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FRONTIERS

Clinical Trial Design Principles and Outcomes 
Definitions for Device-Based Therapies for 
Hypertension: A Consensus Document From the 
Hypertension Academic Research Consortium
David E. Kandzari , MD; Felix Mahfoud , MD; Michael A. Weber , MD; Raymond Townsend , MD;  
Gianfranco Parati , MD; Naomi D.L. Fisher , MD; Melvin D. Lobo , MD; Michael Bloch, MD; Michael Böhm , MD;  
Andrew S.P. Sharp, MD; Roland E. Schmieder , MD; Michel Azizi, MD; Markus P. Schlaich , MD;  
Vasilios Papademetriou, MD; Ajay J. Kirtane , MD, SM; Joost Daemen , MD, PhD; Atul Pathak, MD, PhD;  
Christian Ukena , MD; Philipp Lurz , MD, PhD; Guido Grassi , MD; Martin Myers , MD; Aloke V. Finn , MD;  
Marie-Claude Morice, MD; Roxana Mehran , MD; Peter Jüni , MD; Gregg W. Stone , MD; Mitchell W. Krucoff, MD;  
Paul K. Whelton , MD; Konstantinos Tsioufis , MD; Donald E. Cutlip , MD; Ernest Spitzer , MD

ABSTRACT: The clinical implications of hypertension in addition to a high prevalence of both uncontrolled blood pressure 
and medication nonadherence promote interest in developing device-based approaches to hypertension treatment. The 
expansion of device-based therapies and ongoing clinical trials underscores the need for consistency in trial design, 
conduct, and definitions of clinical study elements to permit trial comparability and data poolability. Standardizing 
methods of blood pressure assessment, effectiveness measures beyond blood pressure alone, and safety outcomes 
are paramount. The Hypertension Academic Research Consortium (HARC) document represents an integration of 
evolving evidence and consensus opinion among leading experts in cardiovascular medicine and hypertension research 
with regulatory perspectives on clinical trial design and methodology. The HARC document integrates the collective 
information among device-based therapies for hypertension to better address existing challenges and identify unmet 
needs for technologies proposed to treat the world’s leading cause of death and disability. Consistent with the Academic 
Research Consortium charter, this document proposes pragmatic consensus clinical design principles and outcomes 
definitions for studies aimed at evaluating device-based hypertension therapies.
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Despite its recognition as the leading cause of death 
and disability worldwide, the awareness, treatment, 
and control of blood pressure (BP) have plateaued 

if not modestly declined.1,2 In the United States alone, 
for example, more than half of individuals with hyperten-
sion—representing >29 million people—are estimated to 
have BP exceeding professional society and guideline-
recommended treatment goals.3,4 As the most commonly 

diagnosed condition and largest contributor to mortality in 
industrialized countries, hypertension is present in >1 in 
3 individuals, and the risk of cardiovascular mortality dou-
bles for every 20 mm Hg and 10 mm Hg increase in the 
systolic BP (SBP) and diastolic BP (DBP), respectively.5 
With population growth and aging, the global prevalence 
of hypertension and associated adverse outcomes are 
expected to continue to escalate.6
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Irrespective of baseline hypertension severity, even 
moderate reductions in BP translate into clinically mean-
ingful reductions in cardiac, renal, and cerebral vascu-
lar-related adverse events.7,8 Recent large randomized 
clinical trials have also demonstrated the clinical benefits 
of more intensive BP reduction,9,10 leading to revision of 
guideline-directed treatment goals to further lower SBP 
and DBP standards.11,12 Countering evidence-based 
efforts to improve BP with a broad spectrum of phar-
maceutical therapies are routine challenges in clinical 
practice that include patient intolerance of medication-
related adverse effects, general nonadherence with pre-
scribed therapy, and physician inertia for treatment of an 
illness that remains largely silent until onset of clinically 
irreversible conditions.

DEVICE-BASED THERAPIES FOR 
HYPERTENSION
Over the past decade, the potential utility of device-based 
hypertension therapies has evolved from enthusiasm to 
skepticism and then renewed promise. After several ob-
servational studies and an unblinded randomized trial13 
suggesting clinically significant reductions in BP among 
patients with severe treatment-resistant hypertension,14–16 
renal denervation (RDN) was positioned as an important 
new treatment strategy with global public health effect, and 
early enthusiasm for clinical adoption outpaced the available 
data. After the lack of demonstrable effectiveness compared 
with a sham procedure and antihypertensive therapy in the 
SYMPLICITY HTN-3 trial (Renal Denervation in Patients 
With Uncontrolled Hypertension),17 however, the prospect of 
RDN’s role in clinical practice diminished and appeared to 
validate earlier criticisms of trial conduct and, more broadly, 
the prospects for device-based hypertension therapies.

Advances in trial design and conduct to account for 
confounding variables of procedural technique, medi-
cation variability, and selection of both patients and 
outcomes have substantially informed subsequent stud-

ies.18 Additional exploratory preclinical and clinical stud-
ies continued, and signals of effectiveness with RDN 
persisted, motivating further investigations. To date, 
results from 5 sham-controlled, randomized RDN trials 
have demonstrated significant BP reductions in patients 
on or off concomitant antihypertensive therapies (Fig-
ure 1),19–23 supporting a biological proof of principle for 
this novel treatment. In addition to RDN, device-based 
therapies for which the effectiveness and safety are 
being evaluated in randomized controlled trials include 
those targeting carotid sinus baroreceptors, and pace-
maker modulation of atrioventricular intervals.19–21,24,25 
Table  1 summarizes completed and ongoing clinical 
trials of these device-based therapies. Given this back-
ground, experience with device-based therapies for 
hypertension warrants a careful approach to clinical 
evidence generation with a thoughtful consideration of 
patient population, trial methods, and procedural safety 
and effectiveness outcomes.

HYPERTENSION ACADEMIC RESEARCH 
CONSORTIUM RATIONALE AND METHODS
Consistent, pragmatic definitions that support key clini-
cal trial processes such as independent adjudication of 
study outcomes and safety oversight provide informative 
benefit/risk evidence and can promote efficient innova-
tion of safe and effective therapies. The Hypertension 
Academic Research Consortium (HARC) was initiated 
to create consensus among experts involved in devel-
oping device-based therapies for hypertension following 
the process defined in the ARC charter.26 In February 
2020, HARC participants met in in Silver Spring, MD. 
The meeting was organized by Cardialysis (Rotterdam, 
The Netherlands) and was attended by experts from Eu-
rope, the United States, Canada, and Australia, as well 
as representatives from the US Food and Drug Adminis-
tration, a European Notified Body (DEKRA Certification 
BV, Arnhem, The Netherlands), and observers from the 
cardiovascular device industry (participant listing in the 
Supplemental Material). After the meeting, focused writ-
ing groups were charged to develop individual sections 
on outcomes definitions and trial design principles pre-
sented in this document.

CLINICAL TRIAL DESIGN CONSIDERATONS
Trial Design, Conduct, and Presence or Absence 
of Medications
The design for clinical trials of device-based therapies for 
hypertension treatment will vary depending on the regu-
latory phase of strategy. Figure 2 outlines many of the 
specifics recommended by HARC for the various stages 
of hypertension device therapy clinical studies.

