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Aims: Renal sympathetic denervation (RDN) has recently been suggested to be a novel treat-
ment strategy for patients with treatment-resistant hypertension. However, the latest randomized
studies have provided conflicting results and the influence of RDN on arterial stiffness remains
unclear. Therefore, this study aimed to detect the effects of RDN on arterial stiffness as measured
with aortic pulse wave velocity (PWV) and distensibility in addition to cardiac function and T1
mapping at baseline and at 6-month follow-up.

Methods: RDN was performed in a total of 16 patients with treatment-resistant hypertension,
and the procedures were conducted at two university hospitals using two different RDN devices.
All patients and age-matched controls underwent a comprehensive clinical examination and
cardiac magnetic resonance protocols both at baseline and at a 6-month follow-up.

Results: In the treatment group, the systolic blood pressure (SBP) was found to be decreased at
the follow-up visit (office SBP; 173124 compared to 164125 mmHg [P= 0.033]), the 24-hour
ambulatory SBP had decreased (163125 compared to 153+20 mmHg [P=0.057]), the aortic
PWYV had decreased from 8.241+3.34 to 6.54+1.31 m/s (P=0.053), and the aortic distensibility
had increased from 2.33%1.34 t0 3.96£3.05 107> mmHg ™! (P=0.013). The changes in aortic PWV
and distensibility were independent of the observed reductions in SBP.

Conclusion: The arterial stiffness, as assessed with aortic PWV, and distensibility were improved
at 6 months after RDN. This improvement was independent of the reduction in SBP.
Keywords: renal denervation, cardiovascular MR, arterial stiffness

Introduction
Arterial hypertension affects more than one-quarter of the adult population worldwide.'
Approximately 12% of patients who are treated for hypertension still have uncontrolled
high blood pressure (BP) despite prescriptions for antihypertensive drugs.? This frac-
tion is reduced to ~7.5% with the use of 24-hour ambulatory BP, which comprises
patients who are prescribed at least three antihypertensive drugs in full doses, includ-
ing a diuretic. This condition is defined as treatment-resistant hypertension (TRH).
Renal sympathetic denervation (RDN) has been introduced as a new treatment for
TRH, and several studies have indicated a profound antihypertensive effect.>-
However, recent randomized studies have failed to demonstrate antihypertensive
effects of RDN. In 2013, the Oslo RDN study reported that RDN had no effect on
office or ambulatory 24-hour systolic BP (SBP) at 3 or 6 months in patients with true
TRH after the witnessed intake of antihypertensive drugs,® and in December 2014, the
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Symplicity HTN-3 reported no effect on ambulatory 24-hour
SBP in RDN-treated patients compared with sham controls.’

Arterial stiffness and its hemodynamic consequences are
established predictors of adverse cardiovascular outcomes.
Arterial stiffness is positively associated with systolic hyper-
tension, coronary artery disease, stroke, and heart failure,
which all are among the leading causes of mortality in
developed countries.® Several measures of arterial stiffness
have been employed; however, pulse wave velocity (PWV)
and distensibility are the parameters that have gained the
most attention, and their predictive accuracies have been
demonstrated in a number of studies.’!!

To date, ultrasound and tonometry have been the most
widely used methods for assessing PWV via measurements of
the pulse wave on two levels (usually the carotid and femoral
levels) and estimates of the distance between them (PWV =
distance/time in m/s). However, body habitus and age-related
changes affect the calculation when the length of the pulse
wave is projected over the body surface.'? Cardiovascular
magnetic resonance (CMR) is a noninvasive technique that
allows for the direct imaging of the entire aorta without the
use of geometric assumptions and is well suited for assess-
ments of PWV.13!1* Additionally, CMR is precise and provides
highly reproducible assessments of cardiac volumes and
function.'s

