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Abstract

Background: Renal denervation is optimised when guided by knowledge of nerve distribution.
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cation vessel segments.

Methods: Renal arteries and surrounding tissue from 10 body donors were collected and examined histo-
logically. Immunohistochemical staining was used to analyse nerve distribution and to identify afferent and
efferent sympathetic nerves.

Results: A total of 6,781 nerves surrounding 18 renal arteries were evaluated. The mean lumen-nerve dis-
tance of the left renal artery (2.32+1.95 mm) was slightly greater than the right (2.29+2.03 mm; p=0.161);
this varied across the arteries’ courses: 3.7+2.3 mm in proximal segments, 2.5+2.0 mm in middle segments,
1.9+1.6 mm in distal prebifurcation segments and 1.3£1.0 mm in post-bifurcation segments (p<0.001).
The number of nerves per quadrant was highest in the proximal segments (13.7+18.6), followed by the
middle (9.7+£7.9), distal prebifurcation (8.0+7.6), and distal post-bifurcation (4.3+4.0) segments (p<0.001).
Circumferentially, the number of nerves was highest in the superior (7.8+9.4) and the ventral (7.6£13.1)
quadrants (p=0.638). The mean tyrosine hydroxylase (TH) to calcitonin gene-related peptide (CGRP) ratio
increased from proximal (37.5+33.5) to distal (72.0+7.2 in the post-bifurcation segments; p<0.001). Thirty-
eight neuroganglia were identified along 14 (78%) renal arteries.

Conclusions: Nerves converge to the renal arteries’ lumen in the distal segments and along branches,
resulting in the lowest number of nerves per quadrant and the shortest lumen-nerve distance in the distal
post-bifurcation segments. Efferent nerves occur predominantly, and the ratio of efferent to afferent nerves
continues to increase in the vessels’ course.
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Abbreviations
CGRP calcitonin gene-related peptide

H&E haematoxylin and eosin
LND lumen-nerve distance
RDN renal denervation

SD standard deviation

TH tyrosine hydroxylase

Introduction

Renal denervation (RDN) was shown to lower blood pressure
in several randomised sham-controlled trials' and represents an
adjunct treatment option for patients with uncontrolled hyperten-
sion’. RDN modulates the activity of afferent and efferent sym-
pathetic nerves in the perivascular tissue surrounding the renal
arteries®. Both afferent and efferent sympathetic nerves are key
players in blood pressure regulation. Mechanosensitive and che-
mosensitive afferent sympathetic nerves provide continuous feed-
back from the renal pelvic wall to the central nervous system.
Efferent sympathetic renal nerve activity increases renin release,
via Bl-adrenergic receptor activation and renal tubular sodium
reabsorption, and decreases renal blood flow’. The first-genera-
tion sham-controlled trial demonstrated safety but not the blood
pressure-lowering efficacy of RDN compared with an invasive
sham procedure and, thus, necessitated further investigation of the
renal artery anatomy and renal innervation to improve technical
performance as the peripheral branches were not treated in this
trial®. A human autopsy study subsequently provided evidence that
the lumen-nerve distance (LND) of periarterial renal sympathetic
nerves is closest in distal vessel segments and dorsal locations.
Data on nerve distribution in distal post-bifurcation segments
come primarily from an autopsy study of 20 body donors (20%
female, 35% African American), without characterisation of nerve
type and function (e.g., afferent and efferent nerves)’. Further data
are needed to refine the procedural technology and technique.
A detailed understanding of renal nerve distribution and density
may reduce the number of ablations, especially when using radio-
frequency-based catheter systems, thereby decreasing the patient’s
and interventionalist’s exposure to radiation, reducing the proce-
dural duration and contrast use, and increasing patient comfort.
This study aimed to assess renal nerve innervation in humans with
a particular focus on the distal artery segments.

Methods

Ten body donors voluntarily consented to body donation during
their lifetime at the Anatomical Institute of Saarland University,
Homburg, Germany. The ethical committee of the Medical
Association of Saarland approved the study (number 162/20).