Nonstandard Abbreviations and Acronyms

ABP	 ambulatory blood pressure
ABPM	 ambulatory blood pressure monitoring
BP	 blood pressure
DBP	 diastolic blood pressure
HARC	� Hypertension Academic Research 

Consortium
ISH	 isolated systolic hypertension
OBP	 office blood pressure
PROM	 patient-reported outcome measure
RDN	 renal denervation
SBP	 systolic blood pressure
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Initial studies to test proof of concept and feasibility 
are typically single-arm or open-label randomized tri-
als.14,24,27 Notable features of feasibility studies include a 
target population similar to that planned for pivotal stud-
ies and an adequate number of participants to demon-
strate some evidence of effectiveness and assessment 
for major safety concerns, although statistical signifi-
cance is not required. During feasibility and pilot studies, 
modifications of the technology or the procedure may be 
tested with finalization of the device design and proce-
dural protocol before a pivotal trial.

HARC recommends a staged off medications (OFF-
MED) then on medications (ON-MED) progression of 
randomized trials. After a first stage of addressing safety 

and biological plausibility (OFF-MED), recruitment of an 
ON-MED population of patients with uncontrolled hyper-
tension is logical to document the magnitude of the anti-
hypertensive effect of the procedure and its durability in 
the presence of medications. In practice, recruitment of 
patients with uncontrolled hypertension prescribed a sin-
gle agent of the same class would be impractical, and thus 
most ON-MED studies allow patients on 1 to 3 (or more) 
antihypertensive medications. These designs are prone to 
large between-patient variability in BP response after the 
procedure. An alternative, used in the RADIANCE HTN 
TRIO study (Study of the ReCor Medical Paradise System 
in Clinical Hypertension in the Presence of a Stabilized, 
Single Pill, Triple, Fixed Dose Antihypertensive Medication 

Figure 1. Change in systolic blood pressure (mm Hg) after renal denervation in 6 prospective, randomized, sham-controlled trials.
ABPM indicates ambulatory blood pressure measurement; BP, blood pressure; RADIANCE HTN SOLO, Study of the ReCor Medical Paradise 
System in Clinical Hypertension in Absence of Hypertension Medications; RADIANCE-HTN TRIO, Study of the ReCor Medical Paradise System 
in Clinical Hypertension in the Presence of a Stabilized, Single Pill, Triple, Fixed Dose Antihypertensive Medication Regimen; SYMPLICITY HTN-3 
trial, Renal Denervation in Patients With Uncontrolled Hypertension; SPYRAL HTN-OFF MED, Global Clinical Study of Renal Denervation With 
the Symplicity Spyral Multi-Electrode Renal Denervation System in Patients With Uncontrolled Hypertension in the Absence of Antihypertensive 
Medications; SPYRAL HTN-OFF PIVOTAL, Global Clinical Study of Renal Denervation With the Symplicity Spyral Multi-Electrode Renal 
Denervation System in Patients With Uncontrolled Hypertension in the Absence of Antihypertensive Medications Pivotal; and SPYRAL HTN 
ON MED, Global Clinical Study of Renal Denervation With the Symplicity Spyral Multi-Electrode Renal Denervation System in Patients With 
Uncontrolled Hypertension on Standard Medical Therapy. Adapted from references 15, 17–21.
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Table 1.  Contemporary Randomized Trials of Device Therapies for Hypertension

Trial Device/method Cohort Inclusion criteria Primary efficacy outcome

Renal denervation

 � SYMPLICITY HTN-
317

Symplicity Flex single 
electrode catheter, ra-
diofrequency energy

535; sham-controlled, 
2:1 randomization

Office SBP ≥160 mm Hg and 24-hour am-
bulatory SBP ≥135 mm Hg on maximally 
tolerated doses of ≥3 antihypertensive 
medications

Change in office SBP change from 
baseline to 6 months between RDN 
and sham control with superiority mar-
gin of 5 mm Hg; powered secondary 
efficacy outcome was change in mean 
24-hour ambulatory SBP at 6 months

 � SPYRAL HTN-OFF 
MED19

Symplicity Spyral mul-
tielectrode catheter, 
radiofrequency energy

80; sham-controlled, 
1:1 randomization

Office SBP ≥150 mm Hg and <180 
mm Hg, office DBP ≥90 mm Hg; 24-hour 
ambulatory SBP ≥140 mm Hg in absence 
of antihypertensive medications

Change in 24-hour SBP between 
RDN and sham control at 3 months

 � SPYRAL HTN-ON 
MED20

Symplicity Spyral mul-
tielectrode catheter, 
radiofrequency energy

80; sham-controlled, 
1:1 randomization

Office SBP ≥150 mm Hg and <180 
mm Hg, office DBP ≥90 mm Hg; 24-hour 
ambulatory SBP ≥140 and <170 mm Hg 
on 1 to 3 antihypertensive medications

Change in 24-hour SBP between 
RDN and sham control at 6 months

 � SPYRAL HTN-OFF 
MED Pivotal22

Symplicity Spyral mul-
tielectrode catheter, 
radiofrequency energy

331; Bayesian adaptive 
design with sham-
controlled, 1:1 random-
ization

Office SBP ≥150 mm Hg and <180 
mm Hg, office DBP ≥90 mm Hg; 24-hour 
ambulatory SBP ≥140 and <170 mm Hg in 
absence of antihypertensive medications

Change in 24-hour SBP between 
RDN and sham control at 3 months; 
powered secondary outcome of 
change in office SBP at 3 months

 � SPYRAL HTN-ON 
MED Expansion, 
NCT02439775

Symplicity Spyral mul-
tielectrode catheter, 
radiofrequency energy

340; Bayesian adap-
tive design with 
sham-controlled, 2:1 
randomization

Office SBP ≥150 mm Hg and <180 
mm Hg, office DBP ≥90 mm Hg; 24-hour 
ambulatory SBP ≥140 and <170 mm Hg 
on 1 to 3 antihypertensive medications

Change in 24-hour SBP between 
RDN and sham control at 6 months

 � RADIANCE-HTN 
SOLO21

Paradise system, en-
dovascular ultrasound

146; sham-controlled, 
1:1 randomization

Daytime ambulatory BP ≥135/85 mm Hg 
and <170/105 mm Hg in absence of anti-
hypertensive medications

Change in daytime ambulatory SBP 
at 2 months

 � RADIANCE-HTN 
TRIO23

Paradise system, en-
dovascular ultrasound

136; sham-controlled, 
1:1 randomization

Office SBP ≥140/90 mm Hg and daytime 
ambulatory SBP ≥135/85 mm Hg on fixed-
dose, single-pill combination of 3 antihy-
pertensive medications

Change in daytime ambulatory SBP 
at 2 months

 � REQUIRE, 
NCT02918305

Paradise system, en-
dovascular ultrasound

143; sham-controlled, 
1:1 randomization

Office SBP ≥150/90 mm Hg and 24-hour 
ambulatory SBP ≥140 mm Hg on ≥3 anti-
hypertensive medications

Change in daytime ambulatory SBP 
at 3 months

 � RADIANCE II, 
NCT03614260

Paradise system, en-
dovascular ultrasound

225; sham-controlled, 
1:1 randomization

Office SBP ≥140/90 mm Hg and daytime 
ambulatory SBP ≥135/85 mm Hg and 
<170/105 mm Hg in absence of antihyper-
tensive medications

