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Abstract

Background: Preclinical models have provided key insights into the response of local tissues to radiof-
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requency (RF) renal denervation (RDN) that is unobtainable from human studies. However, the anatomic
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translatability of these models to the procedure in humans is incompletely understood.
Aims: We aimed to compare the renal arterial anatomy in normotensive pigs treated with RF-RDN to that
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of human cadavers to evaluate the suitability of normotensive pigs for determining the safety of RF-RDN.
Methods: Histopathologic analyses were performed on RF-treated renal arteries in a porcine model and
untreated control renal arteries. Similar analyses were performed on untreated renal arteries from human
cadavers.

Results: In both human and porcine renal arteries, the median number of nerves was lower in the more
distal sections (the numbers in the proximal, middle, distal, 1* bifurcation, and 2™ bifurcation sections
were 65, 58, 47, 22.5, and 14.7 in humans, respectively, and 39, 26, 29, 16.5, and 9.3 in the porcine mod-
els, respectively). Renal nerves were common in the regions between arteries and adjacent veins, but only
3% and 13% of the renal nerves in humans and pigs, respectively, were located behind the renal vein. The
semiquantitative score of RF-induced renal arterial nerve necrosis was significantly greater at 7 days than
28 days (0.98 vs 0.75; p=0.01), and injury to surrounding organs was rarely observed.

Conclusions: The distribution of nerve tissue and the relative distribution of extravascular anatomic struc-
tures along the renal artery was similar between humans and pigs, which validates the translational value of

the normotensive porcine model for RDN.

*Corresponding author: CVPath Institute Inc., 19 Firstfield Road, Gaithersburg, MD 20878, USA.
E-mail: afinn@cvpath.org
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Abbreviations

IGR interquartile range
RDN renal denervation
RF radiofrequency
SD standard deviation
SE standard error

Introduction

Over 30% of adults worldwide have hypertension, yet blood
pressure is adequately controlled in only a fraction of the global
hypertensive population'. Poor control rates among people with
hypertension, ranging from 5-50% in 2019, contribute to global
cardiovascular risk and persist despite the availability of safe and
effective lifestyle interventions and drug therapies®. Percutaneous
renal denervation (RDN) using various energy sources, including
radiofrequency (RF), ultrasound energy or injection of alcohol,
has shown the potential to complement hypertension manage-
ment by interrupting the nerve signalling between the kidney and
the brain. Indeed, several recent randomised, sham-controlled tri-
als using different techniques have reported statistically and clini-
cally significant blood pressure reductions in various populations
with uncontrolled hypertension in both the presence and absence
of concomitant drug therapy>*>¢. However, the microscopic physi-
ology of renal nerve destruction post-RDN is difficult to study in
human subjects and most of the scientific basis for renal nerve abla-
tion has therefore been determined from animal models”*. The nor-
motensive porcine model is the most widely applied to investigate
the safety of RDN procedures, but its translational value to humans
remains incompletely understood. We compared similar histological
studies in untreated human cadavers and normotensive pigs treated
with RF-RDN to evaluate the clinical utility of the porcine model.

Methods

PORCINE STUDIES: SAFETY ASSESSMENT OF RENAL
ARTERIAL DENERVATION WITH RADIOFREQUENCY
CATHETERS

Animal studies were performed in accordance with the Guide for
the Care and Use of Laboratory Animals of the National Institutes
of Health (Publication Number 85-23, revised 1996). The experi-
mental methods have been previously described®. Briefly, Yorkshire
domestic farm pigs of either sex, weighing between 35 and 50 kg,
were studied according to an approved Institutional Animal Care
and Use Committee protocol, in compliance with the Animal
Welfare Act and the US Food and Drug Administration regula-
tions and their amendments. Anaesthesia was induced, arterial
access was achieved under sterile conditions, and a multielectrode
RF-RDN catheter (Symplicity Spyral; Medtronic) was advanced
under fluoroscopic guidance into the renal artery and positioned
via a standard guide catheter and guidewire. Simultaneous RF
ablations with 4 electrodes in a helical pattern were delivered in
each renal artery and in suitable post-1% bifurcation branch seg-
ments. No ablations were performed beyond the first level of renal
artery bifurcation. Following treatment, the catheter was removed,
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the vascular access site was sealed using standard techniques, and
the animals were allowed to recover. Animals were euthanised
via an overdose of pentobarbital after 7 (N=12 pigs) and 28 days
(N=16 pigs), and tissue samples were immediately obtained to
evaluate the impact of time on observable ablation tissue effects.

