18) at
6 months. Mean 24-h ambulatory BP decreased by 15/
8 mmHg (95% CI 7–23/3–13) at 3 months and 21/
12 mmHg (14–29/7–16) at 6 months. This decrease was
seen on top of reduction in the number of antihypertensive
medication by 0.5 (IQR 1.3–0.0). Unfortunately, only self-
reported use of medication was assessed.

Although the sample size is small and the results of this
proof-of-principal study can be highly affected by different
types of bias, including regression to the mean, Hawthorne-
effect, placebo effect, and observer bias, the observed de-
crease in BP is promising. More information on adverse ef-
fects in a larger group of patients is needed before we can
reasonably state that the treatment is safe. Moreover, we need
to wait for the results of the randomized, sham-controlled
clinical trials to prove its efficacy.

Ongoing Clinical Trials

The CALM-START study (controlling and lowering blood
pressure with the MobiusHD—studying effects in a random-
ized trial) is currently enrolling patients with primary resistant
hypertension in planned six centers in the Netherlands and
four in Germany. In this randomized sham-controlled trial,
patients aged 18–70 on a stable regimen of three to four anti-
hypertensive medications and mean 24-h ambulatory systolic
BP of 135–170 mmHg are randomized to MobiusHD implan-
tation or sham. The primary endpoint is change in mean 24-h
ambulatory systolic BP at 3 months, measured after antihy-
pertensive medication washout. The CALM-2 study (control-
ling and lowering blood pressure with the MobiusHD) is a
second randomized, sham-controlled multicenter trial study-
ing the effect of EBA on BP and is planned to start recruiting
patients in spring 2018. In this study, patients with resistant
hypertension and mean 24-h ambulatory systolic BP of 145–
200 mmHg on a confirmed stable regimen of three to five
maximally tolerated antihypertensive medications (containing
at least an angiotensin-converting enzyme inhibitor or

angiotensin II receptor blocker, a calcium channel blocker,
and a diuretic) will be randomized. The primary endpoint is
change in mean 24-h ambulatory systolic BP, obtained after
observed drug intake at 6 months. These randomized trials
will also provide us with more elaborate information on the
efficacy and safety profile of EBA.

In addition, we are currently conducting a proof-of-
mechanism study to determine the effect of EBA on SNA
and baroreceptor sensitivity, in a sub-study of the CALM-
DIEM study (controlling and lowering blood pressure with
the MobiusHD—defining efficacy markers). In this study, pa-
tients with therapy-resistant hypertension who are eligible for
MobiusHD implantation undergo microneurography, cardio-
vascular measurements, and functional magnetic resonance
imaging at baseline and 3 months, after washout of antihyper-
tensive medications that influence sympathetic activity.
Hopefully, this study will give us insight in the physiological
mechanisms by which EBA reduces BP and may help us to
identify which patients benefit most from treatment.

Possible Benefits beyond Blood Pressure

In addition to the effect on BP and the associated decrease
of target organ damage, reduced sympathetic activity may
have direct beneficial effects on cardiac function, renal
function, and insulin sensitivity. From prospective studies
in patients with primary hypertension [47] and patients with
heart failure [48, 49], we know that sympathetic over-
activity is associated with left ventricular hypertrophy, car-
diac arrhythmias, and progressive heart failure, independent
of BP. Therefore, baroreceptor stimulation may also be ben-
eficial for patients with heart failure. A non-randomized
study investigated the effect of BAT in patients with New
York Heart Association functional class III heart failure and
showed favorable effects on subjective (quality of life) and
objective (left ventricular ejection fraction and BNP) heart
failure-related outcomes [50]. A beneficial effect of sympa-
thetic inhibition was also observed in one of our study
participants, who exhibited a sharp reduction of premature
ventricular complexes, 3 months after EBA.

Furthermore, sympathetic inhibition may counteract the
negative effects of sympathetic outflow to the kidneys: renin
release, sodium reabsorption, and renal vasculature changes
[51] (including smooth muscle cell proliferation and vasocon-
striction) leading to proteinuria and glomerulosclerosis [52].
Sympathetic inhibition may slow down progression of renal
disease or improve renal function. In a non-randomized,
single-center study, 23 patients with chronic kidney disease
stage 3 or higher treated with the Barostim neo showed re-
duced proteinuria compared to patients who did not receive
BAT [53]. However, no difference in estimated glomerular
filtration rate was observed.
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Finally, EBA may play a role in regulating glucose
metabolism. From earlier studies, we know that impaired
glucose metabolism and hypertension often coexist. Most
likely, hyperinsulinemia is preceded by increased sympa-
thetic activity. The evidence comes from a prospective
cohort study in Japan, which followed 662 normotensive
and 188 borderline hypertensive age- and body mass
index-matched patients for 10 years [54]. One of the ex-
planations for the occurrence of hyperinsulinemia is that
sympathetic activation leads to vasoconstriction, which
lowers skeletal muscle blood flow and reduces glucose
delivery to skeletal muscles [55] [56]. The effect of baro-
reflex stimulation on insulin sensitivity was investigated
in a randomized, double-blind, cross-over trial in BP re-
sponders treated with BAT. Acute change of chronic baro-
receptor stimulation did not significantly change muscular
glucose delivery and insulin sensitivity [57]. Whether
EBA improves cardiac function, renal function, and insu-
lin sensitivity remains to be determined.

Conclusions

From a pathophysiological point of view, the carotid
baroreceptor is an exceptional target to treat hyperten-
sion. This has been confirmed in the clinical trials eval-
uating BAT, showing a significant, sympathetic
inhibition-mediated decrease in BP. Therefore, BAT has
laid the foundation for baroreflex-targeting devices as an
additive treatment for true resistant hypertension. As am-
plification of the baroreflex by a passive endovascular
implant is less invasive, probably less costly, and does
not need battery replacement every 3–5 years, EBA may
be a good alternative. Although the results of the first-in-
man study are promising, efficacy, durability, and safety
results from randomized sham-controlled clinical trials
are needed before it can be implemented as a standard
medical therapy. Furthermore, future research should ad-
dress which patients benefit most from EBA and should
examine the additional effects of sympathetic inhibition
beyond lowering BP.
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