Long-standing hypertension is known to induce cardiac
failure often by means of fibrotic cardiac remodeling.'s
Pathological cardiac fibrosis is a result of the uncontrolled
proliferation of fibroblasts and the excessive production of
collagen fibers that accumulate in the interstitium. Several
antihypertensive medications have been demonstrated to
reduce or slow down the development of cardiac fibrosis;
therefore, the detection of fibrosis at an early stage is impor-
tant.'”” CMR is sensitive in terms of the detection of focal
fibrotic myocardial changes via late gadolinium enhance-
ment, which provides large signal differences between
normal and fibrotic myocardia. When the fibrotic changes
are diffuse, a different approach is needed. Therefore, we
included the novel method of myocardial T1 mapping in this
study. This method directly measured the T1 relaxation time
of the entire myocardium in a voxel-by-voxel manner. These
measurements can then be used to build myocardial T1 maps
that highlight tissue pathologies.'®

In 2012, Mortensen et al published data from a pilot
study" that indicated that RDN improved the central hemody-
namics and arterial stiffness, and these results were primarily
based on PWV measurements performed with ultrasound
and tonometry. However, the influence of RDN on arterial

stiffness remains uncertain. Our study sought to investigate
the effect of RDN on arterial stiffness through CMR param-
eters, such as aortic PWV and distensibility, in patients with
true TRH. Additionally, we were interested in the possible
influences of RDN on cardiac function, myocardial mass,
and myocardial T1 values, both at baseline and at 6-month
follow-up.

Methods

Population

Based on the Oslo RDN study (Clinicalgov.Trial 1d
NCT01673516) and the St. Jude EnligHTN (Clinicalgov.
Trial Id NCT02006758) study, patients who were referred
specifically for therapy from hospitals and specialist practices
in eastern and central Norway were thoroughly examined by
experienced physicians in the nephrology outpatient clinic
of the Oslo University Hospital in Ullevaal, Norway, during
the time period August 2012 through June 2013 and at the
St. Olav’s Trondheim University Hospital during the period
March 2013 through February 2014.

The inclusion criteria were the following: patients
between 18 and 80 years of age with normal renal arteries on
CT or MRI examination within 2 years prior to participation
who had main renal arterial diameters >4 mm and renal arte-
rial stenosis <30%. Patients with an estimated glomerular fil-
tration rate <45 mL/min/1.73 m? (Oslo RDN), and those with
an estimated glomerular filtration rate <15 mL/min/1.73 m?
(EnligHTN) were excluded.

TRH was defined as an office SBP >140 mmHg despite
taking the maximally tolerated doses of at least three anti-
hypertensive drugs that included a diuretic. Additionally,
an ambulatory 24-hour SBP >135 mmHg following the
witnessed intake of antihypertensive drugs was required.
Patients with documented intolerance of medications could
be included in the study even if they had not used a diuretic
and even if they had used fewer than three medications.
Patients in this study used at the time of inclusion 5.5 (mean,
standard deviation 1.9) different antihypertensive drugs, and
no changes were made to the medications during follow-up.

Patients with true TRH underwent RDN performed with
the Symplicity™ catheter system (Ardian, Mountain View,
CA, USA) or the EnligHTN™ catheter system (St Jude
Medical, St Paul, MN, USA).

A total of 88 patients were referred, 30 patients were
accepted for therapy, and among these, 16 patients were found
to be eligible for RDN and CMR. Nine healthy volunteers
constituted the normotensive control group, and this group
was age-matched with the RDN group (Table 1). The control
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Table | Baseline patient and control characteristics

Characteristics RDN group Control group P-value

Age (years), mean (SD) 55 (9) 54 (6) NS
Male, % (n) 87 (14) 100 (9) NS
Body mass index (kg/m?), 29 (4) 25 (2) 0.008
mean (SD)

Diabetes, type Il, % (n) 19 (3) 0 <0.001
Previous stroke, % (n) 19 (3) 0 <0.001
Previous MI, % (n) 19 (3) 0 <0.001
Number of antihypertensive 5.5 (1.9) 0 <0.001

drugs, mean (SD)

Abbreviations: M, myocardial infarction; NS, not significant; RDN, renal
sympathetic denervation; SD, standard deviation.

group had only office BP measurements prior to the CMR
examinations.

This study was approved by the respective Regional
Committees for Research Ethics in Norway and by the
institutional research committees at Oslo University Hospi-
tal and St. Olav’s University Hospital. All patients provided
written informed consent for participation in the study and
the publication of the results.

