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Intravascular Ultrasound Can Be Used to Locate Nerves,
but not Confirm Ablation, During Renal
Sympathetic Denervation

Keisuke Okamura® ¢, Shunsuke Satou?, Yusuke Kato®, Yusuke Kogata®,
Masatoshi Matsushima®, Kazuyuki Shirai®, Hidenori Urata®

Abstract

Background: No methods exist for confirming nerve ablation in
catheter-based renal sympathetic denervation (RDN).

Methods: We investigated the feasibility of using intravascular ultra-
sound (IVUS) to locate nerves and observe nerve integrity changes
during RDN in a pig. To confirm our observations, we used post-RDN
histological sections matched anatomically to the IVUS images.

Results: IVUS revealed multiple hypoechoic structures along the re-
nal artery, whose locations matched those of nerves in the histological
sections. Nerves clustered near the junction between the renal artery
and vein. Histology confirmed necrosis of nerve bundles at RDN abla-
tion sites, but no changes in echogenicity were observed using [IVUS.

Conclusions: Although IVUS cannot currently be used to confirm
ablation during RDN, it clearly reveals some clusters of renal sym-
pathetic nerves. It remains to be demonstrated how IVUS can guide
RDN devices and potentially improve ablation success.

Keywords: Catheter-based renal sympathetic denervation; Renal
sympathetic nerves; Intravascular ultrasound

Introduction

Renal sympathetic denervation (RDN) is a catheter-based pro-
cedure used to ablate sympathetic nerves that run along the re-
nal arteries. The procedure lowers blood pressure, as reported
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in recent clinical trials such as SPYRAL HTN-ON MED [1],
SPYRAL HTN-OFF MED [2], and RADIANCE-HTN SOLO
[3]. However, it is not always successful, with approximately
one in three patients undergoing RDN showing a lesser blood
pressure reduction. One reason for this could be incomplete
nerve ablation, and there are no established methods for as-
sessing whether nerve ablation has been achieved. Intraopera-
tively demonstrating nerve ablation around the renal arteries
would confirm procedural success and may reduce the number
of non-responders.

We previously reported that renal sympathetic nerves can
be imaged using intravascular ultrasound (IVUS) [4]. In the
present study, we examined whether renal sympathetic nerves
can be visualized with IVUS in a normotensive porcine model,
and whether their anatomical positions correspond to those of
post-RDN histological sections. We also investigated whether
we could observe any changes in the nerves in IVUS images
and histological sections before and after RDN (validation 2).

Materials and Methods

Validation 1: IVUS visualization of renal sympathetic
nerves in a porcine model

Blood vessels in pigs are similar in diameter and anatomical
structure to those in humans. Porcine models have been used
to assess the safety and efficacy of RDN, including confirming
ablation and assessing the impact of the procedure on periph-
eral tissues [5]. In addition, we used a normotensive porcine
model instead of hypertensive porcine model. Because the
purpose of study was an anatomical evaluation rather than an
evaluation of the antihypertensive effect.

First, we placed a specific pathogen-free, triple-crossbred
(LWD) conventional sow (n = 1) under general anesthesia and
performed renal arteriography with a guiding catheter (8 Fr,
RDC) inserted via the femoral artery (Fig. 1A).