Using a semiquantitative scoring method, a histopathologic analy-
sis was performed on the treated regions to evaluate the response of
surrounding structures, including the ureter, kidneys, lymph nodes,
skeletal muscles and adrenal glands, to RF energy. Both the type
and magnitude of changes to the peri-arterial nerves were evaluated
semiquantitatively, including damage incurred directly in the plane
of the section lying directly in the path of treatment or along the
vessel length, upstream or downstream. Degenerative nerve changes
included vacuolisation, necrosis, and the formation of digestion
chambers associated with injury. Necrotic changes ranged from pyk-
nosis/karyorrhexis of individual neural nuclei to coagulative necro-
sis or frank coagulation of the nerve bundle. Similar criteria were
applied to cellular level disorganisation of non-neural perivascular
organs considering the impact on structure, architecture, and func-
tion. A score of 0 indicated no observable damage across the sam-
ple. For minimal or grade 1 injury, the nerve or collateral tissue was
considered largely intact and likely to be functional but exhibiting
subtle signs of damage. Moderate or grade 2 injury exhibited more
notable changes that may have included inflammation, fibrosis, or
swelling. Severe or grade 3 injury indicated overwhelming dam-
age including marked necrosis, mineralisation, inflammation and/or
fibrosis and, in the case of nerve tissue, endoneurium damage. Only
moderate or severe injury (i.e., grade 2 or 3) were considered to be
associated with thermal damage, since some cellular disruption (i.e.,
grade 1) can be observed in untreated samples!?.

UNTREATED HUMAN CADAVER AND HEALTHY PORCINE
MODEL STUDIES: ANATOMICAL ASSESSMENT

The histopathologic assessment on healthy porcine renal arteries
was performed to evaluate the anatomical relationship between
human and porcine renal arteries and their surrounding structures.
The processing of the porcine histologic slides was performed at
Alizée Pathology (currently StageBio, Mt Jackson, VA, USA).
Bilateral untreated renal arteries were collected from 8 Yorkshire
domestic farm pigs of either sex, weighing between 35 and 50 kg.
The protocol was approved by the Institutional Animal Care and
Use Committee and was in compliance with the Animal Welfare
Act and the US Food and Drug Administration regulations and
their amendments.

The processing of histologic slides for human renal arteries
was performed at the CVPath Institute (Gaithersburg, MD, USA).
Bilateral human renal arteries with attached abdominal aorta and
kidneys were collected from 10 autopsy subjects from our autopsy
registry. The Institutional Review Board at the CVPath Institute
approved this study. After a gross inspection, renal arteries were
perfusion-fixed under physiological pressure (80 to 100 mmHg)
with 10% neutral-buffered formalin via the abdominal aorta.
Whole specimens were subsequently fixed in 10% neutral-buffered
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formalin. Each renal artery from both porcine models and humans
was subdivided into 5 segments from the ostium to the renal hilum
(proximal, middle, distal, post-1% bifurcation, and post-2" bifur-
cation). Each segment of the renal artery was further sectioned
at 2-4 mm intervals and was submitted in a separate cassette
for paraffin processing. Histologic sections were cut on a rotary
microtome at 4-6 pm, mounted on charged slides, and stained with
haematoxylin and eosin.

The histologic stained slides were magnified and digitised.
Quantitative morphometry was performed using computerised
planimetry software (ZEN 2; ZEISS). Measurements of the num-
ber of peri-arterial nerves and the presence or absence of peri-arte-
rial structures, such as lymph nodes, neuroganglia, the kidneys,
and the ureter, were taken. Nerves were considered “behind” the
vein when a hypothetical line extending normally between the
nerve and arterial wall passed through a renal vein.

