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Aim: Preclinical studies have demonstrated improvements in renal blood flow after renal sym-

pathetic denervation (RSDN); however, such effects are yet to be confirmed in patients with 

resistant hypertension. Herein, we assessed the effects of RSDN on renal artery blood flow and 

diameter at multiple time points post-RSDN. 

Methods and results: Patients (n=11) with systolic blood pressures ≥160 mmHg despite tak-

ing three or more antihypertensive medications at maximum tolerated dose were recruited into 

this single-center, prospective, non-blinded study. Magnetic resonance imaging indices included 

renal blood flow and renal artery diameters at baseline, 1 month and 6 months. In addition to 

significant decreases in blood pressures (p<0.0001), total volume of blood flow per cardiac 

cycle increased by 20% from 6.9±2 mL at baseline to 8.4±2 mL (p=0.003) at 1 month and to 

8.0±2 mL (p=0.04) 6 months post-procedure, with no changes in the renal blood flow. There was 

a significant decrease in renal artery diameters from 7±2 mm at baseline to 6±1 mm (p=0.03) 

at 1 month post-procedure. This decrease was associated with increases in maximum velocity 

of blood flow from 73±20 cm/s at baseline to 78±19 cm/s at 1 month post-procedure. Notably, 

both parameters reverted to 7±2 mm and 72±18 cm/s, respectively, 6 months after procedure.

Conclusion: RSDN improves renal physiology as evidenced by significant improvements in 

total volume of blood flow per cardiac cycle. Additionally, for the first time, we identified a 

transient decrease in renal artery diameters immediately after procedure potentially caused by 

edema and inflammation that reverted to baseline values 6 months post-procedure.

Keywords: renal denervation, resistant hypertension, magnetic resonance imaging, renal blood 

flow, renal physiology

Introduction
HTN affects over one billion people worldwide and accounts for at least 45% of deaths 

due to heart disease and 51% of deaths due to stroke.1 The high morbidity and mortal-

ity rates associated with the pathology are often the consequence of poorly managed 

HTN, resulting in cardiac hypertrophy, heart failure, stroke and chronic kidney disease. 

Treatment of the disease remains challenging despite the availability of a plethora of 

pharmaceutical agents because the etiopathophysiology of the disease is not evident 

in most patients limiting an individualized preventive and therapeutic approach that 

is further compounded by patient incompliance.

The idea that the kidneys play a pivotal role in the development and maintenance 

of HTN began in the 19th century when it was hypothesized that changes in urine 

production caused increased vascular resistance resulting in increased blood pres-

sures.2,3 However, whether renal dysfunction is the cause or the effect of HTN is 
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still debatable. To this extent, Guyton et al proposed that 

extracellular fluid volume is maintained by the kidneys via 

renal excretion of sodium and water depending on dietary 

intake.5–7 The kidney in response to increased renal perfu-

sion pressures alters sodium and water excretion to maintain 

fluid homeostasis, whereby increased pressure translates to 

increased sodium and water excretion which is now termed 

as “pressure natriuresis”. In normotensive individuals, renal 

pressure natriuresis is capable of handling transient varia-

tions of intravascular volumes triggered by increased heart 

rate or increased peripheral vascular resistance. However, 

it is postulated that with consistent increases in pressures, 

the kidney shifts to a new higher-than-normal equilibrium 

point for salt and water excretion resulting in higher blood 

pressures.4–7 Several renal transplantation studies8–12 have 

revealed that HTN follows the kidneys; the first study dem-

onstrated that transplantation of kidneys from hypertensive 

rats to normotensive rats resulted in HTN in the normal mice 

and similarly transplanting kidneys from normotensive rats 

to hypertensive rats resulted in abrogation of blood pressures 

in the hypertensive rats, revealing that the kidney might play 

an integral role in the development of HTN.

RSDN is a treatment option in patients with resistant HTN 

who are unable to attain goal blood pressures despite treatment 

with three or more antihypertensive medications including a 

diuretic. Several trials have demonstrated that, in carefully 

selected patients, the procedure decreases both office blood 

pressure and ABP. That being said, the recent Symplicity 

HTN-3 study showed that there were no significant differences 

in blood pressure decreases between the treatment arm and the 

sham group.13 A noteworthy limitation of this treatment option 

is the absence of an objective measure of procedural success 

and efficacy besides blood pressure reduction. Therefore, we 

investigated the potential of MRI in identifying changes in 

renal blood flow and renal artery diameters as measures of 

change in renal physiology post-RSDN.