CMR acquisition and analysis

CMR was performed at baseline and at 6 months in both
groups, using a 1.5 T Achieva (Philips Healthcare, Best, the
Netherlands) or 1.5-T Avanto (Siemens, Erlangen, Germany)
MRI scanner under standardized patient conditions, which
included a minimum of 10-minute supine rest in a quiet room
with stable room temperature. No meals, caffeine, or smoking
was allowed for at least 3 hours beforehand. The BP measure-
ments were performed in conjunction with the MR acquisi-
tions using semi-automatic sphygmomanometers (Champion,
Riester, Ventura, CA, USA or Datex-Ohmeda S5, Instrumen-
tarium Corp., Helsinki, Finland). All CMR examinations were
performed by experienced radiologists (TAH and KHS). The
images were analyzed quantitatively using dedicated software
(cmr* v 5.2, Circle Cardiovascular Imaging, Calgary, Canada).

Aortic PWV

A retrospective electrocardiography-gated gradient-echo
pulse sequence with velocity encoding was applied to mea-
sure the through-plane flow at two predefined positions in the
ascending and abdominal aorta. The imaging parameters on
the 1.5 T scanners (Philips/Siemens) included the following:
echo time =6.5-7.4/3.4 ms, repetition time =10-12/64 ms,
flip angle =20/30 degrees, field of view =280/360 mm, Venc
=160-190/200 cm/s, matrix size =256x128, and slice thick-
ness =10 mm.

We calculated 50 phases to obtain a temporal resolution
of approximately 25 ms depending on the heart rate. The

aortic PWV was calculated as Ax/At (expressed in m/s),
where Ax is the aortic path length between the two imaging
levels (Figure 1), and At is the time delay between the arrivals
of the feet of the pulse waves at these levels."

Aortic distensibility

The distensibility of the aorta as derived from the flow mea-
surements at the mid-ascending aorta was calculated using
the following formula:

D=(A__—A )/(A_. xpulse pressure)®

max min min

where D = distensibility (mmHg™), A_ = maximal aortic
area (mm?®), A_. =minimal aortic area (mm?®), and the pulse
pressure = systolic BP — diastolic BP (mmHg).

Left ventricular function

The end-diastolic chamber volume (EDV) and ejection fraction
(EF) were measured. The entire heart was imaged in the short
axis orientation using electrocardiography-gated breath-hold
multishot echo-planar imaging. The imaging parameters were as
follows: (Philips/Siemens 1.5-T scanners); echo time =1.6/1.48
ms, repetition time =3.2/74.36 ms, flip angle =60/80 degrees,
field of view =350/340 mm, matrix size =172x184/192x134,

Figure | Aortic pulse wave velocity.

Notes: This figure demonstrates where the phase contrast velocity maps were
obtained at the two levels of the aorta. A standardized approach was used to
measure the path lengths following the midline courses of the aortas.
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slice thickness =8 mm, and temporal resolution =35-40/2.48
ms per cardiac phase depending on the heart rate.

Myocardial T| mapping

The acquisition of T1 data was successfully conducted
in nine controls and eight patients in the RDN group. All
examinations were performed using a 1.5 T Avanto scanner
with the application of a modified look-locker inversion-
recovery sequence®! with an acquisition in a 3-3-5 manner
(field of view 380%x380 mm, voxel size 2.5x2.8 mm, flip
angle 35 degrees, trigger delay set for end-diastole). The
data were collected from three planes of the left ventricule
(LV) orthogonal to the two-chamber view, ie, the basal, mid,
and apical levels.

Statistical analysis

Each categorical variable is expressed as the number and the
percentage of patients. The demographic and clinical data
are expressed as the mean values with standard deviations
or proportions. The baseline characteristics were compared
between groups using independent-sample #-tests. Shap-
iro-Wilk’s tests were used to assess the normalities of the
distributions of the variables. Comparisons of continuous
variables were conducted with two-sided Student’s #-tests. The
correlations between variables were assessed with Pearson’s
estimations of the correlation coefficients. In addition, we
built a multiple linear regression model and assessed the
influence of relevant variables upon PWYV and distensibil-
ity. Significance was assumed when P< 0.05. The statistical
analyses were performed using SPSS statistics version 23.0
(IBM, Armonk, NY, USA) for Windows.