STATISTICAL ANALYSIS GESVEE S0
Results for continuous variables with normal distribution are shown Sex (male) 7 (70)

as meantstandard error (SE) or deviation (SD). Results with- Race (Caucasian/African American) 7 (70)/3 (30)
out normal distributions are shown as median and interquartile Body length, cm 175.3+7.8
range (IQR). The Student’s t-test was used to analyse the sig- Body weight, kg 89.4+14.0
nificance of differences for continuous results with normal dis- BMI, kg/m? 25.449.1
tributions, whereas comparisons of results with non-parametric Obesity (BMI >30) 3(30)
distributions were analysed using the Kruskal-Wallis test. Results Hypertension 5 (50)
were considered statistically significant if the probability (p) was Sudden coronary death/non-coronary death 3 (30)/7 (70)
<0.05. Analyses were performed using Prism software version 6 Values are shown as meanzstandard deviation or number (%). BMI: body
(GraphPad Software) or JMP software version 15.0 (SAS Institute). mass index

Results

THE SPATIAL RELATIONSHIP BETWEEN THE RENAL ARTERY
AND SURROUNDING ORGANS: A COMPARATIVE ANALYSIS
OF THE HUMAN CADAVER AND THE PORCINE MODEL

The characteristics of the human autopsy subjects are shown in
Table 1. The mean age was 46.7 years, 70% were male, and 50%
of subjects had a history of hypertension. A total of 20 renal arter-
ies from 10 human autopsy subjects were analysed, including
9,375 peri-arterial nerves from 179 histologic sections (Tahle 2).
For comparison with the human samples, 16 renal arteries from
8 healthy pigs were examined, including 5,902 peri-arterial nerves
from 177 histologic sections (Table 3). The mean diameter, length,
and medial wall thickness of the main renal artery in the human

Table 1. Characteristics of human cases.

Table 2. Findings in human renal arteries among proximal, middle, distal, post 1 bifurcation, and post 2" bifurcation.
Post-2

Post-1¢

Proximal Middle Distal bifurcation | hifurcation Total p-value
Total no. of sections 36 31 24 49 39 179
Total no. of nerves 2,465 2,042 1,310 1,992 1,564 9,373
No. of nerves/section, median (IQR) 65 (50-88.8) 60 (43-83) | 53(32.5-73.8) | 44(23.5-52) 43 (20-55) 50 (31-66) <0.0001
No. of renal artery/section, mean+SD 1.06+0.23 1.06+0.25 1.08+0.28 1.88+0.33 2.92+0.42
N et section corected by . ofrenal arten B5(50-888) | 58083 | 47GL7TY) | 2501226 | o040 | 288163 | <0.0001
The number of sections with lymph nodes, n (%) 35(97.2) 21 (67.7) 11 (45.8) 9(18.4) 0(0) 76 (42.5) <0.0001
Distance between lymph node and renal artery, mm 2.6 (1.7-5.0) 29(1.9-48) | 25(1.7-3.0 NA NA 2.6 (1.7-4.7) 0.77
The number of sections with neuroganglion, n (%) 35(97.2) 26 (83.9) 17 (70.8) 13(26.5) 4(10.3) 95(97.2) <0.0001
Distance between neuroganglion and renal artery, mm 2.3(1.4-4.6) 22(1.3-5.1) | 4.0(25-7.3) NA NA 2.8(1.5-5.9) 0.09
The number of sections with kidney, n (%) 0(0) 0(0) 3(12.5) 12 (24.5) 23 (59.0) 38(21.2) <0.0001
Distance between kidney and renal artery, mm 0(0-0) 0(0-0) 5.9(2.9-6.2) NA NA 5.9(2.9-6.2) NA
The number of sections with ureter, n (%) 0(0) 0(0) 1(4.2) 8(16.3) 14 (35.9) 23(12.9) <0.0001
Distance between ureter and renal artery, mm 0(0-0) 0(0-0) 6.8 (6.8-6.8) NA NA 6.8 (6.8-6.8) NA
The number of sections with renal vein, n (%) 20 (55.6) 22 (71.0) 18 (75.0) 47 (95.9) 39 (100) 146 (81.6) <0.0001
Distance between renal vein and renal artery, mm 3.8(26-52) | 2.8(2.2-45) | 2.3(1.8-3.6) NA NA 2.9(2.2-4.5) 0.0344
Total no. of nerves behind the renal vein, n 66 64 58 79 17 284
IQR: interquartile range; SD: standard deviation
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Table 3. Findings in porcine renal arteries among proximal, middle, distal, post-1* bifurcation, and post-2™ bifurcation.
N A