Change in daytime ambulatory SBP 
at 2 months

 � TARGET BP 
OFF-MED, 
NCT03503773

Peregrine system, 
perivascular alcohol 
delivery

90; sham-controlled, 
1:1 randomization

Office SBP ≥150 mm Hg and ≤180 
mm Hg, office DBP ≥90 mm Hg; 24-hour 
ambulatory SBP ≥135 and ≤170 mm Hg in 
absence of antihypertensive medications

Change in ambulatory 24-hour SBP 
at 2 months

 � TARGET BP I, 
NCT02910414

Peregrine system, 
perivascular alcohol 
delivery

300; sham-controlled, 
1:1 randomization

Office SBP ≥150 mm Hg and ≤180 
mm Hg, office DBP ≥90 mm Hg; 24-hour 
ambulatory SBP ≥135 and ≤170 mm Hg 
on 2 to 5 antihypertensive medications

Change in ambulatory 24-hour SBP 
at 3 months

Cardiac neuromodulation therapy

 � Moderato System: 
A Double-Blind Ran-
domized Trial25

Pacemaker modula-
tion of atrioventricular 
intervals 

47, double-blind, 1:1 
randomization

Daytime ambulatory SBP ≥130 mm Hg 
and office SBP ≥140 mm Hg prescribed 
≥1 antihypertensive medication(s)

Change in ambulatory 24-hour SBP 
at 3 months

Carotid baroreflex stimulation

 � CALM-2, 
CT03179800

Carotid sinus barore-
ceptor stimulation

300, sham-controlled, 
1:1 randomization

24-hour ambulatory SBP ≥145 mm Hg and 
≤200 mm Hg prescribed up to 5 antihyper-
tensive medications

Change in ambulatory 24-hour SBP 
at 6 months

BP indicates blood pressure; CALM-2, Controlling and Lowering Blood Pressure With the MobiusHD; DBP, diastolic BP; RADIANCE II, Pivotal Study: A Study 
of the ReCor Medical Paradise System in Stage II Hypertension; RADIANCE HTN-SOLO, Study of the ReCor Medical Paradise System in Clinical Hypertension in 
Absence of Hypertension Medications; RADIANCE-HTN TRIO, Study of the ReCor Medical Paradise System in Clinical Hypertension in the Presence of a Stabi-
lized, Single Pill, Triple, Fixed Dose Antihypertensive Medication Regimen; RDN, renal denervation; REQUIRE, Renal Denervation on Quality of 24-Hr BP Control by 
Ultrasound in Resistant Hypertension; and SBP, systolic BP; SPYRAL HTN-OFF MED, Global Clinical Study of Renal Denervation With the Symplicity Spyral Multi-
Electrode Renal Denervation System in Patients With Uncontrolled Hypertension in the Absence of Antihypertensive Medications; SPYRAL HTN ON MED, Global 
Clinical Study of Renal Denervation With the Symplicity Spyral Multi-Electrode Renal Denervation System in Patients With Uncontrolled Hypertension on Standard 
Medical Therapy; SYMPLICITY HTN-3 trial, Renal Denervation in Patients With Uncontrolled Hypertension; TARGET BP 1, Pivotal, Multicenter, Blinded, Sham Proce-
dure-Controlled Trial of Renal Denervation by the Peregrine System Kit, in Subjects With Hypertension; and TARGET BP OFF MED, A Phase 2, Multicenter, Blinded, 
Sham Procedure-Controlled Trial of Renal Denervation by the Peregrine System Kit, in Subjects With Hypertension, in the Absence of Antihypertensive Medications.
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Regimen),23 is to switch at enrollment all eligible patients 
with apparent resistant hypertension prescribed multiple 
medications to a triple combination single pill to be taken 
for the remainder of the study. This strategy promotes 
medication adherence and a more consistently treated 
cohort of patients with resistant hypertension confirmed 
by ambulatory BP (ABP).

Early phase studies may be followed by randomized, 
blinded, sham-controlled trials to compare effectiveness 
and to assess device safety (OFF-MED and ON-MED). 
Although a 1:1 allocation of experimental treatment ver-
sus control is the most efficient design, a 2:1 (study device 
versus control) randomization ratio may be considered 
to enlarge the size of the study cohort (achieving learn-
ing curves faster and affording more patients exposed to 
the device-based therapy to identify adverse safety out-
comes), although this will necessarily increase sample size 
to achieve statistical power to demonstrate effectiveness 
in BP lowering. Additional safety data can be obtained by 
“crossing over” control group patients after measurement 
of the primary effectiveness outcome to receive the device-
based therapy or allowing for access to the device-based 
therapy in either the premarket or the postmarket interval.

The US Food and Drug Administration requires sham-
controlled trials whenever feasible and ethical, and 
pivotal clinical trials for at least the first generation of 
device-based therapies must therefore include a sham 
procedure group as the control.28 Results from a recent 
meta-analysis suggested that in most interventional tri-
als, sham procedures are safe, and the use of the sham 
procedure when applied in a symmetrical way without 
cointervention after randomization produces a robust 
estimate of the effect, albeit smaller than in nonsham tri-
als and more likely closer to the true effect.29 The most 
appropriate placebo control for device-based therapies is 
an invasive sham procedure, mimicking the active treat-
ment closely. For RDN trials, typically a sham involves 
a renal angiogram but no denervation device advanced 
into the artery. The use of invasive sham procedures is 
generally associated with a higher degree of complex-
ity of trial execution, introducing ethical concerns of 
performing a procedure conferring an immediate risk 
of adverse events and potential harm without potential 
benefit to the patient. However, by blinding the patient 
and all postprocedure assessors, sham-controlled trials 
reduce confounders and bias, allowing the true treatment 

Figure 2. Clinical investigation recommendations for novel devices for hypertension management.
ABPM indicates ambulatory blood pressure measurement; BP, blood pressure; CKD, chronic kidney disease; HF, heart failure; HTN, hypertension; 
LVH, left ventricular hypertrophy; and MI, myocardial infarction.

D
ow

nloaded from
 http://ahajournals.org by on February 27, 2023



ST
AT

E 
OF

 T
HE

 A
RT

March 15, 2022� Circulation. 2022;145:847–863. DOI: 10.1161/CIRCULATIONAHA.121.057687852

Kandzari et al Hypertension Academic Research Consortium

effects of any interventional therapy to be discerned. 
Although nearly all recent hypertension trials of device-
based therapies have been sham-controlled,19–23 it is 
important to recognize this 1 design attribute does not 
always exclude other flaws in trial design or performance.

Once safety and effectiveness in both on and off med-
ication blinded, pivotal trials has been proven, subsequent 
randomized trials may be open-label with a convention-
ally treated control group13 or include a control group 
with strict protocol-specified medical therapy.30 For trials 
involving medical therapy, adherence testing using urinary 
or plasma metabolite assays may be useful to interpre-
tation of results. Among blinded studies, effectiveness 
of maintaining the blind must be demonstrated through 
patient questionnaires administered immediately after the 
procedure and at the time of the primary outcome assess-
ment. For open-label studies, a Prospective Randomized 
Open-label Blinded End Point (PROBE) design should be 
used with assessment of BP response by an observer-
independent BP measurement such as ABP monitoring 
(ABPM) and by evaluators blinded to the randomization.30

Once RDN technologies are approved and are avail-
able in clinical practice, sham or medical therapy controls 
may no longer be required or feasible. Instead, a shift from 
device versus medical therapy to investigational device 
versus approved device controls is anticipated. Once this 
occurs, HARC advises that it is reasonable to propose an 
active device control using a noninferiority design. In RDN 
device versus device trials, however, treatment assign-
ment should remain blinded to the patients, research 
staff, and subsequent caregivers, if possible. Such non-
inferiority designs must be rigorous, requiring evidence 
of effectiveness of the active comparator on the primary 
outcome of interest with strict noninferiority margins as 
well as adequate clinical outcome and safety data.