PREPARATION OF HUMAN ARTERY TISSUE

The renal arteries were explanted within 24 hours after death to
reduce the effect of autolysis'’. After thoracotomy, the heart and
lungs were removed, the abdomen was opened, and the gastro-
intestinal package was mobilised to reach the retroperitoneum
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with the renal arteries and the abdominal aorta. The liver, spleen,
stomach, and kidneys were removed en bloc, including the renal
arteries and the abdominal aorta. Both main renal arteries and any
accessory renal arteries were dissected and extracted. Accessory
renal arteries were defined as arteries other than the main renal
artery''. The explantation of the vessels was performed carefully
to prevent perivascular tissue and nerve damage.

All arteries were marked to ensure spatial orientation. After
removal, all tissues of interest were stored in 4% formaldehyde
(Otto Fischer GmbH) for 24 hours.

SECTIONING
After 24 hours in buffered 4% formaldehyde, the tissue was dis-
sected into serial parts, 10 mm in length, and inserted into 1x1
cm embedding cassettes (Simport Scientific). Ascending alco-
hol series (HistoCore; Leica Biosystems) were used to dehydrate
the tissue. Afterwards, the vessel and the surrounding tissue were
embedded in paraffin (HistoCore Arcadia; Leica Biosystems), cut
every 5 mm into 5 pum-thick slices using a microtome (HistoCore
Autocut AS; Leica Biosystems) and mounted onto glass slides.
The division point in 2 or more consecutive branches of >3 mm
diameter was defined as the end of the main renal artery. The renal
arteries were classified into 3 segments of equal length: the proxi-
mal, middle, and distal segments. The distal vessel segments were
termed prebifurcation or post-bifurcation, depending on whether
the section was before or after the main artery bifurcation.

STAINING

Slides were stained with haematoxylin-eosin (H&E; Bohmer hae-
matoxylin [Waldeck], eosin solution [Merck]) for an overview
and to evaluate the slice quality. S100-staining (IR 504; Dako)
was used to assess the distribution of neuronal tissue and nerves.
To assess efferent sympathetic nerves, tyrosine hydroxylase (TH;
anti-tyrosine hydroxylase: Abcam, abl12, sec.-ab: Anti-Rabbit
FITC [Dianova, BIOZOL, 711-095-152]) staining was used
(Supplementary Figure 1). Afferent (sensory) nerves were stained
with calcitonin gene-related peptide (CGRP; Anti-CGRP, Abcam,
ab47027, sec.-ab: Anti-Rabbit FITC [Dianova, BIOZOL, 711-095-
152]) (Supplementary Figure 2).

HISTOLOGICAL ANALYSIS

Slides were scanned with a whole slide-scanner (Leica Aperio
Versa 8; Leica Biosystems) at 10- to 20-fold magnification,
and the histological analysis was performed with Leica Aperio
ImageScope software (Leica Biosystems).

For each artery, one S100-stained slide was evaluated of the
proximal segment, one of the middle segment, and for all exist-
ing sections in the distal segments (Supplementary Figure 3). The
arteries’ lumina were divided into 4 quadrants based on markings,
and assigned as ventral, superior, dorsal, and inferior areas.

The S100-stained sections were analysed for the amount,
size, and LND of neuronal tissue in the perivascular area
(Figure 1). The LND was defined as the shortest distance from
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Figure 1. Measurement of nerve size and lumen-nerve distance in
S100-staining. The green lines and numbers represent the lumen-
nerve distance from the endothelium to the proximal edge of the
nerves (mm). Yellow lines and numbers indicate the smallest
diameter of the nerves (um).

the inner endothelium to the edge of the nerve. These measure-
ments were performed within a 10 mm radius from the endothe-
lium. The nerves’ sizes were classified, based on the smallest
diameter, as small (35-69 pm), middle (70-140 um), and large
(>140 um). Because of artefacts and inaccurate presentation,
smaller nerves were not registered. Additionally, anatomical
measurements of the vessel were performed, and the presence
of lymph nodes, neuroganglia, and atherosclerotic change were
documented.

Tissue slides were stained with TH according to the same
scheme used for S100 staining. The number of nerves in each
quadrant was determined, and the LND measured. Nerve density
was related to each quadrant’s total tissue area.

The ratio of efferent and afferent nerves was calculated by
dividing the TH-positive area by the CGRP-positive area of the

same nerves in the same section.