Post-1¢

Proximal Middle Distal hifurcation | hifurcation Total
Total no. of sections 46 37 30 41 23 177
Total no. of nerves 1,733 1,035 934 1,480 720 5,902
No. of nerves/section, median (IQR) 39(23.5-50.8) | 26(16.5-39) | 29 (18.5-40.3) | 33 (25.5-46.5) | 28 (22-37) 31 (20-43) 0.0523
No. of renal arteries/section, mean+SD 1.00+0.0 1.00+0.0 1.00+0.0 2.00+0.0 2.96+0.64
N e ccton corected by o of el atets, | 39 035.508) | 26(165-39) | 29(185-403) | (1, | 930312 | 2201338 | <00001
The number of sections with lymph nodes, n (%) 42 (91.3) 24 (64.9) 9(30.0) 3(7.3) 3(13.4) 81 (45.8) <0.0001
Distance between LN and renal artery, mm 1.4 (1-2.8) 1.9(1.1-3.9) 1.5(1.1-2.6) NA NA 2.6(1.8-4.7) 0.35
The number of sections with neuroganglion, n (%) 28 (60.9) 6 (16.2) 4(13.3) 3(7.3) 2(8.7) 43 (24.3) <0.0001
Distance between NG and renal artery, mm 5.4 (3.5-10.4) 7(4.2-8.5) 1(0.5-3.5) NA NA 5.2(3.5-9.2) 0.0353
The number of sections with kidney, n (%) 0(0) 0(0) 0(0) 12 (29.3) 11 (47.8) 23(13.0) <0.0001
Distance between kidney and renal artery, mm 0(0-0) 0(0-0) 0(0-0) NA NA 0(0-0) NA
The number of sections with ureter, n (%) 0(0) 2(54) 7(23.3) 18 (43.9) 18 (78.3) 45 (25.4) <0.0001
Distance between ureter adrenal artery, mm 0(0-0) 5.4 (5.1-5.7) | 44(3.4-5.1) NA NA 4.7 (3.8-5.4) 0.24
The number of sections with renal vein, n (%) 36 (78.3) 33(89.2) 30 (100) 41 (100) 23 (100) 163 (78.3) 0.0004
Distance between renal vein and renal artery, mm 1.8(0.9-4.8) 1.5(1.1-3.4) 1.2 (0.9-2.1) NA NA 1.5(1.0-3.1) 0.16
Total no. of nerves behind the renal vein*, n 247 181 134 128 11 767

nodes; NG: neuroganglion; SD: standard deviation

*Nerves were considered “behind" the vein when a hypothetical line extending normally between the nerve and arterial wall passed through a renal vein. IQR: interquartile range; LN: lymph