Single-arm studies are generally not considered 
as proof of safety or effectiveness for a device-based 
therapy, particularly in the early phases of developing 
breakthrough technologies such as current RDN meth-
ods. More frequently, single-arm studies are performed 
as postapproval device-based studies to provide broader 
insight into the effectiveness of a therapy in a less 
selected patient population and in scenarios common 
to clinical practice. Well-designed registries can recruit 
larger volumes of patients than randomized trials, iden-
tifying signals of rare but serious adverse events that 
might provide guidance, especially in the postmarketing 
phase. They may also allow subgroup hypotheses to be 
generated for effectiveness.

Medication Burden and Adherence
The BP response to device-based therapies cannot be 
reliably quantified without accounting for antihypertensive 
treatments prescribed in terms of the number of different 
classes of antihypertensive medications as well as doses, 

and patient adherence to the prescribed medications in 
both blinded and unblinded periods of a trial. Accounting 
for medication changes is particularly challenging after 
unblinding, because differential behavior of health care 
providers or patients when knowing treatment allocation 
may lead to a potential bias, thus obscuring the interven-
tion’s effect per se, especially in the long term.

Medication burden is usually evaluated using simpli-
fied dichotomous measures (either on- or off-treatment), 
or a simple measure of the number of antihypertensive 
medications (disregarding the dose and the class), not 
accounting for the dose-dependency of the BP-lowering 
effect of the medications. Besides these simple mea-
sures, medication burden can also be evaluated using the 
sum of defined daily dose of each individual antihyperten-
sive medication and by using the antihypertensive load 
index,31 which is the sum of the ratio of the current daily 
dosage divided by the maximum recommended daily dos-
age for each medication. The maximum daily dosage of 
each agent as indicated for hypertension is obtained from 
pharmaceutical databases.31,32 Although alternative mod-
els may be developed, medication indices should account 
for both number and dose of prescribed medications.

Nonadherence to medications is recognized as a major 
factor in reducing BP treatment effectiveness and contrib-
utes to perceived “treatment resistance” in patients with 
hypertension. Indeed, nonadherence is highly prevalent (in 
up to 50% of patients), especially in patients diagnosed with 
severe hypertension.33 In individuals with perceived treat-
ment-resistant hypertension, 50% of treatment resistance 
may be explained by nonadherence (“pseudoresistance”).34 
In addition to adverse clinical events, there are numerous 
adverse consequences of suboptimal adherence to antihy-
pertensive medications including a confounding effect on 
BP outcomes in clinical trials of device-based therapy for 
hypertension. Moreover, the time course of poor adherence 
can be variable, with fluctuating adherence over time, fur-
ther confounding measurements of effectiveness.20

Reasons for poor adherence to treatment are multifac-
torial. Treatment-, patient-, provider- and health care sys-
tem–related factors affect medication nonadherence in 
patients with hypertension, but predicting nonadherence 
remains challenging. Several indirect and direct meth-
ods have been developed to assess treatment adherence 
(Table S1). Assessing medication adherence helps guide 
medical treatment, avoid unnecessary and potentially harm-
ful treatment intensification, decrease the number of medi-
cal visits at specialized clinics, and allow implementation of 
strategies to improve medication adherence. Medication 
monitoring and informing patients about testing have been 
shown to improve BP control, and adherence to antihyper-
tensive medications is associated with lower cardiovascular 
risk.35 Inclusion of adherence assessment in clinical trials 
as described in this section is important for interpreting 
study outcomes, at least in the early development phase of 
device-based therapies, to inform the treatment effect.
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Medication Reinstatement Algorithms
Except for patient-related safety requiring deviation 
from study protocol, baseline medications should remain 
without change (or absent in OFF-MED trials) for both 
treatment and control groups until timing of the prima-
ry BP outcome measure. There are 2 main reasons for 
starting, resuming, or enhancing medical therapy after 
the study’s primary outcome is reached: (1) an ethical 
need to control BP in the trial’s study participants, and 
(2) to compare medication requirements between the 
device-treated and the control groups to learn whether 
the procedure affects the intensity of medical treatment 
required to achieve the BP target.

A typical medication algorithm, already used in device-
based hypertension trials for patients initially OFF-
MED,19,21,22 is described in Table S2. The selection of 
medication classes, and their order of use in this stepwise 
titration, conforms with widely used current international 
hypertension guidelines,11,12 with further recommenda-
tions provided in the Table S2 footnote how to individualize 
therapy in patients with difficult-to-control hypertension. 
One shortcoming in trials completed to date19,30 is that 
using the algorithm has been left to the discretion of 
the clinical investigators and not mandatory. It is recom-
mended that future trials include rigorous protocols for 
the intensification of medical therapy by the clinical staff 
or treating physicians, as tolerated, to achieve target BP, 
while verifying adherence to medications by patients.

BP OUTCOMES FOR DEVICE-BASED 
THERAPIES FOR HYPERTENSION TRIALS
The following section addresses the specific advantages 
and disadvantages of each method to measure and re-
port BP and potential complementary use of multiple BP 
assessment strategies.

Office BP
When properly performed, office BP (OBP) measurement 
is inexpensive and accurate, and reflects what has been 
used in landmark clinical trials and routine clinical practice 
for decades. In early RDN trials, however, OBP results as a 
primary outcome often demonstrated higher variability than 
in traditional medical therapy studies, leading to uncertainty 
about consistency in measurement and method, suscep-
tibility to regression to the mean, and inability to confirm 
treatment effect. This variability may have been amplified 
by inconsistent medication regimens and adherence.

The importance of using proper technique cannot be 
overstated and has been described elsewhere.36 Strict 
adherence to measurement protocols makes choice of 
“attended” or “unattended” (ie, with or without a health 
care provider present) readings less important, but the 
same approach should be consistently applied through-

out a clinical trial. Averaging data from >1 visit increases 
precision and reduces sample size but may also increase 
trial complexity.37 Effects associated with unblinded 
assessment and white-coat effect should be minimized.

In randomized trials, the mean difference in BP from 
baseline to specific posttreatment time points (eg, 3 or 
6 months) compared between treatment and control 
groups is a measure of effectiveness. SBP reduction is 
generally the key clinical target, but DBP is of particu-
lar interest in trials that enroll younger patients or use 
elevated DBP as an entry criterion.

Data from both observational and randomized studies, 
including meta-analyses of medical therapy trials, demon-
strate that decrements in office SBP of 5 and 10 mm Hg 
are associated with ≈10% and ≈20% reductions in car-
diovascular disease events, respectively, and independent 
of comorbidities such as cardiovascular disease.7 As such, 
a mean difference in OBP of at least 5 to 10 (preferably 
closer to 10) mm Hg for SBP compared with baseline, 
or 3 to 5 mm Hg for DBP, may be considered a clinically 
meaningful reduction. In addition, BP response rates (ie, 
responder analysis) and time within target range can pro-
vide a complementary effectiveness assessment.

