
744 American Journal of Hypertension 34(7) July 2021

Original article

1Institute for Exercise and Environmental Medicine, Texas Health 
Presbyterian Hospital Dallas, Dallas, Texas, USA; 2Internal Medicine, 
University of Texas Southwestern Medical Center, Dallas, Texas, USA; 
3Baker Heart and Diabetes Institute, Melbourne, Victoria, Australia; 
4National Institute of Neurological Disorders and Stroke, National 
Institutes of Health, Bethesda, Maryland, USA. 

© The Author(s) 2021. Published by Oxford University Press on 
behalf of American Journal of Hypertension, Ltd. All rights reserved. 
For permissions, please e-mail: journals.permissions@oup.com

Correspondence: Benjamin D. Levine (BenjaminLevine@TexasHealth.org).

Initially submitted November 18, 2020; date of first revision January 
14, 2021; accepted for publication January 18, 2021 online publication 
March 2, 2021.

Renal denervation (RDN) has emerged as a promising ther-
apeutic approach for the treatment of hypertension based on 
initial results in preclinical models and more recent clinical 
trials in humans.1 Early clinical trials (Symplicity HTN-1 
and -22–4) established the safety of RDN and demonstrated 
a blood pressure lowering effect when compared with 
standard therapy. Some concern emerged though regarding 
the overall efficacy of RDN after Symplicity HTN-3,5 a pro-
spective, single-blind, randomized, sham-controlled clin-
ical trial, failed to show a greater blood pressure reduction 
compared with the sham procedure. More recently, a series 
of clinical trials addressing the experimental limitations 
of Symplicity HTN-3 showed consistently lowered blood 

pressure in patients on- and off-medication, which has 
resurrected enthusiasm for RDN as a treatment for hyper-
tension.6–9 Nevertheless, this enthusiasm is tempered by sev-
eral important questions regarding the efficacy of different 
interventions to elicit denervation of the kidneys, and the 
physiological mechanisms underlying the individual varia-
bility in blood pressure response.1

While RDN is effective and reproducible in animal models 
(~90%–95% efficacy), very little is known regarding the effect 
of RDN on efferent sympathetic innervation of the kidneys in 
humans. There are 3 modalities of RDN currently under in-
vestigation for the treatment of hypertension: multielectrode 
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BACKGROUND
Renal denervation (RDN) is effective at lowering blood pressure. 
However, it is unknown if ablative procedures elicit sympathetic dener-
vation of the kidneys in humans. The aim of this investigation was to as-
sess sympathetic innervation of the renal cortex following perivascular 
chemical RDN, which may be particularly effective at ablating perivas-
cular efferent and afferent nerves.

METHODS
Seven hypertensive patients (4F:3M; 50–65 years) completed PET–CT sym-
pathetic neuroimaging of the renal cortex using 11C-methylreboxetine 
(11C-MRB, norepinephrine transporter ligand) and 6-[18F]-fluorodopamine 
(18F-FDA; substrate for the cell membrane norepinephrine transporter) 
before and 8 weeks after chemical RDN (Peregrine System Infusion 
Catheter, Ablative Solutions; n = 4; 2F:2M) or control renal angiography 
(n = 3; 2F:1M). Patients completed physiological phenotyping including 
24-hour ambulatory blood pressure, hemodynamics, muscle sympathetic 
nerve activity, and 24-hour urine collection.

RESULTS
RDN decreased 11C-MRB-derived radioactivity by ~30% (Δ  11C-MRB/
chamber: −0.95 a.u. confidence interval (CI): −1.36 to −0.54, P = 0.0002), 

indicative of efferent RDN. In contrast, 18F-FDA-derived radioactivity 
increased (Δ  18F-FDA/chamber: 2.72 a.u. CI: 0.73–4.71, P = 0.009), con-
sistent with reduced vesicular turnover. Controls showed no change 
in either marker. Ambulatory systolic pressure decreased in 3 of 4 
patients (−9 mm Hg CI: −27 to 9, P = 0.058), and central systolic pressure 
decreased in all patients (−23 mm Hg CI: −51 to 5, P = 0.095).