We then used IVUS to observe the inside and outside of
the blood vessels. The nerves lie closer to the arterial lumen
distally, so they must be observed as far as the distal portion of
the main renal artery, but advancing the IVUS system too far
into the renal vasculature may result in the guidewire or probe
damaging the renal parenchyma. To avoid this, we used the
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Figure 1. Comparison of IVUS images and histological sections from a normal renal artery in a pig. (A) Left renal angiography
with cross-sections of the main renal artery, labeled i (nearest the abdominal aorta) to v (nearest the kidney) and viewed in (B)
and (C). (B) Intravascular ultrasound images of the cross-sections in (A), showing multiple hypoechoic regions without luminal
structures along the outside of the renal artery. These structures clustered near the junction between the artery and vein. (C)
Hematoxylin-eosin-stained histological images of the cross-sections in (A), showing multiple nerve bundles in the connective
tissue around the renal artery. The vein appeared considerably atrophied with no blood flow, but the images confirmed that the
clustered hypoechoic structures in (B) were nerves. IVUS: intravascular ultrasound;
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Figure 2. Comparison of IVUS images and tissue specimens before and after RDN. (A) Untreated renal artery. Left panel: Angio-
gram of normal left renal artery branch. Middle panel: IVUS image of the same artery branch showing hypoechoic structures that
appear to be nerves outside the blood vessel. Right panel: hematoxylin-eosin-stained tissue section at the same anatomical level
as the IVUS image. Magnified image shows a normal periarterial nerve bundle. Each nerve fiber is covered by the endoneurium
(fibrous connective tissue) and gathered into a small bundle, which is surrounded by the perineurium (a sheath of collagenous fib-
ers) and gathered into a fiber bundle. Because the nerve fibers meander inside the perineurium, the cross-sections of individual
fibers vary from transverse to almost longitudinal. (B) Renal artery before and after standard (a) and intensive (b) RDN. Left
panels: Angiogram showing placement of RDN device in the right renal artery branch. Middle panels: IVUS images showing the
artery and surrounding nerves before and after (a) standard RDN (one treatment of 7 s) and (b) intensive RDN (eight treatments
of 7 s); multiple hypoechoic structures that appear to be nerves can be seen outside the blood vessels, but no clear changes
to these structures were observed even after excessive ablation. Right panels: hematoxylin-eosin-stained sections confirmed

ablation after RDN.

NaviFocus® equipped with an IVUS probe, which features a
short distance from the tip to the ultrasound element.

For IVUS scanning, the wire was inserted then pulled
back to eliminate wire artifact, enabling the outside of the
blood vessel to be clearly seen (Fig. 1B). Normally, in ultra-
sound imaging, the hyperechoic vascular wall appears bright,
whereas the renal sympathetic nerves are observed as hypo-
echoic structures running along the renal artery.

Validation 2A: assessment of spatial changes during and
after RDN

First, we examined whether IVUS images would reveal chang-
es to tissue or nerve echogenicity during and after RDN. The
Paradise® Ultrasound Denervation System (ReCor Medical
Inc., Palo Alto, CA, USA) used in the RADIANCE-HTN trial
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delivers ultrasound waves to the tissue surrounding the renal
artery, providing full-circumference cauterization of nerves to
a depth of 1 - 6 mm from the artery [3]. During RDN, the tis-
sue temperature increases to around 70 °C or more [3], water
present in the tissue decreases and protein denaturation occurs.
Ablated tissues, including nerves, therefore might appear as
bright (hyperechoic) areas in IVUS images. We expected that
once the IVUS probe was pulled back from the ablation site
after RDN, IVUS would provide confirmation of ablation, so
we examined the renal artery before and after RDN using the
Paradise® system (Fig. 2B).

Validation 2B: real-time monitoring of changes during
RDN

Next, we sought to confirm whether temporal changes in mor-
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Figure 3. RDN in the renal artery under IVUS monitoring. (A) Renal angiography. An 8 Fr guiding catheter was inserted on each
side via the inguinal artery into the left renal artery. The IVUS probe and the Paradise® system transducer were placed parallel
to each other at the same point within the renal artery. (B) Schematic of renal artery cross-section showing parallel placement
of the IVUS probe and Paradise® system transducer in the artery. Ablation was performed while monitoring with IVUS. (C) IVUS
images before, during, and after IVUS-guided RDN. RDN-induced changes in the artery wall can be viewed in real time during the
procedure. (i) Before RDN, showing the IVUS probe and the deflated balloon of the Paradise® system inside the renal artery. (ii)
During RDN, showing the inflated balloon of the Paradise® system, which appears as a perfect circle. (iii) After RDN, showing the
IVUS probe and deflated balloon in the renal artery. We expected that IVUS would allow us to observe the ablation in real time,
but no clear differences in nerves were observed before and after the procedure. (D) Hematoxylin-eosin-stained tissue section
after IVUS-guided RDN. Magnified images show (i) necrosis of the adventitia and surrounding collagen fibers and (ii) vacuoliza-
tion of the nerve fascicle, confirming successful RDN.