samples were significantly greater than in the porcine models (dia-
meter: 4.8+0.7 mm vs 3.1+1.0 mm; p=0.0005; length: 2.8+1.0 cm
vs 1.4+0.4 cm; p<0.0001; medial wall thickness: 0.45+£0.10 mm vs
0.35+0.07 mm; p=0.0328) (Supplementary Table 1). In both human
and porcine renal arteries, the number of nerves per section corrected
by the number of renal arteries in the section was greater in the
proximal segments (human: 65 [50-88.8]; porcine: 39 [23.5-50.8]),
decreasing moving away from the ostium (middle in human: 58 [39-
83] and porcine: 26 [16.5-39]; distal in human: 47 [31.7-73] and
porcine: 29 [18.5-40.3]), and lowest in the post-bifurcation sections
(post-1* bifurcation in human: 22.5 [12-16] and porcine: 16.5 [12.8-
23.3]; post-2™ bifurcation in human: 14.7 [8.5-18.7] and porcine: 9.3
[7.3-12]). (Table 2, Table 3, Central illustration, Figure 1). Overall,
the number of nerves was greater in the human arteries as compared
to those from the porcine models (Figure 1). Renal nerves were
common in the regions between the arteries and adjacent arteries or
veins, but only 3% and 13% of the renal nerves in humans and pigs,
respectively, were located behind the renal vein (Table 2, Table 3).

In both porcine and human samples, extra arterial structures
such as lymph nodes and unspecified ganglia were randomly posi-
tioned longitudinally adjacent to the renal artery but were more
common in the sections close to the ostium (median number of
sections with lymph nodes in humans, proximal: 35/36 [97.2%)],
middle: 22/31 [71.0%], distal: 13/34 [54.2%], post-1% bifurcation:
9/49 [18.4%], and post-2" bifurcation: 0/39 [0%]; in pigs, proxi-
mal: 42/46 [91.3%)], middle: 24/37 [64.9%], distal: 9/30 [30.0%],
post-1% bifurcation: 3/41 [7.3%], and post-2" bifurcation: 3/23

[13.4%]; the median number of sections with ganglia in humans,
proximal: 35/36 [97.2%], middle: 27/31 [87.1%], distal: 18/34
[75.0%], post-1% bifurcation: 13/49 [26.5%)], and post-2" bifur-
cation: 4/39 [10.3%]; in pigs, proximal: 28/46 [60.9%], mid-
dle: 6/37 [16.2%], distal: 4/30 [13.3%], post-1* bifurcation: 3/41
[7.3%], and post-2" bifurcation: 2/23 [8.7%]). On the other hand,
the kidney and ureter were more frequently observed surrounding
the distal sections away from the ostium, especially in the post-
2" bifurcation segments (median number of sections surrounded
by kidney in humans, proximal: 0/36 [0%], middle: 0/31 [0%],
distal: 3/24 [12.5%], post-1* bifurcation: 12/49 [24.5%], and post-
2" bifurcation: 23/39 [59.0%]; in pigs, proximal: 0/46 [0%], mid-
dle: 2/37 [5.4%], distal: 7/30 [23.3%], post-1% bifurcation: 18/41
[43.9%], and post-2" bifurcation: 18/23 [78.3%]; the median num-
ber of sections surrounded by ureter in humans, proximal: 0/36
[0%], middle: 0/31 [0%], distal: 1/34 [4.2%], post-1% bifurcation:
8/49 [16.3%], and post-2" bifurcation: 14/39 [35.9%]; in pigs,
proximal: 0/46 [0%], middle: 2/37 [5.4%], distal: 7/30 [23.3%],
post-1% bifurcation: 18/41 [43.9%], and post-2™ bifurcation: 18/23
[78.3%]). The renal vein was more frequently observed in distal
sections moving away from the ostium and was seen in most sec-
tions after bifurcation (Table 2, Table 3, Figure 2). When com-
paring the prevalence of perirenal artery structures, neuroganglia
were more frequently observed in humans than in pigs (Figure 2).

In terms of the distance from peri-arterial structures to the renal
artery, the distances from lymph nodes and renal veins were greater
in humans than in the porcine subjects. In contrast, the distance
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surrounding tissues in various locations.