CONCLUSIONS
These results are the first to show efferent sympathetic denerva-
tion of the renal cortex following RDN in humans. Further studies of 
mechanisms underlying variable blood pressure lowering in the setting 
of documented RDN may provide insights into inconsistencies in clin-
ical trial outcomes.
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endovascular radiofrequency,8,9 endovascular ultrasound,6 
and perivascular chemical denervation (alcohol-mediated de-
nervation).10 A significant challenge for these catheter-based 
modalities is establishing efficacy of the intervention to elicit 
renal sympathetic denervation. The only study to quantify the 
efficacy of radiofrequency RDN to reduce efferent renal sympa-
thetic activity (renal norepinephrine “spillover”) found that de-
nervation was incomplete (average decrease in norepinephrine 
spillover: −47%) and highly variable between subjects (range: 
0% to −80%), despite a significant decrease in blood pressure 
within the cohort.3 Notably, inadequate denervation was a key 
contributor to the failure of Simplicity HTN-3.11 Therefore, 
it is important to confirm the relative efficacy of various ab-
lation modalities to elicit denervation in smaller controlled 
investigations before moving to larger multicenter clinical 
trials. To date there is no direct evidence demonstrating the 
ability of any RDN procedure to reduce efferent sympathetic 
neural innervation of the renal cortex in humans.

The primary aim of this investigation was to establish the 
efficacy of catheter-based chemical RDN (Peregrine System 
Infusion Catheter, Ablative Solutions),12 to reduce efferent 
sympathetic innervation of the renal cortex in hypertensive 
patients. This approach uses 3 microneedles to deliver small 
volumes of alcohol, an agent used commonly for clinical neural 
ablation, directly to the adventitial space of renal arteries where 
renal sympathetic nerves and afferent nerves are located.10,13 
This approach achieves circumferential nerve ablation in pre-
clinical models,13 and first-in-man investigations support the 
feasibility and safety of the device.10 This investigation presents 
the first direct assessment of sympathetic innervation of the 
renal cortex before and after RDN using PET–CT sympathetic 
neuroimaging of 11C-methylreboxetine (11C-MRB, norepi-
nephrine transporter ligand)14 and 6-[18F]-fluorodopamine 
(18F-FDA; substrate for cell membrane norepinephrine trans-
porter and intraneuronal vesicular uptake).15 We hypothesized 
that chemical RDN would reduce both markers of efferent 
sympathetic innervation to the kidneys.

METHODS

Study design

This is an open-label pilot study describing the first use of 
the Peregrine System catheter10 for alcohol-mediated peri-
vascular RDN in the United States. Patients were enrolled 
at the Institute for Exercise and Environmental Medicine, 
Texas Health Presbyterian Hospital, University of Texas 
Southwestern Medical Center (UTSW), Dallas, TX where all 
laboratory testing and procedures took place. Renal PET–CT 
imaging occurred at the National Institute of Neurological 
and Stroke Disorders (NINDS; NIH), Bethesda, MD. The 
protocol was approved by the institutional review board at 
both institutions, and was conducted in accordance with the 
Declaration of Helsinki (NCT03465917).

Patients

Seven patients (4F:3M; 50–65  years) were confirmed 
to have hypertension (systolic >130 mm Hg and diastolic 