phology due to RDN could be observed using IVUS images. dise® system was placed adjacent to the IVUS probe, at the
We inserted 8-Fr sheaths bilaterally via the inguinal arteries, same position in the renal artery, and ablation was performed
and two guiding catheters into the renal arteries. The Para- under IVUS visualization (Fig. 3A, B). Using this method,
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Figure 4. Are these hot spots that should be targeted in RDN? (A) IVUS image showing that the nerves cluster where the artery
and vein lie closest to each other. (B) Hematoxylin-eosin-stained tissue section showing considerably atrophied vein, with no
blood flow, but confirming the cluster of nerves where the artery and vein lie closest to each other. (C) Schematic of hot spot
theory. By selectively performing RDN at a site where the nerves cluster, ablation can be performed efficiently and with pinpoint
accuracy. Such a site can be considered a hot spot that potentially improves the blood pressure-lowering effect of RDN.

since the observation and ablation positions are the same, we
expected to be able to observe the effects of ablation in real
time.

On IVUS imaging, the Paradise® system transducer
caused a shadow, so visibility was limited in areas behind the
Paradise catheter. Likewise, the IVUS catheter shielded tissue
behind it from the ablative energy from the Paradise catheter.
Therefore, we excluded those areas when evaluating the abla-
tion site before and after RDN.

Validation: histology

The pig was sacrificed, and both renal arteries were excised
with the surrounding tissue and fixed in formalin. Paraffin sec-
tions (3 um thick) were prepared and stained with hematox-
ylin-eosin. We examined the sections histopathologically to
determine the distribution of renal arterial sympathetic nerves
and the extent of damage after RDN.

The study was approved by IVTeC Institutional Review
Board (IVT19-48). All applicable international, national, and/
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or institutional guidelines for the care and use of animals were
followed.

Results

Validation 1: IVUS can be used to locate renal nerves

IVUS images revealed multiple hypoechoic structures along the
renal artery, in the range of 1 - 4 mm from the outside wall of
the vessel (Fig. 1B). These structures had no lumen, no blood
flow detected by Doppler echo, and tended to cluster near the
bifurcation of the renal artery or the junction between the artery
and vein (Fig. 4A). Nerve fibers generally appear hypoechoic in
ultrasound images, and these structures were very similar in ar-
rangement and size to the nerves in renal artery sections imaged
by Sakakura et al [6]. Furthermore, the hypoechoic structures
in the IVUS images matched the positions of the nerves in the
post-RDN histological sections (Figs. 1C and 4B). Together, this
evidence indicates that these structures are renal nerves.
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The histological sections each contained several nerve bun-
dles. In each section, we measured the distance between the
vessel wall and the center of the nerve bundle closest to the
blood vessel. The mean distance from the intima of the renal
artery to the center of the nerve bundle was 1.6 + 0.6 mm (12
sites) for the right side and 1.7 + 0.6 mm (eight sites) for the
left side. When these distances were compared with the dis-
tance from the entrance of the renal artery to the location of
each section, a negative correlation was found for the right (r
=-0.688; P=0.013) and left (r = -0.836; P = 0.010) renal ar-
teries, confirming that the more distal the nerve, the closer it
approaches to the renal artery.

Validation 2A: successful ablation was confirmed by his-
tology but not IVUS

For RDN sites where meaningful renal arterial spasm was
noted, we performed IVUS observations at 30 min after RDN.
When the ablation and non-ablation sites in the artery wall
were compared before and after standard RDN (one 7-s ab-
lation), no changes were observed in the IVUS images (Fig.
2B(a), middle panel). To test whether changes to the IVUS
image could be observed more distinctly, we carried out an
extreme case performing intensive RDN (eight consecutive 7-s
ablations; total 56 s) at the same site, but could not observe any
changes in the IVUS images (Fig. 2B(b), middle panel).

Conversely, in the pathological tissue specimens contain-
ing the sites at which the ablation procedure was performed,
degeneration/necrosis due to RDN was observed in the nerve
bundles and tissue surrounding the artery at all sites (Fig. 2B(a,
b), right panels).