Ambulatory BP
ABPM yields more precise and reproducible BP profiles 
than conventional OBP assessments.38 ABPM is less 
susceptible to bias and placebo effect and eliminates the 
white-coat effect.39 It estimates short-term BP variability 
and provides better prognostic value for end-organ dam-
age and cardiovascular events versus OBP.40 In addition, 
the relationship between cardiovascular events and mor-
tality is stronger for ABPM than OBP, in particular when 
including nocturnal BP.40–42

For these reasons, ABPM has been adopted as the 
preferred BP outcome in major randomized RDN trials. 
ABPM has proven to be particularly well suited because 
the BP-lowering effects of RDN have been apparent 
throughout a 24-hour period.43 Although elevated SBP 
and DBP are associated with increased cardiovascular 
risk, the association with SBP is more consistent and 
persists after adjustment for DBP. Therefore, SBP has 
been preferred in hypertension clinical trials as the pri-
mary outcome.12 In RDN trials, both ambulatory daytime 
and 24-hour SBP assessments have been used.

A reduction in mean 24-hour ambulatory SBP of ≥5 
mm Hg relative to baseline can be considered a clinically 
meaningful response to RDN,28,44,45 recognizing that a 
10-mm Hg reduction in office SBP is associated with a 
significant reduction in the risk of major cardiovascular 
events and mortality across varying baseline BPs.7 The 
procedures to measure ABPM have been previously 
described.36 To address issues of adherence and missing 
data, 24-hour ABPM has been considered valid with a 
minimum of 20 daytime readings and 7 during sleep.46,47 
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Independent core laboratories are desirable to provide 
feedback on data quality, maintain uniform process across 
sites, conserve confidentiality, and reduce potential bias.

Home BP
Home BP measurement has emerged as an important 
complement to OBP and ABPM in both clinical prac-
tice and research. Self-measured home BP avoids the 
white-coat response, allows for multiple measurements 
over time, identifies patients with masked hypertension, 
and has been shown to correlate better with target organ 
damage and cardiovascular events than OBP.36 However, 
home BP measurement is highly operator-dependent and 
is reliant on equipment accuracy; home BP also misses 
nighttime BP, orthostatic hypotension, and short-term BP 
variability. Awareness of home BP results may also bias 
patient behaviors and medication adherence. On the ba-
sis of these limitations, home BP measurement can be a 
secondary outcome for device-based therapy trials, but 
assessment issues limit its use as a primary outcome.

Optimal home BP measurement methods have been 
previously detailed.11,12,36,48 At each outcome assessment 
time, it is important to record BP twice daily (morning and 
evening) for at least 7 consecutive days with the readings 
from the first day discarded in clinical trials,46 and at least 
70% of expected readings at each time period should be 
available (ie, up to 30% missing data are not ideal but 
currently acceptable). Electronic transfer of readings to 
an independent core laboratory is encouraged and may 
enable long-term effectiveness follow-up without requir-
ing participants to attend a study visit.49

Evidence from the relatively few observational studies 
relating cardiovascular risk with home BP measurement 
suggest that each 10-mm Hg increase in SBP is associ-
ated with an ≈15% to 20% increase in adverse events.50 
Given their similar profiles on determination of cardio-
vascular risk,51 similar thresholds for clinically significant 
response may be considered for daytime ABP and home 
BP in device-based therapy trials. Table S3 describes 
the advantages and disadvantages ABPM and home BP 
measurements.

Consensus Summary: Selection of BP 
Measurement Modalities as Outcomes
Clinically relevant BP reduction considerations proposed 
by consensus are represented in Table  2. All BP as-
sessments—ambulatory, office, and home—may be con-
sidered for trials evaluating device-based hypertension 
treatment because each modality offers different but 
complementary information on the BP response (Table 
S4). As a practical matter, however, all randomized trials 
of hypertension therapies may use 2 or more of these 
measures, typically with ABPM specified as the primary 
effectiveness outcome measure.

ADDITIONAL OUTCOMES RELEVANT 
TO DEVICE-BASED THERAPIES FOR 
HYPERTENSION TRIALS
Clinical Outcomes
HARC recommends to ascertain and classify death,52,53 
neurological events,54 myocardial infarction,55 bleeding,56 
access and vascular complications,56 acute kidney injury,56 
and heart failure,47 following standardized definitions (Tables 
S5–S8).52,53,57 Although complications occur infrequently 
with current technologies, procedure-specific criteria are 
proposed on the basis of existing ARC standards and avail-
able in the Supplemental Material. Independent adjudication 
of clinical events (both safety and effectiveness) is a quality 
marker in clinical trials, enhances the validity of study re-
sults, and is often requested by regulatory authorities.

Target-Organ Damage
Regression of hypertension-mediated organ damage is 
associated with improved cardiovascular outcomes.58 Sev-
eral prospective observational studies have suggested 
that RDN is associated with regression of echocardio-
graphic or cardiac magnetic resonance imaging–based 
left ventricular mass index,59,60 improvement in left ven-
tricular function,59–61 decrease in left atrial volume index,61 
and augmentation index or pulse wave velocity,59 irrespec-
tive of BP reduction.62 These studies, however, are limited 
because of sample size and lack of independent, blinded 
core laboratory assessment. Available data, limited by 
sample size and short-term follow-up, suggest that RDN is 
safe and effective in patients with chronic kidney disease, 
although it remains to be established whether RDN leads 
to improvement in albuminuria or kidney function, or at 
least attenuates the decline in glomerular filtration rate.63

BP Targets and Variability
Clinical guidelines for hypertension treatment share an 
OBP target of <130/80 mm Hg (when tolerated and 
on the basis of risk profiles), with an OBP of <140/90 
mm Hg for those >65 years of age per the European 
guidelines.11,12,47 The proportion of patients achieving 
these targets is an alternative to targeting a specified ab-
solute BP reduction from baseline,11,44 considering that 
relative percentage reduction from baseline after device-
based therapies is influenced by initial BP levels and 
might be less applicable in milder forms of hypertension.19

Long-term visit-to-visit variability in BP offers prognostic 
information in patients with hypertension and can be used 
as a secondary efficacy outcome. High BP variability has 
been associated with increased cardiovascular risk,64 and 
device-based therapies have been shown to reduce such 
variability after correction of baseline BP values, thus offer-
ing potential as an effectiveness outcome (Table S9).65 A 

D
ow

nloaded from
 http://ahajournals.org by on February 27, 2023



STATE OF THE ART

Circulation. 2022;145:847–863. DOI: 10.1161/CIRCULATIONAHA.121.057687� March 15, 2022 855

Kandzari et al Hypertension Academic Research Consortium

more consistent reduction in BP would expectedly mitigate 
BP variability and improve time in target range that has 
been associated with a lower risk of adverse events.66

Heart Rate
Aside from reductions in both sympathetic activity and 
BP after RDN, a decline in resting heart rate has also 
been shown in several studies.67,68 In the SPYRAL HTN-
OFF MED pilot study (Global Clinical Study of Renal 
Denervation With the Symplicity Spyral Multi-Electrode 
Renal Denervation System in Patients With Uncontrolled 
Hypertension in the Absence of Antihypertensive Medi-
cations), for example, resting heart rate was reduced after 
RDN both in the office and during daytime and nighttime 
ABPM.68 From 2 reports, an elevated resting heart rate 
(above the median 73.5 beats per minute) has also been 
suggested to predict BP reduction after RDN.68,69 Other 
reports, however, have not demonstrated this associa-
tion. At present, heart rate reduction after device-based 
therapy should be considered an exploratory outcome.