>80  mm Hg) by 24-hour ambulatory blood pressure 
monitoring.16 Other inclusion criteria include suffi-
cient renal function (estimated glomeruler filtration rate 
>45 ml/min/1.73 m2), and suitable renal artery anatomy 
(no clear abnormalities) based on renal angiogram.10 
Exclusion criteria included secondary cause of hyper-
tension, or other hemodynamically significant cardio-
vascular disease, heart disease, renal abnormalities, renal 
disease, previous RDN, use of SSRI or SNRI medications 
that could not be withheld for the duration of the study, 
or fibromuscular dysplasia. Two patients (1M; 1F) with 
atypical renal artery anatomy (large accessory renal 
arteries) were excluded from the intervention based on 
renal angiography but were followed at each time point 
to serve as controls for the variability of measures (con-
trol group). After enrollment, all antihypertension med-
ication was discontinued (4-week washout), except for 2 
patients with office systolic blood pressure >180 mm Hg 
who were confirmed to have stable adherence to medi-
cation by pill count for 4 weeks prior to baseline testing 
and at 1-, 4-, and 8-week postablation. One of the patients 
that remained on medication (furosemide, clonidine, 
carvedilol, and amlodipine) was in the control group 
and had no change in adherence through the 8-week fol-
low-up. The other patient received RDN and remained 
on antihypertension medication (carvedilol, torsemide, 
and hydralazine) with no change in adherence through 
the 8-week follow-up, and thereafter discontinued the 
use of hydralazine after consulting with their physician. 
We do not anticipate any impact of these medications on 
the primary endpoint of sympathetic innervation of the 
renal cortex. Five patients received RDN; 4 patients (2M; 
2F) received bilateral RDN and 1 patient received unilat-
eral RDN due to unanticipated anatomical preclusions 
encountered during the procedure. Therefore, the patient 
who received unilateral denervation has a denervated 
kidney that is represented in the RDN group, and an 
undenervated kidney represented in the control group for 
renal sympathetic neuroimaging. This patient, denoted by 
dashed lines in all figures, is represented in the control 
group for hemodynamic outcomes because the procedure 
was incomplete. All patients were followed throughout 
the study.

Procedures

Patients completed comprehensive assessments of office 
blood pressure (Welch Allyn, Skaneateles Falls, NY) per es-
tablished guidelines,17 24-hour ambulatory blood pressure 
monitoring (Oscar 2, Suntech Medical Instruments, Raleigh, 
NC), central blood pressure by tonometry (SphygmaCor; 
AtCor Medical, Sydney, Australia),18 hemodynamics (car-
diac output via C2H2 rebreathing,19 total peripheral re-
sistance (TPR), blood volume via carbon monoxide 
rebreathing,20 autonomic function (muscle sympathetic 
nerve activity (MSNA) during supine rest and head-up 
tilt (HUT)), and plasma/urine catecholamine and neuro-
hormone status (blood draw, 24-hour urine collection) 
as described previously.21 Subsequently, the patients had 
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sympathetic neuroimaging by 11C-MRB and 18F-dopamine 
(18F-FDA) positron emission tomographic scanning at the 
NIH Clinical Center in Bethesda, MD.22 Specificity of 11C-
MRB for the cell membrane norepinephrine transporter 
in cardiac sympathetic nerves has been confirmed using 
desipramine, a norepinephrine reuptake inhibitor, in non-
human primates,14 humans,23 as well as in cross-sectional 
analyses of controls and heart transplant recipients.23 After 
baseline renal imaging at NINDS, RDN procedures were 
done within 2–3 weeks after returning to Dallas. RDN 
procedures were done by a single operator (T.A.) using 
a 3-needle delivery device (Peregrine System Infusion 
Catheter, Ablative Solutions, Kalamazoo, MI) introduced 
into the femoral artery and guided into the renal arteries as 
previously described.10 Patients were monitored for blood 
pressure, adverse events, and pill compliance where neces-
sary at 24 hours, 1-, 4-, and 8-week post-RDN. Physiological 
outcome measures (UTSW) and renal sympathetic neuro-
imaging (NINDS) were repeated at the 8-week time point.

Physiological measurements

All autonomic and hemodynamic testing was preceded 
by 3 days of standardized diet which provided 100 mEq so-
dium, 100 mEq potassium, and 1,000 mg calcium per day. 
After arrival and instrumentation, resting hemodynamics 
and multiunit MSNA of the peroneal nerve24,25 were meas-
ured in the supine position followed by a standardized bat-
tery of physiological autonomic assessments as previously 
reported.21

Here, we report the hemodynamic and sympathetic 
response to HUT initiated at 30° with hemodynamics 
and MSNA assessed between minutes 3 and 5, and then 
progressed to 60° with hemodynamics and MSNA assessed 
between minutes 3–5 and 8–10 as described previously.21