Results
The results are summarized in Table 2.

BP changes
In the RDN group, the office SBP decreased from 173124 mmHg
atbaseline to 164125 mmHg at the 6-month follow-up (P=0.033),
while office diastolic BP(DBP) decreased from 10617 mmHg
to 100£15 mmHg (P=0.105). The ambulatory 24-hour SBP
changed from 163125 mmHg at baseline to 153120 mmHg
at the 6-month follow-up (P=0.057). The ambulatory 24-hour
DBP decreased from 96+12 mmHg to 91+12 mmHg (P=0.071).
In the control group, there were no significant changes
in either office SBP (P=0.719) or in office DBP (P=0.549).

Aortic PWYV and distensibility
The arterial stiffness parameters revealed that PWV (m/s) in
the RDN group decreased from 8.2443.34 to 6.54+1.31 m/s
(P=0.053), and the distensibility (10 mmHg') increased
from 2.33%1.34 to 3.9613.05 (P=0.013).

In the control group, there were no significant changes in
either PWV (P=0.632) or in aortic distensibility (P=0.532).

Left ventricular measurements
At baseline, there were significant differences between the
RDN and control groups regarding the LV EDV (165439 vs
204+45 mL, P=0.031) and the LV ESV (54428 vs 77425 mL,
P=0.048). There were no significant differences regarding the
LV EF, LV myocardial mass, or LV T1 values.

From baseline to the 6-month follow-up, in the RDN
group, there were no significant changes in the LV EF, LV
EDV, LV ESV, LV myocardial mass, or LV T1 values.

Table 2 Blood pressure, aortic and left ventricular measurements illustrating the differences between the groups and effect of renal

denervation in the RDN group

Measurements RDN-group baseline RDN-group follow-up P-value Control group baseline
Office SBP, mmHg 173124%* 164125 0.033 129+10
Office DBP, mmHg 10617+ 10015 0.105 79+5
Ambulatory 24-hour SBP, mmHg 163125 153+20 0.057 NA
Ambulatory 24-hour DBP, mmHg 9612 91+12 0.071 NA
Distensibility, 10~ mmHg™' 2.33+].34% 3.96+3.05 0.013 9.02+5.49
PWV, m/s 8.24+3.34% 6.54+1.31 0.053 5.01+0.88
LV EF, % 69+10 71£10 0.297 6219

LV EDV, mL 165+£39* 162+38 0.448 204+45
LV ESV, mL 54+28* 50+25 0.357 77+25

LV myocardial mass, g 173+36 164+35 0.145 146+27
LV T map, basal, ms 956£31 981+38 0.109 974137
LV T1 map, midventricular, ms 944141 958+33 0.188 950+40
LV T map, apical, ms 926+37 947+56 0.407 953+68
Heart rate, beats per minute 68+17 67+19 0.630 5748

Notes: Data presented as mean * SD or P-value. *P<0.05 vs controls, **P<0.001 vs controls.
Abbreviations: DBP, diastolic blood pressure; EDV, end-diastolic chamber volume; EF, ejection fraction; ESV, end-systolic chamber volume; LV, left ventricular; NA, not
applicable; PWYV, pulse wave velocity; RDN, renal sympathetic denervation; SBP, systolic blood pressure; SD, standard deviation.
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Table 3 Changes from baseline to follow-up in the RDN group

Measurements Correlation Correlation with
with PWV distensibility

Pulse wave velocity | 0.301

Distensibility 0.301 |

Office SBP —0.348 -0.239

Office DBP —-0.003 0.086

Ambulatory 24-hour SBP —0.164 —-0.129

Ambulatory 24-hour DBP -0.312 —-0.379

LV EDV —0.360 -0.270

LV ESV —0.089 0.087

LV EF —0.055 —0.374

LV mass 0.238 —0.198

LV T1 map, midventricular 0610 —0.042

Notes: Pearson’s correlation coefficient. All variables were also used in a multiple
regression model with both PWYV and distensibility as dependent variables.