STATISTICAL ANALYSIS
All statistical analyses were performed using SPSS Statistics
version 27.0 (IBM). Categorical variables were summarised as

Table 1. Body donors’ characteristics.

numbers (%), and continuous variables as mean+standard devi-
ation (SD). Histograms and the Shapiro-Wilk test were used to
assess normal distribution. Fisher’s exact test and the Mann-
Whitney U test were used for between-group comparisons of
patients with and without a history of hypertension. Comparisons
between arteries, segments, and regions were performed using
the Kruskal-Wallis test. For comparisons between the left and
the right renal arteries, the mean values per renal artery were cal-
culated, and the Wilcoxon signed-rank test was used. A 2-tailed
p-value<0.05 was considered statistically significant.

RESULTS

A total of 18 main renal arteries and 2 accessory renal arteries of
10 body donors were analysed. Of these, 2 body donors had a his-
tory of unilateral nephrectomy, and 3 had a history of chronic kid-
ney disease.

The patient characteristics are summarised in Table 1. The
mean lumen diameter of the renal arteries was 4.4+1.1 mm in the
proximal, 3.6+1.4 mm in the middle and 3.842.4 mm in the distal
segments (p=0.036).

NERVE DISTRIBUTION ALONG RENAL ARTERIES

A total of 94 slides (left artery n=47, right artery n=47) of the
proximal (n=17), middle (n=15), distal prebifurcation (n=19), and
post-bifurcation sections (n=43) of 18 renal arteries were ana-
lysed (Tabhle 2). These slides contained 3,506 nerves (Tahle 3).
The mean LND of nerves surrounding the left renal arteries was
2.324+1.95 mm and 2.2942.03 mm for the right renal arteries
(p=0.161). In the proximal, middle, distal prebifurcation, and dis-
tal post-bifurcation segments the LND was 3.7+2.3 mm (left renal
arteries: 3.5+2.3; right renal arteries: 3.842.3; p=0.600 for com-
parison between left and right renal arteries), 2.5+2.0 mm (left:
2.2+1.7; right: 2.842.1; p=0.463), 1.9+1.6 mm (left: 2.2+1.7; right:
1.7+1.5; p=0.180), and 1.3+1.1 mm (left: 1.4+1.2; right: 1.2+1.0;
p=0.075) (p<0.001 over all segments), respectively (Table 4).
The 50%, 75" and 90" percentiles of the LND decreased from
the proximal to the distal segments (Figure 2). LND distribution
according to regions is shown in Figure 3.

A total of 3,523 nerves were identified in S100-stained slides.
The mean number of nerves per quadrant did not vary significantly
between the left (6.3+8.7) and the right (7.6+£9.7) renal arter-
ies (p=0.889). However, it varied throughout the renal arteries’

Parameter All body donors (n=10) Non-l&mzl;tse r(l::g)body Hyzz::::;‘:;g;’dy
Female 3 (30) 1(17) 2 (50) 0.500
Age, years 84+8 87+5 79+9 0.257
Diabetes mellitus 5 (50) 3 (50) 2 (50) 1.000
Hyperlipidemia 3 (30) 2 (33) 1(25) 1.000
Cardiovascular death 2 (20) 0(0) 2 (50) 0.133
Data are summarised as meanz=standard deviation or n (%). *p-values are calculated for comparisons between patients with and without hypertension.




Table 2. Renal artery anatomy.