Statistical analysis

The sample size is powered to detect changes in the pri-
mary outcome variables 11C-MRB and 18F-FDA-derived 
radioactivity of the renal cortex. All data were deidentified 
and analyzed by a research technician blinded to the exper-
imental question and group allocation. Each kidney (left 
and right) was denervated and analyzed independently and 
is depicted independently in the figures. To ensure this ap-
proach did not bias our results, all statistics were also run 
using an average value of the left and right kidney for each 
patient, which did not change the primary outcomes of this 
manuscript. Absolute activity of 11C-MRB and 18F-FDA-
derived radioactivity was normalized to background ra-
dioactivity of arterial blood (left ventricular chamber) 
and compared before and after denervation using 2-way 
repeated measures ANOVA and corrected for multiple 
comparisons using Sidak’s multiple comparisons test. This 
investigation was not powered to test hypotheses related 
to the effect of chemical RDN on hemodynamics or other 
physiological parameters. Values pre- and postchemical 
RDN were compared using 2-way repeated measures 
ANOVA. Significance was set a priori at P < 0.05. Values are 

presented as mean ± SD, or change with 95% confidence in-
terval (CI) where applicable (Graphpad Prism 8).

RESULTS

Physical characteristics including body mass index (28 ± 
5 kg/m2) did not differ pre- and post-RDN. All procedures 
were well tolerated with no adverse events reported. 
There was a significant group × time interaction for both 
normalized 11C-MRB (P = 0.009) and 18F-FDA (P = 0.031). 
There was no change in 11C-MRB/chamber activity (P = 
0.874) or 18F-FDA/chamber activity (P = 0.882) in control 
kidneys. RDN significantly decreased normalized 11C-MRB-
derived radioactivity (−0.95 a.u. CI: −1.36 to −0.54, P = 
0.0002) and increased normalized 18F-FDA-derived radioac-
tivity (2.72 a.u. CI: 0.73 to 4.71, P = 0.009) (Figure 1). The 
decline in normalized 11C-MRB-derived radioactivity was 
correlated with the increase in 18F-FDA-derived radioac-
tivity (R2 = 0.50, P = 0.005). There was no difference in my-
ocardial septal 11C-MRB- or 18F-FDA-derived radioactivity 
supporting the specificity of the findings to the renal cortex 
(all P > 0.05).

In RDN patients, 24-hour ambulatory blood pressure 
monitoring showed a decrease in overall systolic blood 
pressure (−9  mm Hg CI: −27 to 9, P = 0.058) and dias-
tolic pressure (−7 mm Hg CI: −20 to 7, P = 0.095) (Figure 
2a,b). Assessment of central blood pressure by radial artery 
tonometry showed a decrease in central systolic pressure 
(−23 mm Hg CI: −51 to 5, P = 0.095, Figure 2c) and central 
diastolic pressure (−8 mm Hg CI: −21 to 5, P = 0.226 Figure 
2d) after RDN.

There was no consistent change in supine MSNA burst 
frequency, burst incidence, or total activity measured in the 
peroneal nerve in RDN patients (Figure 3a–c). Similarly, 
there was no consistent group level change in plasma markers 
of neurohormonal activation (Figure 3d–f). However, 3 out 
of 4 patients had decreased urine norepinephrine (−6,389 
pg/ml CI: −30,408 to 17,631; P = 0.805), and all 4 patients 
showed a decrease in urine-derived markers of catechola-
mine metabolism including normetanephrine (−43 µg/l CI: 
−176 to 90; P = 0.843) and vanillylmandelic acid (−0.75 mg/l 
CI: −2.65 to 1.15; P = 0.904).

Supine cardiac output was unchanged (−0.06 l/min CI: 
−0.60 to 0.71, P = 0.  719), while TPR tended to be lower 
(−267 dyn s/cm5 CI: −738 to 204, P = 0.376) (Figure 4a–c). 
All patients mounted an appropriate hemodynamic re-
sponse to HUT before and after RDN (Figure 4d–f). The 
mechanisms of blood pressure reduction for each individual 
are summarized in Table 1.