Abbreviations: DBP, diastolic blood pressure; EDV, end-diastolic chamber volume;
EF, ejection fraction; ESV, end-systolic chamber volume; LV, left ventricular; PWYV,
pulse wave velocity; RDN, renal sympathetic denervation; SBP, systolic blood pressure.

The average T1 values in the RDN group changed from
944132 to 961136 ms, whereas the values among the controls
changed from 959145 to 952438 ms. None of these changes
were significant. There were also no significant differences
between the control group and the RDN group.

In the RDN group, there were no significant correlations
between the changes in the PWV or aortic distensibility
and the changes in the office SBP, office DBP, ambula-
tory 24-hour SBP, ambulatory 24-hour DBP, LV EDV, LV
ESV, LV EF, LV mass, or LV T1 values (Table 3). All the
above-mentioned variables were also used in a multiple
linear regression model with both PWV and distensibility
as dependent variables. The model showed that none of the
independent variables significantly predict neither PWV
nor distensibility.

Discussion

In the current study, the careful exclusion of secondary
and spurious hypertension patients in combination with
witnessed drug intake reduced the number of patients with
apparent TRH to <1/3rd based on qualifying ambulatory
24-hour BP measurements. Sixteen true TRH patients
underwent RDN using two different catheter systems.
Additionally, there was an age-matched control group. The
main findings were that RDN improved hemodynamics
as demonstrated by significantly increased distensibility
and a borderline significantly decreased PWV at 6 months
after RDN.

Several studies have illustrated the antihypertensive
effects of RDN; however, studies have failed to demonstrate
RDN’s superiority over placebo when using sham-treated
patients as controls.” Our findings are indeed debatable;

however, we present reduced arterial stiffness, which
significantly influences distensibility, in 16 patients who were
treated with RDN. These changes occurred independently of
the BP-lowering effect.

RDN uses a radiofrequency pulse to disrupt the sym-
pathetic nerve fibers going both to and from the kidneys
and is known to have several effects. Among these effects
are concomitant reduced stimulation of B1 receptors in the
juxtaglomerular apparatus that leads to reduced release of
renin and a weakened sympathetic tone that may lead to both
reduced sodium reabsorption and vasodilation of the renal
vasculature, which hastens the increased excretion of both
water and sodium.*

Research has demonstrated that the sympathetic drive
plays an important role in the regulation of BP, the strength
of cardiac muscle contraction, and vessel wall tonus.?? RDN
disrupts the sympathetic nerves going both to and from the
kidneys, which are well known to regulate a wide array of
hemodynamics and not only regulate the BP. Our work has
potentially demonstrated the beneficial and independent
effect of RDNs on the cardiovascular hemodynamics.

The Symplicity HTN-2 study® included 106 patients who
were randomized to RDN or control groups, and the office
SBP was reduced by 32+12 mmHg in the intervention group
at 6 months but remained unchanged in the control group.
The Symplicity HTN-3 study,” which included a sham opera-
tion, reported that HTN-3 does not reduce the SBP more
than the sham operation at 6 months. The Oslo RDN and
HTN-3 studies seem to agree that RDN is ineffective as an
antihypertensive intervention. The same conclusion was also
reached in a large study in ten European centers.?

In our patient population, which included subgroups
from the Oslo RDN study and the St Jude EnligHTN study,
we observed a significant reduction in office SBP and a
nonsignificant reduction in ambulatory 24-hour systolic BP
from baseline to 6 months in patients who were treated with
RDN. The insignificant reduction in ambulatory 24-hour SBP
accords with the results of recent studies.”?*

This study demonstrated that aortic stiffening (as char-
acterized by PWV and distensibility) was improved in the
treatment group. We also demonstrated that this improvement
was independent of reductions in BP. The mechanism of the
observed BP independent improvement of PWV and distensi-
bility remains unclear, but it seems reasonable to suggest that
the changes done to the sympathetic drive are of importance.
It is possible that central hemodynamics is more affected by
changes in sympathetic drive than peripheral hemodynamics.
If this is the case, it could explain why the improved aortic
distensibility is independent of changes in BP.
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An important advantage of our study is that CMR pro-
vided precise and direct measurements of the pulse wave-
lengths of the aorta even in very sinuous conditions and
thereby provided accurate PWV values. Furthermore, CMR
is capable of locally assessing the pulse waves in the aorta
and thus minimizes the influences of peripheral arteries on
the aortic PWV. For noninvasive assessments of PWV, estima-
tions of the pulse wave travel distance are critical.”