Predictors of Treatment Response
The inability to accurately identify individual therapy re-
sponders undermines efforts to identify broadly applica-
ble predictors of response and inform patient selection. 
To date, post hoc “responder” analyses on the basis of 
single-point paired comparisons may not appropriately 
characterize a treatment response given (1) day-to-day 
BP variability, (2) the lack of consensus about follow-up 
time point or meaningful reduction in BP, (3) dependency 
of the change in BP from the pretreatment BP, (4) the 
suggestion that even lesser declines in BP may not im-
ply absence of a treatment effect, and (5) susceptibility 
of treatment bias.70 Unlike the population mean effect 
that statistically compensates for BP variability, an indi-
vidual patient can only be compared against a random 
time point that could be higher or lower than the patient’s 
long-term mean BP. In the SPYRAL HTN-OFF and ON 
MED (Global Clinical Study of Renal Denervation With 
the Symplicity Spyral Multi-Electrode Renal Denervation 
System in Patients With Uncontrolled Hypertension on 

Standard Medical Therapy) trials19,20 and the RADIANCE 
HTN-SOLO21 (Study of the ReCor Medical Paradise 
System in Clinical Hypertension in Absence of Hyper-
tension Medications) trials, for example, approximately 
half of patients in the sham group at outcome follow-up 
experienced a BP increase, whereas half experienced a 
decrease, and few patients had no change. Although of-
ten impractical, averaging multiple BP measurements at 
baseline and follow-up might be required to control for 
BP variability and for regression to the mean, and specifi-
cally identify individual treatment responders.

A broad list of potential predictors of response has 
been proposed to date but is limited with little if any exter-
nal validation. No individual predictor, except baseline BP, 
has been consistently identified across multiple trials. In 
the SPYRAL HTN-OFF MED Pilot and Pivotal trials, 
ambulatory heart rate above the median (>73.5 bpm) 
was predictive of reduction in average daytime SBP, day-
time DBP, and office SBP.69 Recently, both plasma renin 
activity and aldosterone levels were significantly reduced 
after RDN compared with sham control; higher baseline 
plasma renin activity was associated with a significantly 
greater reduction in both office and 24-hour SBP.71

Last, because no reliable procedural measure exists 
to confirm effective nerve ablation, the extent to which 
incomplete denervation contributes to clinical nonre-
sponsiveness is uncertain. HARC endorses incorporation 
of exploratory substudies as part of larger trials confirm-
ing safety and effectiveness.

Patient-Related Outcomes and Preference
Patient perspectives and preferences are important in as-
sessing the benefits and risks of antihypertensive therapy. 
In general, patient-reported outcomes, quality of life, and 
patient preferences have until recently rarely been the 
main objective of clinical trials in device-based medicine. 
Patient-reported outcomes instruments rely on patients’ 
response to questionnaires (eg, quality-of-life question-
naires), and on measurements of patients’ well-being (eg, 
cognitive function) or outcomes self-assessed through 
medical diaries/ trackers. To date, the European Quality 
of Life 5-Dimension 3 Level (EQ‐5D‐3 L) questionnaires 

Table 2.  Blood Pressure Outcome Considerations in Device-Based Therapies for Hypertension Trials

Outcome Proposed target Methods

Ambulatory BP Mean ambulatory systolic BP (24 h), reduction from baseline 
≥5 mm Hg 

Mean ambulatory systolic BP (daytime), reduction from base-
line ≥5 to 10 mm Hg

24 h valid readings require at least 20 daytime read-
ings and 7 during sleep

Office BP Systolic BP, reduction from baseline ≥5 to 10 mm Hg 

Diastolic BP, reduction from baseline ≥3 to 5 mm Hg

Take 3 readings after a rest period; use the average of 
all 3 readings or the average of the second and third 
readings

Home BP Mean home systolic BP, reduction from baseline ≥5 to 10 
mm Hg 

At each period of outcome analysis, BP is recorded 
twice daily for at least 7 days. An average is calculated 
excluding readings of the first day

BP indicates blood pressure.
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and the short form health survey (SF36) are considered 
to be reliable and validated measures of quality of life and 
have been used in hypertension research.72 In a recent 
survey, patient and physician attitudes toward pharma-
ceutical therapies and RDN for hypertension may be 
differ relative to severity of hypertension and medication 
burden.73 Specifically, preference for device-based thera-
py among patients may be highest among those not tak-
ing medications and may be independent of BP severity.

HARC encourages incorporating such assessments 
in device-based hypertension trials and developing 
health status models specific to this area of study. For 
patient preference, Discrete Choice Experiments may 
be useful to quantify patients’ preferences for attributes 
of interventional and pharmaceutical treatments for 
hypertension that include both effectiveness and risks 
of treatment-related adverse events.74 For self-reported 
outcomes, the first step is the selection of an appropriate 
patient-reported outcome measure (PROM), presenting 
the patient’s perspective about how an interventional 
procedure for hypertension will affect their well-being. 
The selection of a PROM is based on its appropriate-
ness, acceptability to patients, interpretability, validity, and 
ability to detect changes over time.

For future trials, HARC recommends the following: 
(1) the validation of PROMs in the field of hypertension 
that account for the heterogeneity of patients’ percep-
tion according to culture or health care systems, (2) sys-
tematic inclusion of PROMs in prospective trials, and (3) 
inclusion of patient’s perspective and preferences at an 
early stage of clinical trial design.

TIMING OF ASSESSMENTS RELATED TO 
LATE-TERM SAFETY AND EFFECTIVENESS
Timing of Outcome Selection
Four key factors may be considered when determining 
the optimal timing for outcome assessment in device-
based hypertension trials: (1) what the study population 
is (eg, on versus off medications, mild versus severe hy-
pertension); (2) what the primary assessment is (BP ver-
sus measures of end-organ damage); (3) when the treat-
ment effect is expected; and (4) what the likelihood is of 
confounders interfering with the treatment effect. Timing 
of outcome recommendations is provided in Table 3.

Available evidence supporting the use of different 
technologies to inhibit the sympathetic nervous system 
reveals significant reductions in both OBP and ABPM 
within the first 3 months of treatment. Of note, the risk 
for confounding by medication adherence issues rap-
idly increases within the first 6 months, supporting a 
rationale for primary outcomes sooner rather than later 
within a 6-month window. In patients who are enrolled 
in device-based therapy trials and prescribed antihyper-
tensive medications using stable and standardized con-

comitant medication regimens, selection of BP outcomes 
between 2 and 6 months after intervention is reasonable. 
For proof-of-concept studies in medication-naive patients 
(including participants in whom antihypertensive medica-
tions are discontinued before enrollment, for example, 
after a prespecified washout period), 2 to 3 months for 
the timing of outcome assessment may be acceptable. 
A 4- to 6-week washout period was shown to be safe in 
relatively low-risk patients with hypertension enrolled in 
3 sham-controlled randomized trials,21,22 consistent with 
safety of antihypertensive medication withdrawal reported 
in a meta-analysis of 66 pharmaceutical trials.75

For trial outcomes other than BP, later time inter-
vals may be reasonable considering the type of event 
assessed; for instance, atrial fibrillation burden could be 
assessed (ie, Holter) at 3 months, whereas assessment of 
left ventricular remodeling may require 6 to 12 months.60 
Extension of the follow-up beyond 12 months is likely 
to be necessary for clinical outcomes (eg, death, stroke, 
myocardial infarction) in adequately powered studies.7

Late-Term BP Outcomes and Durability of 
Treatment Effect
The demonstration of a sustained reduction in BP that 
can be solely attributed to an interventional procedure 
can be challenging because of medication changes, co-
morbidities, and patient behavior (eg, weight loss, exer-
cise, diet, adherence).76 Although BP assessment after a 
medication washout period at late-term follow-up (eg, 1 
year) has been proposed to assess durability in random-
ized trials, comparisons can nevertheless be confounded 
by factors unrelated to medical therapy.