DISCUSSION

Using state of the art renal sympathetic neuroimaging, 
this study is the first to demonstrate significant efferent sym-
pathetic denervation of the renal cortex after catheter-based 
RDN in humans. 11C-MRB-derived radioactivity, a ligand of 
the norepinephrine transporter and marker of sympathetic 
noradrenergic innervation, decreased in every kidney that 
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Figure 2. Effect of chemical renal denervation (RDN) on 24-hour ambulatory blood pressure and central blood pressure. 24-Hour ambulatory 
monitoring of (a) systolic blood pressure (SBP) and (b) diastolic blood pressure (DBP), and assessment of (c) central systolic blood pressure (cSBP) and (d) 
central diastolic blood pressure (cDBP) by applanation tonometry before (Pre), and 8 weeks after (Post) chemical RDN in humans. Control patients, n = 3; 
RDN patients, n = 4. Dashed lines indicate a patient that received unilateral RDN. All P > 0.05.

Figure 1. Effect of chemical renal denervation (RDN) on renal sympathetic innervation in humans. (a) Representative positron emission tomographic 
scans depicting renal 11C-methylreboxetine (11C-MRB, norepinephrine transporter ligand)-derived radioactivity before, and 8 weeks after chemical RDN in 
humans. (b) Mean 11C-MRB- and (c) 6-[18F]-fluorodopamine (18F-FDA; substrate for norepinephrine transporter uptake)-derived radioactivity in the renal 
cortex normalized to radioactivity of arterial blood in the left ventricular chamber (cortex/chamber). Four patients received bilateral renal denervation, 
1 patient received unilateral denervation (dashed line), and 2 patients did not undergo denervation (controls). Control kidneys, n = 5; RDN kidneys, n = 
9. ANOVA interaction 11C-MRB (P = 0.009) and 18F-FDA (P = 0.031). *P < 0.05 vs. Pre.
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received chemical RDN. On average the decrease in 11C-
MRB activity was approximately 30% indicating successful 
denervation, but also significant residual innervation. This 
is in line with findings using catheter-based radiofrequency 
RDN and renal norepinephrine spillover.3 In contrast, 
18F-FDA-derived radioactivity increased after chemical 
RDN. 18F-FDA is a substrate for norepinephrine transporter 
uptake and reflects sympathetic noradrenergic uptake, vesic-
ular storage, and clearance. Lower renal sympathetic activity 
may explain the increase in 18F-FDA due to reduced sympa-
thetically mediated vesicular exocytosis and accumulation of 
18F-FDA within residual neurons. Alternatively, this finding 
may represent a compensatory increase in norepineph-
rine transporter activity by residual sympathetic neurons. 
Despite the plasticity of efferent neurons, blood pressure 
remained depressed indicating that afferent neural signaling 
may also contribute to the blood pressure lowering effect of 
RDN in humans.

Efficacy of catheter-based denervation in humans

Many animal models of RDN use invasive procedures 
that achieve efferent RDN with greater than 90% efficacy, 
however, clinical trials of catheter-based RDN often have 
no indication or quantification of effective denervation of 

the kidney.26 A single study in humans using catecholamine 
spillover technique showed that the efficacy of catheter-
based radiofrequency denervation to reduce renal specific 
catecholamine spillover is ~45%, with large intraindividual 
variability.3 With expanding options for catheter-based 
denervation (radiofrequency, ultrasound, and chemical), 
it is increasingly important to document the efficacy of 
new approaches to achieve sympathetic denervation of 
the kidney.

RDN procedures are likely to impact renal sympathetic 
innervation in 2 primary ways. The first is a reduction of vi-
able neurons innervating the kidney, while the second is a 
loss of sympathetic neural transmission to renal sympathetic 
nerve terminals. This investigation utilized 2 sympathetic 
neuroimaging agents that provide distinct information re-
garding the presence of noradrenergic neurons (11C-MRB) 
and noradrenergic vesicular uptake, storage, and clear-
ance (18F-FDA). 11C-MRB is a ligand for the norepineph-
rine transporter that does not enter neurons and therefore 
serves as a cell surface marker indicating the presence of 
noradrenergic neurons.23 11C-MRB activity is not expected 
to be directly influenced by intraneuronal storage dynamics 
or vesicular exocytosis due to changes in sympathetic ac-
tivity. In this investigation 11C-MRB-derived radioactivity 
was decreased by ~30% following denervation (Figure 1a,b). 