CENTRAL ILLUSTRATION Representative images of untreated human and treated porcine renal arteries and their
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Human (A) and porcine (E) proximal renal artery segments. Peri-arterial structures, such as lymph nodes (LN) and neuroganglia (NG),
are frequently observed around the renal artery (RA). Peri-arterial nerves are seen near and far from the renal arteries (red crosses in
human and red circles in porcine sections) but are not found "behind" the renal vein (RV). In the porcine RA section, the areas where
treatment changes are seen are surrounded by a black line. Human (B) and porcine (F) distal renal artery segments. Peri-arterial
structures (i.e., LN and NG) are not seen. Peri-arterial nerves are located closer to the renal artery than the proximal segments, and not
seen “behind” the RV. Human (C) and porcine (G) post-1*' bifurcation segments. Two branched renal arteries are observed. In the porcine
section, the ureter and kidney are visible. Human (D) and porcine (H) post-2" bifurcation segments. The kidney and ureter are seen in the
histologic sections. Peri-arterial nerves are located close to the renal arteries. All sections are stained with haematoxylin and eosin.

Number of nerves
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' p=0.0024 ® Human
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bifurcation bifurcation

Number of nerves/section (N)

Figure 1. The number of peri-arterial nerves in human and porcine
renal arteries in proximal, middle, distal, post-1* bifurcation, and
post-2" bifurcation segments. The numbers were corrected for the
number of renal arteries seen in sections. Values are shown as
median and interquartile ranges.

from neuroganglia to the renal artery was greater in pigs as com-
pared to humans (Table 2, Table 3, Supplementary Figure 1). No
differences were observed in these distances for either the ureter
or kidney (Table 2, Table 3, Supplementary Figure 1).

RADIOFREQUENCY ABLATION PATTERNS: PORCINE MODEL
A total of 375 histologic sections from 12 pigs from the 7-day
group and 580 sections from 16 pigs from the 28-day group were

included in the semiquantitative analysis. RF lesions in porcine
renal arteries were characterised by hyalinised media at the point
of electrode contact. Outside the vessel wall, RF lesions primarily
consisted of necrosis and inflammation of perivascular adipose tis-
sue following RF ablation (Central illustration). Substantial neoin-
tima formation was not observed in any treated arteries (N=56).
The scores for RF-induced changes were observed rarely and,
if seen, were minimal in perivascular lymph nodes (0.03+0.06
at 7 days and 0.01£0.03 at 28 days), in subjacent skeletal mus-
cle (0.09+0.09 at 7 days and 0.02+0.04 at 28 days), in the ure-
ter (0.03+£0.05 at 7 days and 0+0 at 28 days), and in the kidneys
(0.1840.14 at 7 days and 0.03+0.06 at 28 days). No RF damage
was observed in surrounding adrenal glands at either 7 or 28 days.
Scores for all peri-arterial tissues were nominally lower in the
28-day post-RDN group as compared to the 7-day cohort. The
score for nerve necrosis was 0.98+0.23 at 7 days and significantly
decreased at 28 days (0.75+0.20; p=0.01), suggesting a healing
process. On the other hand, there was no significant difference in
downstream axonal loss (i.e., nerve body atrophy) between 7 days
and 28 days (1.4+0.48 vs 1.63+0.41; p=0.20) (Figure 3).

Discussion

Nerve destruction resulting from percutaneous catheter-based
renal denervation is determined by the interaction of multiple
factors, including the energy source, delivery mechanism, and
the local anatomic and haemodynamic physical environment.
The main finding of our analysis is that the distribution of nerve
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Figure 2. Prevalence of organs surrounding human and porcine renal arteries in proximal, middle, distal, post-1* bifurcation, and post-

2" bifurcation segments. The presence of surrounding non-target organs was relatively minimal in the post-1* bifurcation sections for both the
human and porcine samples. Number of sections analysed at each location in human: proximal 36, middle 31, distal 24, post-1* bifurcation
43, and post-2" bifurcation 45, in porcine: proximal 46, middle 37, distal 30, post-1* bifurcation 41, and post-2" bifurcation 23.

tissues and the relative distribution of extravascular anatomic  pigs. We performed RF ablation in porcine renal arteries, but
structures along the renal artery between the aorta and kidney  not in humans, and demonstrated successful peri-arterial nerve
was similar between humans and commonly studied domestic  treatment with minimal perivascular tissue damage. Since the