Aside from measurement of BP, quantification of anti-
hypertensive medication use at baseline and during lon-
gitudinal follow-up is important to patients, providers, and 
the health care ecosystem. Against the background of 
sustained reductions in BP, the number of medications and 
doses are expected to remain stable, if not decline. The 
number of prescribed medications is 1 important factor that 
limits adherence. If the procedure is successful, decreased 
medication burden may lead to fewer side effects and 
improve adherence to the remaining medications. Just as 
with BP, however, medication burden might be confounded 
by successful healthy lifestyle changes such as weight loss, 
exercise, and introduction of low-fat and low-salt diets sup-
porting withdrawal of medications. However, as recurrence 
of hypertension is commonplace, serial assessment dur-
ing long-term follow-up for the need for medication rein-
statement is an important consideration. For assessment 
of durability, measurement of BP at least 12 months after 
intervention and compared with baseline (and a control 
group, if possible) can provide an assurance of a durable 
treatment effect. Alternatively, time in a targeted BP range 
during serial follow-up may provide some insight into dura-
bility and has been predictive of cardiovascular risk.66
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Late-Term Safety Outcomes
Kidney function is a critical safety issue associated with 
both hypertension and RDN. After RDN, measurements 
of kidney function (ie, estimated glomerular filtration 
rate) are advocated at 6-month intervals for up to 3 
years. A secondary consideration is the measurement 
of the urine albumin/creatinine ratio, because increases 
in micro- or macro-albuminuria are associated with an 
adverse kidney and cardiovascular prognosis.77

A more challenging issue is the assessment of renal 
artery anatomy after an endovascular procedure because 
of variability in noninvasive assessment procedures and 
the need to differentiate morphological changes from the 
natural history of atherosclerotic disease progression. 
Currently, duplex ultrasound, computed tomographic 
angiography, and magnetic resonance angiography have 
been applied with reasonable success in the existing 
device-based hypertension trials.19–23 With current RDN 
therapies, development of device-related proximal renal 

Table 3.  Timing for Analysis of Primary and Secondary Outcomes in Hypertension Trials With Device-Based Therapies

Outcome Assessments Outcome Prioritization and Timing

BP ABPM 24 h

ABPM daytime

Office BP

Home BP

For primary outcome analysis:

  OFF-MED design: 2 to 3 months

    Consider a 1-month washout period before randomization 

  ON-MED design: 3 months

  �  If high risk of nonadherence and at high risk of cardiovascular 
events11

  ON-MED design: 6 months

  �  If a stable/standard medical regimen can be used in a popula-
tion at moderate/low risk of cardiovascular events11

For extended follow-up/durability:

  Every 6 months, until end of study

BP variability Change in parameters of BP variability:

  Dependent on mean BP:

    Weighted SD

    Average real variability

  Independent of the mean:

    Coefficient of variation

    Variance independent of the mean 

Secondary outcomes and extended follow-up:

  6 months, 12 months and yearly after

Hypertension-mediated 
organ damage: cardiac

Changes assessed by echocardiography and/or MRI:

  Left ventricular mass Left atrial volume

  Left ventricular systolic and diastolic function

  Left ventricular longitudinal strain

  Left ventricular hypertrophy 

Secondary outcomes and extended follow-up: 

  6 months, 12 months, and yearly after

Hypertension-mediated 
organ damage: other

Change in:

  eGFR, micro- or macro-albuminuria

  Augmentation index

  Pulse wave velocity

  Hypertensive retinopathy

  Vascular stiffness

Secondary outcomes and extended follow-up:

  Renal function: every 6 months

  Other end points: yearly

Medical therapy Adherence 

Medication burden 

Medication induced adverse effects

Secondary outcomes and extended follow-up:

  Every 6 months

Renal artery anatomy Patency assessed by duplex ultrasound, computed tomogra-
phy, angiography, or magnetic resonance angiography

Secondary outcomes and extended follow-up:

  6 months and 12 months (yearly after if applicable) 

  For follow-up studies, computed tomography should be limited 
because of cumulative radiation concerns

Heart rate Reduction in resting heart rate from baseline 

Preservation of heart rate response to exercise/stress

Heart rate variability

Secondary outcomes and extended follow-up:

  6 months, 12 months, and yearly after

ECG/Holter monitoring Cardiac arrhythmias (eg, atrial fibrillation)

Myocardial damage (eg, pathological Q-waves, ST-changes)

Conduction disturbances

Cardiac safety:

  Yearly

ABPM indicates ambulatory BP monitoring; BP, blood pressure; eGFR, estimated glomerular filtration rate; MRI, magnetic resonance imaging; OFF-MED, off 
medications; and ON-MED, on medications. 
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artery stenosis has been rarely observed.20–22,78 Among 
such cases reported in the context of both clinical tri-
als and routine practice, the majority occur within the 
first year after treatment.78 Therefore, assessment of 
renal vasculature at 6 or preferably 12 months is rec-
ommended. On the imaging modality (eg, ultrasound, 
computed tomographic angiography, magnetic reso-
nance angiography, catheter-based angiography), it 
is recommended to use the imaging procedure that is 
most feasible and is associated with high levels of study 
interpretation expertise within the particular health sys-
tem. Escape of BP control or an unexplained decrease 
in the estimated glomerular filtration rate can be a useful 
clinical indicator of renal artery damage or dysfunction, 
prompting further study. Duplex ultrasound will detect 
only hemodynamically significant lesions and is not opti-
mal for assessment of distal branch lesions. Pending the 
establishment of long-term safety associated with RDN, 
patient follow-up for at least several years is reasonable.

CLINICAL TRIAL TARGET POPULATIONS
Severity of Hypertension
Incorporating the methodological lessons learned from 
SYMPLICITY HTN-3,17 contemporary randomized RDN 
trials have enrolled patients with moderate but uncon-
trolled hypertension (eg, average OBP ~155/100 mm Hg) 
in the presence and absence of medical therapy.19–23 In 
contrast, the SYMPLICITY HTN-3 trial enrolled patients 
with severe, treatment-resistant hypertension (average 
OBP ~180/98 mm Hg despite >5 prescribed antihyper-
tensive medications).17 On the basis of more contempo-
rary trials, RDN may have utility as an adjunct to tailored 
medical therapy to improve BP control and reduce pill 
burden.44 Among contemporary randomized trials, treat-
ment with RDN has been associated with at least similar 
reduction in office SBP to what has been achieved with 
a single antihypertensive medication.8 However, whereas 
SYMPLICITY HTN-3 was performed in truly treatment-
resistant severe hypertension, several subsequent studies 
were performed either OFF-MED or in more moderate hy-
pertension ON-MED scenarios of uncontrolled hyperten-
sion. Thus, robust evidence for the utility of RDN in severe 
resistant hypertension is lacking and needs to be explored 
in further randomized controlled trials considering the as-
sociated poor medication adherence. For instances of 
severe hypertension, RDN may achieve BP control with 
existing medications or potentially reduce the medication 
burden, but in most cases will be complementary rather 
than exclusionary to medications for BP control. Alterna-
tively, preference for nonpill or reduced lifetime medication 
burden and associated side effects are characteristics of 
RDN candidates in the earlier stages of the hypertensive 
disease.44 In these settings, RDN could become a second-
ary alternative to starting with medications in patients with 

mild hypertension in the short term, but medication(s) may 
also be needed to control BP during long-term follow-up.