Validation 2B: IVUS did not show real-time changes to
nerves during RDN

Although the nerves could be identified, ultrasound interfer-
ence from the RDN procedure resulted in noisy IVUS images,
and no changes to nerves were apparent in these images during
and after RDN (Fig. 3C). This is despite degeneration and ne-
crosis of nerve bundles and tissue surrounding the artery being
clearly observable at ablation sites in the histological sections.

Discussion

The porcine model is similar in size, length, and anatomy of
the human renal artery. Since the porcine model has been used
in many RDN studies so far, we examined it this examination
as well. In addition, the usefulness of the porcine study is that
it can be dissected after the procedure and the actual ablation
status can be confirmed immediately.

Validation 1: IVUS reveals RDN “hot spots”

Comparing IVUS images with histological images confirmed
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that the hypoechoic regions observed in the IVUS images were
renal nerves. The location of the renal sympathetic plexus is
usually reported as 0.5 - 1.0 mm [7] or 2.0 - 8.0 mm [6] from
the renal artery lumen. We measured the mean distance from
the renal artery lumen as 1.6 - 1.7 mm in our histological sec-
tions, but since the sections had no vascular blood and were
deformed by formalin fixation, we believe the distance under
physiological conditions would be much greater.

Some nerves join the renal artery more distally in the main
renal artery and/or travel closer to the distal portion of the main
renal artery than the proximal portion. Therefore, for reduc-
ing blood pressure, RDN ablation is recommended in the dis-
tal portion of the main renal artery [6]. Consistent with this,
measurements from our histological sections confirmed that
the more distal the nerves, the closer they run to the renal arte-
rial wall.

Furthermore, we were able to confirm both histopatho-
logically and in IVUS images that sympathetic nerves cluster
near the junction between the renal artery and vein (Fig. 4A,
B). This may serve as a “hot spot” for RDN, where the blood
pressure-lowering capability of RDN is enhanced if ablation
is selectively performed at this location (Fig. 4C). We posit
that ablation at sites other than this hot spot may explain non-
responder cases, in which RDN fails to lower blood pressure.
One method for determining the target site for RDN has been
suggested as electrical autonomic nervous stimulation from
the inner part of the renal artery [8], and we suspect this relates
to the anatomical site of the hot spot.

Anatomical factors relating to hot spots and ablation sites
might contribute to the success or failure of RDN as a blood
pressure-lowering procedure. When performing circumferen-
tial ultrasound ablation, positioning the device at a hot spot
under IVUS guidance may help achieve successful ablation
because the entire circumference is treated at once. However,
with a standard ultrasound device, ablation may be more dif-
ficult, since the nerve hot spot is located close to the vein, and
venous blood flow might cool the hot spot, preventing a suf-
ficient temperature increase for ablation. This warrants further
investigation.

Validation 2: IVUS cannot be used to confirm ablation

Despite the tissue specimens clearly showing RDN-induced
nerve ablation, we could not definitively confirm the extent of
ablation from the IVUS images even after intensive RDN. We
suspect that this is due to the resolution of IVUS being too low
for the small diameter of the nerves. While there will be a de-
gree of inter-individual variation in nerve diameter, our results
suggest that IVUS may not be the most appropriate method of
confirming ablation in a clinical context.

Conclusion

We observed spatial and temporal changes in renal nerves
after RDN in both IVUS images and histological sections,
but no clinically useful, real-time changes could be detected
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when IVUS was used during the RDN procedure. However,
hot spots of renal sympathetic nerves were visible with IVUS,
suggesting that IVUS could be used to guide RDN devices to
these locations and improve the rate of successful ablation in
RDN procedures.

Limitations

In this study, only one pig was used. For one location, the
RDN catheter was used concurrently with the IVUS catheter
in same site of the artery, there were two locations where abla-
tions were attempted a total of eight times (56 s) at same site,
and some of the ablations were done distal to the bifurcation
of the main renal artery. All of the three experimental usages
were different to how the device is used clinically. It may also
be possible that ultrasound waves from the Paradise® system
damaged the IVUS probe and vice versa, when these were
used concurrently.
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