Figure 3. Effect of chemical renal denervation (RDN) on muscle sympathetic nervous system activity (MSNA), and 24-hour urine, and plasma markers 
of neurohormonal activation. Direct measurement of MSNA (a) burst frequency, (b) burst incidence, and (c) total activity, as well as markers of neurohor-
monal activation including plasma-derived (d) norepinephrine (NE), (e) aldosterone, (f) renin, and 24-hour urine-derived (g) NE, (h) normetanephrine 
(NMN), (i) vanillylmandelic acid (VMA) before (Pre), and 8 weeks after (Post) chemical RDN in humans. Control patients, n = 3; RDN patients, n = 4. Dashed 
lines indicate a patient that received unilateral RDN. All P > 0.05.
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Whether a 30% decrease in 11C-MRB-derived radioactivity 
is directly proportional to a 30% loss of neural tissue is not 
known. However, it is clear that this degree of denervation is 
physiologically significant and similar to what is observed in 
cardiac tissues of patients with pure autonomic failure and 
heart transplant recipients.23 However, like other catheter-
based modalities of RDN, there is likely significant residual 
sympathetic innervation of the kidney after the procedure.3

In contrast to 11C-MRB, 18F-FDA is taken up into sympa-
thetic neurons and is primarily stored in vesicles. Changes in 
vesicular storage, metabolism, and sympathetic nerve activity 
(induces vesicular exocytosis) have been shown to impact 
the observed levels of 18F-FDA. RDN increased 18F-FDA-
derived radioactivity of the renal cortex. This finding is 
similar to previous studies in healthy adults using phar-
macological ganglionic inhibition of sympathetic nervous 
system activity via trimethaphan (nicotinic acetylcholine re-
ceptor antagonist). Reduced signaling to sympathetic nerve 
terminals will slow the clearance rate of 18F-FDA via vesic-
ular exocytosis.27 Therefore, postganglionic denervation of 

sympathetic neurons upstream of the renal cortex by RDN 
would be expected to display the same accumulation of 18F-
FDA produced by ganglionic inhibition. This accumulation 
may be sufficient to outweigh the reduction in 18F-FDA ac-
cumulation expected due to a loss of norepinephrine trans-
porter availability. In support of this interpretation, the 
degree of denervation (i.e., the decrease in 11C-MRB-derived 
radioactivity) was significantly correlated with the increase 
in 18F-FDA. Alternatively, a compensatory increase in 18F-
FDA uptake by residual neurons may be possible and related 
to observations made in humans and animal models that 
document functional and anatomical compensation and 
reinnervation of previously denervated tissues.28–30

In the individual that received unilateral denerva-
tion, 11C-MRB-derived radioactivity did not change in the 
undenervated kidney, whereas the kidney that was success-
fully denervated showed a decrease in 11C-MRB-derived ra-
dioactivity. This procedural circumstance provides a unique 
comparison of a denervated kidney to a “control kidney” 
within the same individual and further supports the efficacy 

Table 1. Individual change in primary determinants of supine blood pressure 8 weeks after chemical renal denervation

Subject

Δ MAP  

(mm Hg)

Δ Qc  

(l/min)

Δ TPR  

(dyn s/cm5)

Δ MSNA  

(bursts/min)

Δ Plasma  

Vol. (ml)

Δ Renin  

(ng/ml/hr)

Δ Aldosterone  

(ng/dl)

1 −41 −0.10 −717 +10 −69 +0.3 +2.0

2 2 −0.41 +171 0 +680 +2.5 +72.2

3 −5 +0.12 −201 −16 −672 −0.5 −2.1

4 −8 +0.61 −321 −3 −907 −0.1 −4.1

Abbreviations: MAP, mean arterial pressure; MSNA, muscle sympathetic nervous system activity; Qc, cardiac output; TPR, total peripheral 
resistance.