Methods
Aim and study design
This is a prospective single-center, single-arm study 

designed to assess the effects of RSDN on renal physiology 

(ClinicalTrials.gov trial ID: NCT02164435, registration date: 

12/06/2014).

Study population
The Royal Adelaide Hospital ethics committee approved the 

study, and patients provided written informed consent. Subjects 

capable of providing informed consent who were ≥18 years of 

age, with an office SBP ≥160 mmHg (and subjects with diabe-

tes mellitus with an office SBP ≥150 mmHg) within 14 days of 

the procedure, and who were on three or more antihypertensive 

medications including a diuretic concurrently at maximum 

tolerated doses were enrolled in the study. Subjects with 

documented intolerance precluding them from taking standard 

antihypertensives were also included. Subjects who met the 

following standard exclusion criteria for RSDN were excluded 

from study participation: presence of significant renovascular 

abnormalities like renal artery stenosis or renal arteries with 

diameter(s) <4 mm, presence of secondary HTN, eGFR <45 

mL/min/1.73 m2 as calculated by the Modification of Diet in 

Renal Disease formula, hemodynamically significant valvular 

heart disease and presence of implants or claustrophobia pre-

venting CMR imaging. Blood pressures were measured as per 

Joint National Committee VII guidelines after 5-minute rest 

in a seated position with an automatic OMRON T9P monitor 

(Omron Healthcare, Venon Hills, IL, USA).14 An average of 

three readings was taken for the purposes of this study.

Blood and urine were collected for complete blood count, 

basic metabolic profile, serum creatinine, eGFR and for 

urine albumin-to-creatinine ratio, and the medications were 

also reviewed. Eligible subjects were scheduled for RSDN 

using the EnligHTN™ Renal Denervation System (St. Jude 

Medical).

Medication
There were no medication changes in any of the patients 

during the course of the study.

Magnetic resonance imaging
Phase-contrast velocity mapping was used to assess the 

velocity, volume and pattern of renal blood flow. Velocity-

encoded sequences are able to measure the phase shifts of 

moving nuclei compared with stationary nuclei with the 

extent of the shift being proportional to the flow velocity. A 

second data set was acquired with an inverted gradient and 

subtracted from the first in order to eliminate phase shifts 

caused by factors other than blood flow. Phase-contrast MRI 

of the renal arteries was obtained without a breath hold as 

the venous flow pattern can change significantly with breath 

holding. No contrast was required for this sequence. Analysis 

was performed using commercially available semiautomated 

quantitative software on Cvi42 version 5.3.2.

Statistical analysis
Statistical comparisons were performed using paired t-tests 

with the exception of eGFR which was analyzed using the 
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nonparametric Wilcoxon signed rank test in order to account 

for clear violations of normality. Results are expressed as 

mean±SD, and p<0.05 was considered statistically significant.

Results
Study population
A total of 14 patients were enrolled in the study, and 13 

proceeded to RSDN. In one patient, the procedure was termi-

nated due to severe iliofemoral artery tortuosity and another 

patient was diagnosed with hypertrophic cardiomyopathy and 

was therefore excluded from the study. The baseline patient 

characteristics are presented in Table 1.

Changes in blood pressure and  
heart rate 
There was a significant reduction in mean SBP/DBP post-

RSDN which decreased from 181±19/100±16 mmHg at 

baseline to 160±9/93±13 mmHg at 1 month (n=11, p<0.014) 

and 147±19/85±17 mmHg 6 months after RSDN (n=11, 

p<0.0001; Figure 1A and B). ABPs were also measured in 

these patients, and while there was no change in mean ABPs, 

i.e., 147/83±21/16 mmHg at baseline and 141/78±12/12 

mmHg at 1 month and 147/83±15/15 mmHg at 6 months 

post-procedure (Figure S1A and B), it was noted that patients 

with higher baseline ABPs had a reduction post-procedure 

(p<0.005). There was a statistically significant decrease in 

mean heart rate from 80.2±15 bpm to 70.9±12 bpm at 1 

month but only a numerical decrease at 6 months at which 

time the mean heart rate was 75.5±14 bpm (Figure S1C).

In almost all RSDN studies, there has been a clear group 

of poor responders to treatment; therefore, albeit being a 

small study, patients were grouped into good, inconsistent and 

poor responders based on any decrease in OSBP, ODBP and 

each of the hormone/protein measurements or any increase 

in renal blood flow (RBF)_Vol/min, RBF_TV, RBF_MaxVel, 

renal artery diameter and eGFR.