2.5 7
7 days
M 28 days p=0.20
2.0
@
o
@
2 151
i p=0.01  j4g
€
g 10_
2 L
g 0.98
Q
%]
054 p=0.01 p=0.001 p=050 p=0.008
0.09
0.03 1003 gp
0 s 0 018 T e 0.01 T 0.02 0 0
Ureter Kidney Lymph Skeletal Adrenal Nerve Axonal
node gland . necrosis loss

Non-target organ injury

Figure 3. Mean semiquantitative scoring of histological tissue samples from porcine model. Despite nerve necrosis at the site of RF ablation
and downstream axonal loss (nerve atrophy), minimal cell disruption was observed to adjacent tissues including the ureter, kidney, lymph,
skeletal muscle, and adrenal glands at 7 days following RF ablation. Non-target organ scores decreased even further at 28 days. However,
substantial axonal loss persisted at 28 days. Scoring: 0=no changes; 1=minimal changes,; 2=notable changes not effacing pre-existing tissue
elements or limited to a small tissue area; 3=overwhelming feature involving large tissue areas. Values are shown as mean with error bar
(standard deviation). P-values determined via unpaired t-test.
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anatomies are comparable, especially in terms of the presence
of extravascular structures, RF ablation to human renal arter-
ies would result in minimal damage to these structures. These
observed anatomic similarities validate the translational value of
the normotensive porcine model to evaluate the effects of percu-
taneous RDN on microscopic tissue. Histological analysis may
thus reliably identify critical factors to maximise the probability
of both a safe and effective human procedure, thereby further
improving patient outcomes.

Renal sympathetic nerves originate from multiple sources
including the celiac and aortico-renal ganglia, thoracic and lum-
bar splanchnic nerves and the mesenteric nerves and superior
mesenteric ganglion. Post-ganglionic fibres enter the kidney
through the renal plexus which may not be fully formed in the
proximal renal artery!'!. The present results confirm and extend
previous anatomic reports'’!? indicating that sympathetic nerve
ganglia are randomly distributed in the vicinity of the renal artery
and their precise location is not consistent between individuals.
The implications of ablating non-renal ganglia via RF-RDN or
other methods are uncertain. However, focusing ablation on the
distal portion of the main artery and the proximal branch vessels
seems prudent, since the non-specific ganglia are less likely to
be affected by lesions in these areas. Furthermore, the presently
observed lack of significant or sustained collateral tissue dam-
age (Figure 3) suggests that distal RF ablation beyond the main
bifurcation would not result in collateral tissue damage relative

to main renal artery treatment.

RENAL ARTERY SAFETY

INFLUENCE OF SURROUNDING ANATOMIC STRUCTURES
AND COMPOSITION

The distribution of peri-arterial nerves in both human and por-
cine renal arteries in the current study is consistent with previous
human autopsy studies”!® showing that some nerves observed
proximally most likely diverge to other retroperitoneal or mes-
enteric organs in both human and porcine samples. However,
these prior studies did not encompass the relationship between
peri-arterial nerves and surrounding anatomic structures, such
as lymph nodes, neuroganglia, and renal veins. Also, we previ-
ously performed and reported safety assessments using the leg-
acy Symplicity Catheter in porcine renal arteries’. However, the
current study adds comprehensive safety information for the
newer-generation multielectrode Symplicity Spyral -catheter,
which is being clinically used in countries where this techno-
logy is approved by the governing bodies. Unlike the clear ana-
tomic divisions between the endothelium, media, and adventitia,
the boundaries between the adventitia and the extravascular
space are difficult to discern. The relatively low conductivity
of adipose tissue compared to other tissues and fluids results
in greater resistive loss and fat tissue therefore heats preferen-
tially. This phenomenon facilitates nerve destruction during RF
ablation, since the renal nerves tend to be embedded within the
adventitial adipose tissue'*'S. Likewise, adjacent lymph nodes,

veins, and other arteries tend not to be damaged by temperature
as higher electrical conductivity and convective heat conduction
from flowing fluid deter the achievement of higher temperatures
in these tissues. Moreover, in the primary branches, the kidneys
and ureters were less frequently observed than in the secondary
branches, suggesting that the ablation to the primary branches is
less likely to affect these organs.