Figure 4. Effect of chemical renal denervation (RDN) on supine hemodynamics and autonomic regulation of blood pressure during head-up tilt (HUT). 
Supine (a) mean arterial pressure (MAP; electrosphygmomanometry), (b) cardiac output (Qc; acetylene rebreathe), and (c) calculated total peripheral re-
sistance (TPR), and the change in (d) MAP, (e) Qc, and (f) TPR in response to 30° HUT during minutes 2–5, 60° HUT during minutes 2–5, and 60° HUT during 
minutes 8–10 before (Pre), and 8 weeks after (Post) chemical RDN in humans. Control patients, n = 3; RDN patients, n = 4. Dashed lines indicate a patient 
that received unilateral RDN. All P > 0.05.
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of chemical RDN to induce denervation (Figure 1b, dashed 
lines). However, blood pressure remained elevated in this in-
dividual after the procedure (Figure 2a,b) indicating that the 
kidneys may not contribute equally to hypertension in certain 
individuals and that a single kidney may compensate for the 
other in its ability to maintain hypertensive signaling around 
a high set point (Figure 1c). Together, the results of the cur-
rent investigation support the efficacy of chemical RDN 
to elicit efferent denervation of the renal cortex in humans. 
However, like other catheter-based interventions, the effect 
is variable and incomplete compared with animal models 
with comprehensive surgical denervation. Larger, multicenter 
investigations are needed to establish similar efficacy and to 
implement strategies aimed at improving procedure quality.

Physiological mechanisms of RDN-mediated blood pressure 
reduction

The detailed physiological phenotyping employed in this in-
vestigation illustrates the varied mechanisms by which RDN 
may elicit changes in blood pressure and the heterogeneity of 
responses between individuals. TPR fell markedly in 3 of 4 
patients (Figure 3a–c), however the mechanism remains rel-
atively unclear. Reduced renal vascular resistance may con-
tribute in part to this reduction, but is not likely to explain 
the full effect on TPR. Numerous investigations have reported 
lower multiunit and single unit MSNA after RDN when blood 
pressure reductions are observed.31–34 However, the fall in 
MSNA after RDN is often dissociated from the fall in blood 
pressure.31,33 In this investigation there was a consistent de-
crease in MSNA quantified as total activity but no convincing 
change in either burst frequency or incidence (Figure 3a–c). 
The disconnect between changes in MSNA, TPR, and blood 
pressure is not unique to RDN.35 It is well established that 
standard quantification of MSNA burst frequency or incidence 
does not always correlate well with prevailing blood pres-
sure.35–37 Further, changes in MSNA (increases or decreases) 
must be considered in the wider context of the baroreflex op-
erating point. Future investigations are needed to unravel the 
complex contribution of action potential outflow patterns38 
and postjunctional regulation of vasoconstrictor signaling39 to 
blood pressure control in humans.

Finally, it is worth noting that a single subject (subject 2, 
Table 1) displayed strikingly higher baseline levels of plasma 
aldosterone and renin, with large increases during HUT 
stress (data not shown). Despite a 9  mm Hg decrease in 
24-hour ambulatory systolic blood pressure, baseline plasma 
renin and aldosterone remained elevated after RDN This was 
also the only subject to increase plasma volume after RDN 
(Δ +680 ml vs. Δ −549 ml range: −70 to −907). While we 
are unable to make any definitive mechanistic conclusions, 
this case provides a compelling example where physiolog-
ical phenotyping could provide insight into compensatory 
responses that reduce efficacy of RDN within an individual, 
but that may be amenable to targeted adjuvant therapy (e.g., 
specific renin-angiotensin-aldosterone-system inhibitors). 
Additionally, the exaggerated plasma aldosterone and renin 
responses observed during HUT may provide insight into a 
group of patients that may or may not be suitable candidates 
for RDN. In the future, larger investigations using high 

resolution physiological phenotyping are necessary to better 
understand why blood pressure falls in response to RDN, 
and why some individuals do not respond.

Limitations and considerations

While this investigation was appropriately powered to 
detect changes in PET–CT derived sympathetic innerva-
tion before and after chemical RDN, future studies are nec-
essary to establish the efficacy of chemical RDN in a larger 
multioperator investigation. This study was not powered to 
make conclusions regarding the physiological mechanisms 
of blood pressure regulation, however we hope the dis-
cussion provides insight regarding the potential utility of 
high resolution physiological phenotyping in clinical trials 
moving forward.

We show that catheter-based chemical RDN reduces sympa-
thetic innervation of the renal cortex in humans, but that residual 
sympathetic innervation may compensate by altering catechol-
amine uptake or clearance and may be a source of functional 
compensation. Additionally, we provide rationale for the inclu-
sion of physiological testing in future investigations of RDN.
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