Table S1 demonstrates the classification, and Figure S2 

shows the heat map of changes in these variables at 1 month 

and 6 months post-RSDN.

The 95% confidence intervals for percentage change 

of office blood pressure in the good, inconsistent and poor 

responders are shown in Figure S3.

Table 1 Baseline patient characteristics

Parameters (n=11) Mean±SD or n (%)

Age (years) 60±12
Male gender 7 (64)
BMI (kg/m2) 31±6
Type 2 diabetes 3 (27)
Hypercholesterolemia 4 (36)
Medications

Number of antihypertensives 5.2±1.1
ACE inhibitors/ARBs 11 (100)
Beta blockers 9 (82)
Alpha blockers 7 (64)
Sympatholytics 6 (55)
Calcium channel blockers 8 (73)
Diuretics 11 (100)

Systolic blood pressure (mmHg) 181±19
Diastolic blood pressure (mmHg) 100±16
Pulse pressure (mmHg) 82±17

Abbreviations: BMI, body mass index; ACE, angiotensin-converting enzyme; 
ARBs, angiotensin receptor blockers.

Figure 1 Blood pressure post-renal sympathetic denervation (n=11). Significant reduction in office systolic (A) and diastolic (B) blood pressures.
Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure.
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Effect of RSDN on renal anatomy and 
physiology
There was a significant reduction in renal artery diameters 

from 7±2 mm at baseline to 6±1 mm at 1 month after RSDN 

(n=11, p=0.03). However, this was noted to revert to baseline 

values of 7±2 mm at 6 months post-procedure with no signifi-

cant difference detected (n=11, p=0.76; Figure 2A). Direct 

comparison between time points further confirmed the signifi-

cance of this reversion (n=11, p=0.04). There was no change 

in renal blood flow, which remained near 0.5±0.2 L/min at 

both 1 month (n=11, p=0.41) and 6 months (n=11, p=0.61) 

(Figure 2B). Conversely, there was a significant improvement 

in total volume per cardiac cycle from 6.9±2 mL at baseline 

to 8.4±2 mL at 1 month (n=11, p=0.003) and 8±2 mL at 6 

months (n=11, p=0.04) (Figure 2C). The maximum velocities 

in the renal arteries were 73±20 cm/s at baseline compared 

to 78±19 cm/s at 1 month (n=11, p=0.41) and 72±18 cm/s at 

6 months post-RSDN (n=11, p=0.77) (Figure 2D). The 95% 

confidence intervals for percentage change in the aforemen-

tioned parameters are shown in Figure S4.

Renal function post-RSDN
There was a significant improvement in eGFR from 67 mL/

min/1.73 m2 to 82 mL/min/1.73 m2 6 months after procedure 

(n=10, p=0.02) (Figure 3A). Although mean serum aldo-

sterone levels decreased numerically from 560 pmol/L to 

370 pmol/L (n=9, p=0.85), this is of limited, if any, clinical 

significance considering the outliers (Figure 3B). That being 

said, patients with higher baseline values showed pronounced 

improvement. While not statistically significant, there was 

an 8% decrease in plasma creatinine from 77 µmol/L to 73 

µmol/L and 71 µmol/L at baseline, 1 month and 6 months, 

Figure 2 Effects of renal denervation on renal physiology (n=11). Renal artery diameter reductions at 1 month (p=0.03) returned to baseline values at 6 months (p=0.76) 
(A). No change was noted in renal blood flows (B). Total volume per cardiac cycle improved from baseline at both 1 month (p=0.003) and 6 months (p=0.03) (C). No change 
was noted in maximum velocity per cardiac cycle (p>0.4) (D).
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respectively (n=10, p≥0.1; Figure 3C). Similarly, there 

were no statistically significant changes in urinary protein 

concentrations or urine creatinine level (n=10, p>0.05; 

Figure 3D–F). Log scales were used for these parameters for 

95% confidence intervals for percentage change due to the 

variability seen in these measurements and are demonstrated 

in Figure S5.