Isolated Systolic Hypertension
Isolated systolic hypertension (ISH) has been associated 
with a reduced response to RDN,79 which, if confirmed in 
future trials, may be related to an important irreversible 
vascular component of hypertension in these patients. On 
the basis of this earlier observation, patients with ISH were 
excluded from recent trials. However, real-world registry 
data80 as well as a subanalysis of the RADIOSOUND trial 
(A Randomized Comparison of Ultrasound Based Versus 
Radiofrequency Based Catheter Ablation Techniques in 
Patients With Therapy Resistant Arterial Hypertension 
With Large Renal Arteries)81 demonstrated comparable 
effectiveness of RDN in both ISH and combined hyper-
tension in patients <75 years old. Also, recent insights 
into the BP-lowering mechanism of RDN propose re-
duced vascular stiffness82 as well as normalization of high 
stroke volume83 as additional contributors to improved BP 
control after RDN. These modes of action could equally 
apply in patients with ISH. The presumption of a reduced 
BP-lowering effect of RDN in patients with ISH may have 
been overestimated and might also not hold true for newer 
denervation technologies and techniques.

White-Coat Hypertension and Other 
Hyperadrenergic Hypertensive Conditions
Primary hypertension is characterized by an increase 
in sympathetic activity combined with other neuroen-
docrine, kidney, vascular, central, genetic, and environ-
mental mechanisms. However, in specific hypertensive 
conditions, sympathetic activation appears to be more 
pronounced and represents a hallmark of the high BP 
state. This is the case for white-coat hypertension, in 
which increased OBP with normal 24-hour ABP or home 
BP has been associated with a marked adrenergic activ-
ity as assessed by microneurographic recording of sym-
pathetic nerve traffic.84,85 The influence of RDN on these 
various BP phenotypes is not well characterized and rep-
resents an opportunity for dedicated study.

Hypertension-Mediated Organ Damage and 
Patients at High Cardiovascular Risk
Data from observational studies suggest that RDN may be 
associated with favorable changes in diastolic function in-
dices and left ventricular mass.60,61 Kidney function is neu-
trally or beneficially influenced by RDN, whereas for arte-
rial structure and function, the data are scarce.86 Given the 
close link of left ventricular mass changes with improved 
outcomes in hypertension,11 patients with left ventricular 
hypertrophy and unfavorable remodeling could be a target 
RDN population. High cardiovascular risk settings such 
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as coronary artery disease, diabetes, and patients with 
chronic kidney disease with uncontrolled hypertension11 
would be expected to have the greatest benefit from BP 
control by RDN.44 In addition, hypertension with other co-
morbidities such as heart failure and arrhythmia burden (ie, 
atrial fibrillation) are particularly relevant populations for 
future studies.44,80 Because difficult-to-control hyperten-
sion is related to cerebrovascular events (of high concern 
for patients) and BP control is linked to better outcomes,7 
improvement of cognitive decline and stroke risk could be 
core outcomes for inclusion in RDN trials.

Indications Beyond Hypertension
Because RDN interrupts both renal efferent and affer-
ent nerve activity, effects on reducing the sympathetic 
signature within the body may have pluripotent effects 
beyond BP reduction (Figure S1). Although hypertension 
has remained the focus of major clinical trials for RDN, 
several observational and small randomized studies have 
explored its potential in disease states other than hyper-
tension, including arrhythmias,67,87 glucose metabolism,88 
obstructive sleep apnea,89 chronic kidney disease,90 and 
heart failure.91 Although such studies remain preliminary, 
HARC advocates similar trial design, conduct, and atten-
tion to safety as with hypertension trials, although pri-
mary outcomes may differ.

STATISTICAL CONSIDERATIONS
Randomized controlled trials of device-based therapies 
for hypertension have consistently used change in BP 
measurement (generally 24-hour or daytime systolic ABP 
change from baseline to 2–6 months) as the primary out-
come. ANCOVA adjusted on baseline BP is preferable to 
a simple paired t test to test the primary hypothesis (as 
reported in the next generation trials),92 and standard sta-
tistics are used to report binary variables, multilevel cat-
egorical variables, and time-to-event clinical outcomes. 
Four considerations are essential during the design phase. 
First, given the general use of a sham control in current 
trials, the assumed difference in treatment outcomes and 
the associated sample size considerations must account 
for an expected reduction in the sham group. Second, the 
intention-to-treat population should be considered as the 
primary analysis cohort; however, there are legitimate rea-
sons to analyze a per-protocol population in addition (eg, 
excluding untreated patients, those with major protocol 
violations, those missing ABPM, or those fulfilling escape 
criteria requiring change in medications), and the as-treat-
ed cohort. Third, given uncertainty about the effects of 
novel device-based therapies for hypertension, Bayesian 
adaptive designs have been proposed as a more efficient 
method that avoids unnecessary enrollment of patients.22 
This approach allows for prespecified interim analyses 
with predetermined stopping rules for effectiveness or fu-

tility.22 However, it increases statistical complexity and re-
duces sample size, but a larger sample might be important 
for the detection of infrequent safety outcomes. Fourth, in 
an effort to incorporate clinical outcomes in the primary 
outcome of device-based therapies for hypertension trials, 
generalized pairwise comparison methods can be used to 
hierarchically assess components of a composite. Offer-
ing advantages beyond traditional time-to-event analyses, 
generalized pairwise comparison methods, which include 
the Finkelstein-Schoenfeld and win-ratio methods, offer 
the advantages of prioritizing most severe outcomes, in-
corporating recurrent events, and combining time-to-event 
with quantitative outcomes.93 In addition, such methods 
allow the combination of BP outcomes with patient-cen-
tered outcomes, such as medication burden.94

CONCLUSIONS
The advancement of device-based approaches to hyper-
tension has been motivated by clinical implications asso-
ciated with a persistently high prevalence of both uncon-
trolled BP and medication nonadherence. The expansion 
of device technologies and emerging clinical trials im-
parts the need for consistency in trial design, conduct, 
and definitions of clinical study elements to allow for trial 
comparability and data poolability. The HARC program 
represented an integration of evolving evidence and con-
sensus opinion among leading experts in cardiovascular 
medicine and hypertension research with regulatory per-
spective on clinical trial design and methodology. From 
this program, clinical design principles and outcomes 
definitions for studies aimed at evaluating device-based 
hypertension therapies were established, and standard-
ization of BP assessment, effectiveness measures be-
yond BP, and safety outcomes have been proposed.
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