DIFFERENTIAL NERVE LOCATION

A previous study showed that the relative positioning of RF elec-
trodes in the renal arteries adjacent to a vein may be disadvan-
tageous because venous blood dissipates heat, reduces the depth
of excision, and shields surrounding nerves from the intended
treatment'>'°. Intentional positioning of any current RDN ther-
apy within the artery relative to extravascular structures is not
achievable with current fluoroscopically-guided procedural tech-
niques. However, less than 3% of human renal nerves were
observed “behind” an adjacent vein and were almost always con-
fined to the adventitia and extravascular space between the artery
and the vein. Renal nerve paths tended to anatomically track the
artery but not the veins, perhaps due to their known function in
innervating effector arterioles (which are absent in veins)'’. The
lack of anatomical association of renal nerves with the veins sug-
gests minimal potential thermal protection of renal nerves from
RF ablation.

Renal denervation beyond the main bifurcation has been pre-
viously demonstrated to result in larger changes in renal cortical
norepinephrine content with lower variability between subjects®.
The kidneys and ureter were not commonly observed until beyond
the second level branches and denervation in the primary branches
did not impact the kidneys and ureter (Figure 2). These observa-
tions are in line with recent clinical analyses of RDN with RF
energy, providing evidence for the safety of RDN with respect to

renal function!'®!%%,

Limitations

The present study has the following limitations. First, human
tissue studies were collected from cadavers for anatomic stud-
ies only, not obtained from RDN-treated patients. As such, the
human cadaver data only represent untreated samples of human
renal anatomy. Secondly, the anatomy of porcine arteries may
vary somewhat from humans. Specifically, the vessels in young
pigs generally have thinner walls, smaller renal arteries, and no
atherosclerotic disease in comparison to elderly human patients.
However, the average magnitude difference in medial wall thick-
ness was about 0.1 mm, and thus the porcine model results for
lesion formation are likely still appropriate. Young pigs also
appear to have a smaller volume of perirenal and peri-arterial adi-
pose tissue as compared to humans. We did however observe dis-
tinct similarities in the anatomic distribution of the perivascular
structures between human and porcine samples, which validates
the appropriateness of the pig model to investigate the safety of
RDN.



Conclusions

In conclusion, we observed similar relative distribution of nerve
tissues and extravascular anatomic structures along the renal artery
between the aorta and kidney between human and pig tissue, sup-
porting the translatability of histological analyses of RF-RDN in
the porcine model. Human renal nerves are infrequently located
behind veins and thus not thermally “protected” from RF heating.
Distal ablation beyond the first bifurcation was not associated with
additional damage to the kidneys or ureter in the porcine model
compared to main artery ablation.

Impact on daily practice

Preclinical models have played an important role in radiofre-
quency renal denervation, which are unobtainable from human
studies. The distribution of nerve tissues and the relative dis-
tribution of extravascular anatomic structures along the renal
artery was similar between humans and pigs. This study vali-
dated the translational value of the normotensive porcine model
for renal denervation, which has an impact on further improve-

ment of renal denervation technologies.
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Supplementary data

Supplementary Table 1. Histomorphometric analysis of the main renal arteries in humans

and pigs.
Human Porcine p-value
No. of renal arteries, n 20 16 -
Main renal arterial length from ostium to 1% bifurcation, cm 28+1.0 14+04 <0.0001
Main renal arterial diameter in histology, mm 48+0.7 31+10 0.0005
Main renal artery medial wall thickness, mm 0.45+0.10 0.35+0.07 0.0328
Values are shown as mean = standard deviation.
Lymph nodes (LN) Neuro ganglion (NG) Renal vein (LV)
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Supplementary Figure 1. Comparison of the distance from the renal artery to the peri-

arterial surrounding structures.

Post-bifurcation sections were excluded from this analysis.