Discussion
Human and animal studies have demonstrated the role 

of sympathetic nervous system in the development and 

maintenance of HTN making RSDN an optimal choice for 

patients nonresponsive to medical therapies.15 That being 

said, the effects of this procedure on renal physiology are 

largely debated, and there are limited data that assess renal 

Figure 3 Renal denervation in the context of kidney function. Renal denervation significantly improved eGFR at 6 months (p=0.02, n=10) (A). All data points are shown as 
an overlay to the box plot using filled circles. Also, the changes in plasma aldosterone (p=0.85, n=9) (B), plasma creatinine (p=0.1 and 0.25, n=10) (C), urine protein (p=0.47 
and 0.24) (D), urine albumin (p=0.4 and 0.89) (E), and urine creatinine (p=0.78 and 0.92, n=10) (F) are shown. For plots (B)–(F), outlier points are shown as empty circles.
Abbreviation: eGFR, estimated glomerular filtration rate.
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outcomes post-RSDN. Studies by Hering et al,16 Ott et al17 

and Zhang et al18 have demonstrated the safety and potentially 

beneficial outcomes in patients with stage 3–4 chronic kidney 

disease and resistant HTN. Similarly, a study by Ott et al has 

shown that renal perfusion and renal vascular resistance was 

unaltered post-procedure;19 however, to our knowledge, this 

is the first study utilizing phase-contrast velocity mapping 

to determine renal effects of the procedure alongside eGFR, 

the widely accepted parameter indicative of renal function.

Catheter-based RSDN involves ablation of nerves 

within the adventitia of the renal arteries, and the prospec-

tive of renal artery stenosis post-procedure has been long 

contested. Herein, alongside a drop in SBP and DBP, there 

was a significant decrease in renal artery diameters 1 month 

post-procedure, which returned to baseline levels at 6 months 

post-procedure. The latter was associated with an increase 

in velocity of renal blood flow. The transient nature of these 

changes could be attributed to immediate post-ablative reac-

tive processes such as inflammation and repair, which are tem-

porary and eventually resolve as evidenced here. Consistent 

with previous reports demonstrating decreased renal vascular 

resistance, this study shows an improvement in total volume 

of blood to the kidney per cardiac cycle.19 This could be espe-

cially important in patients demonstrating end organ damage 

as a consequence of consistently increased blood pressures.

There is enough evidence to indicate that RSDN results 

in decreased renal epinephrine spillover,20 but assessment of 

renal function as gauged by plasma aldosterone and urine 

biochemistry such as urine albumin and creatinine remains 

sparse. This study demonstrates that RSDN resulted in 22% 

improvement in eGFR at 6 months post-procedure. More-

over, although not statistically significant, there was an 8% 

improvement in plasma creatinine with a drop in plasma 

aldosterone levels in patients with higher baseline values 

and a 16% numerical increase in urine creatinine. While it 

is challenging to interpret these results owing to the limited 

numbers, the data suggest that the improvement in total vol-

ume of blood flow per cardiac cycle post-RDN is probably 

not due to local vascular resistance but rather due to a more 

effective and efficient kidney resulting from decreased blood 

pressures that potentially reset the renal equilibrium. Further-

more, a decreased heart rate possibly permits longer transition 

times for blood flow through the kidneys enabling longer 

and better filtration. Similarly, this could well be attributed 

to expansion of venous capacitance that likely occurs with 

reductions in sympathetic nervous system activity leading to 

greater intravascular volume and loading of the ventricle. At 

this point, these are merely hypotheses, and larger targeted 

studies are required to demonstrate the mechanism of these 

changes. A Pearson correlation (Figure S6) was used to tease 

out any correlations, and although we did find some consis-

tent correlations, as expected with small patient numbers, 

the effects were not overwhelming and failed to provide 

any clear explanation for the mechanism of the renal effects 

seen post-RSDN. That being said, it can be postulated that 

these results insinuate that the procedure might help prevent 

deterioration of renal function in these chronically ill patients 

with questionable renal physiology.

Chronic kidney disease often accompanies resistant HTN. 

While it is challenging to determine if the above effects 

of RSDN on renal physiology are due to decreased blood 

pressure or due to alternative mechanisms resulting from 

decreased sympathetic drive, they warrant further investiga-

tion. This study identifies that RSDN is safe and that it might 

potentially be beneficial; however, the significance of these 

findings remains to be established in larger studies.

Limitations
First, the sample size is small, but the study has identified 

significant improvements in parameters such as eGFR, which 

are routinely used to assess renal function. Second, the end 

points were not performed by blinded investigators. Finally, 

absence of a control arm makes interpretation of results chal-

lenging; however, the data presented corroborate previous 

studies and assess the effects of RSDN from an MRI-based 

renal perspective. Similarly, it should be noted that although 

each patient is his own control, since we do not have a control 

group per se, regression to the mean might overestimate blood 

pressure reductions post-renal denervation.

Abbreviations
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DBP, diastolic blood pressure

eGFR, estimated glomerular filtration rate
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