The European Society of Hypertension guidelines
propose an aortic stiffness cutoff value of 12 m/s based on
PWYV data from direct tape measure distances; however, the
use of the more accurate 80% cutoff value of 9.6 m/s should
be adapted.’ When using the subtracted distance, as in the
Framingham study, the cutoff value should be 8.4 m/s. The
Framingham study demonstrated that with the use of this
cutoff value, the probability of a first major cardiovascular
event within the next 8 years was ~3%.!! No reference values
exist for more accurate CMR measurements. The PWV serves
as an excellent and well-accepted predictor of cardiovascular
mortality,”” and it has been stated that arterial stiffness serves
as a better predictor of cardiovascular risk and end-organ
damage than peripheral brachial pressures.?

The baseline measurements of the PWV in the RDN
group had a mean of 8.24 m/s, which is close to the sug-
gested cutoff value mentioned earlier. This finding indicates
that this group of patients had a greatly increased risk of a
major cardiovascular event.

We did not observe any significant changes in the left ven-
tricular measurements in the treatment group. There were no
changes in the T1 values in the RDN-treated patients between
baseline and follow-up. Because hypertensive disease is
known to induce cardiac fibrosis,'® our study of hyperten-
sive patients who were treated with RDN aimed to identify
differences in the T1 values between hypertensive patients
and controls. We also hypothesized that RDN would lead to
areduction in cardiac fibrosis and a subsequent reduction in
native T1 values. We were unable to observe any changes,
most likely because the hypertensive patients did not in fact
have any cardiac fibrosis. The recorded EF at baseline of 69%
substantiates this assumption.

Limitations

The data in our study were generated from a modest number
of patients, and all associated limitations apply. Moreover,
there was no blinding regarding the RDN treatment, and it
is possible that this influenced the behaviors of the patients.
Nevertheless, the size of our study is comparable to those
of other publications that have investigated RDN, and the
results were consistent even though we applied more thorough

methods regarding patient selection than in the Symplicity
HTN-1 and -2 studies.>* Moreover, the patients who were
included in this study were thoroughly examined to identify
those who had real TRH, which makes it unlikely that patients
without true TRH were included in the study.

The modest number of patients in this study yields a
somewhat low statistical power. Due to this, we have deliber-
ately chosen not to perform a Bonferroni (or similar) correc-
tion of multiple comparisons, as we considered this correction
to be very conservative and likely to produce false negatives.

Only a few studies have examined the possible relation-
ship between aortic and cardiac function using CMR as a
noninvasive tool, and our observations are similar to those
of previous less-precise studies that required larger sample
sizes® due to the high reproducibility of CMR measurements.

The T1 values were measured using a nonmotion-
corrected modified look-locker inversion-recovery sequence,
which resulted in values with a somewhat large standard
deviation. The global T1 standard deviation values in our
material ranged from 32 to 45 ms, which reduced the prob-
ability of detecting subtle changes in the T1 values.

The cohort of our study did not allow for analyses of
clinical outcomes. Future results of trials with longer follow-
ups and larger cohorts of treated patients will therefore be
of interest.

Conclusion

RDN has been introduced as a novel treatment for TRH, but
recent studies have demonstrated controversies regarding the
effect of RDN in TRH. Additionally, the influence of RDN
on arterial stiffness remains unclear. With a comprehensive
CMR protocol, our study demonstrated that RDN may
improve the known predictors of adverse cardiovascular
outcomes as illustrated by a significantly improved aortic
distensibility. Furthermore, the improvements in the stiffness
parameters were independent of decreased SBP.

Disclosure
The authors report no conflicts of interest in this work.
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