Renal nerve distribution and density in humans

All (n=10)* N°“'"(‘:1'fgf"s"’e Hypertensive (n=4)' |  p-valuet
External elastic area, mm? left 17.3+18.4 20.4+22.6 12.3+4.5 0.572
right 15.9+13.0 21.5+16.0 11.8+8.2 0.015
Internal elastic area, mm? left 12.7+16.0 15.5+19.6 7.9+3.3 0.542
right 11.6+11.4 16.4+14.4 8.1+6.8 0.021
Lumen area, mm? left 9.0+11.9 11.4+14.5 5.0+2.6 0.413
right 7.8+£8.0 11.6+9.8 5.0+4.8 0.001
Lumen diameter, mm left 3.8£2.4 4.3+2.8 3.0£0.8 0.180
right 3.9+1.9 4.8+£2.0 3.2£1.5 0.001
Media thickness, mm left 0.3+0.1 0.3+0.1 0.3£0.2 0.326
right 0.3+0.1 0.3+0.2 0.3+0.1 0.908
Renal arteries with atherosclerosis left 3 (30) 2 (33) 1(25) 0.374
right 4 (50) 2 (50) 2 (50) 1.000
Percentage of stenosis left 28.0+11.8 19.0+6.5 38.0+6.7 0.008
right 41.0+£22.5 28.0+20.2 49.0+21.9 0.250
Renal arteries with lymph nodes left 7 (70) 4(67) 3(75) 0.374
right 6 (75) 4 (100) 2 (50) 0.472
Renal arteries with neuroganglia left 7 (70) 5(83) 2 (50) 1.000
right 7 (88) 4 (100) 3(75) 0.510
Data are summarised as means+standard deviation or n (%). *10 left renal arteries and 8 right renal arteries. '6 left renal arteries and 4 right renal
arteries. *4 left renal arteries and 4 right renal arteries. *p-values were calculated for comparisons between patients with and without hypertension.

Table 3. Number of nerves according to lumen-nerve distance.

Lumen-nerve Number of nerves
distance Proximal segment | Middle segment Distal prebifurcation segment Distal post-hifurcation segment
0-1 mm 77 142 177 615 1,011
1-2 mm 202 325 235 420 1,182
2-3 mm 143 117 72 79 411
3-4 mm 124 79 29 33 265
4-5 mm 140 71 27 24 262
5-6 mm 83 32 14 5 134
6-7 mm 57 29 7 2 95
7-8 mm 34 8 6 57
8-9 mm 39 0 49
9-10 mm 19 16 3 2 40

Total 918 826 576 1,186 3,506
Data are counts.

courses and was highest in the proximal (13.7+18.6 nerves per
quadrant) versus the middle (9.7+7.9) and the distal prebifurcation
segments (8.0+7.6) and was lowest in distal post-bifurcation seg-
ments (4.3+4.0; p<0.001). Overall, the highest numbers of nerves
per quadrant were identified in the superior (7.849.4) and ventral
(7.6£3.1) quadrants (Table 4).

Two accessory renal arteries with a mean lumen diameter of
2.240.9 mm were identified. A total of 71 nerves surrounding
these accessory renal arteries were analysed. The mean LND of
these nerves was 2.6+2.2 mm.

We identified 38 neuroganglia along 14 (78%) renal arteries.
Neuroganglia were found most frequently in the proximal artery
segments (proximal segment 47.4%, middle segment 34.2%, distal
prebifurcation segment 15.8%, and distal post-bifurcation segment
2.6%) and the ventral region (31.6%) (Supplementary Table 1).
Thirteen of 18 renal arteries had lymph nodes within a 10 mm radius.

NERVE NUMBER DENSITY PER ANALYSED AREA
The mean nerve number density, calculated as the number of nerves
per tissue area, was 66.3 nerves per cm? (53.5 nerves per cm? for the

=
=
5
=
=
=
@
I
<
@
=
=,
o
=
N
o
N
w
=
o
[=2]
=
"\)
(223
N
o




Table 4. Lumen-nerve distance according to renal artery segments and regions.

|

£

o

=

o

=5 Segment

) segment segment

E Mean+SD Mean+SD Mean+SD Mean+SD Mean+SD

5 Number of nerves per quadrant

E Ventral 20.4+30.1 18 9.5+7.6 20 6.8+4.9 18 3.8+3.6 73 7.5+13.1 129

g Superior | 16.7+15.5 18 11.8+9.3 20 10.2+9.5 18 3.8+£3.2 70 7.8+9.4 126
Dorsal 9.3+8.2 17 10.3£7.4 21 7.2+£7.5 18 4.5+4.2 69 6.5+6.4 125
Inferior 7.4+8.3 16 7.3£7.3 21 7.7£7.7 20 5.0+4.8 69 6.1+6.3 126
Overall 13.7£18.6 69 9.7+£7.9 82 8.0+7.6 74 4.3+4.0 281 7.0+9.3 506
Lumen-nerve distance, mm
Ventral 4.2+2.4 362 3.0£2.2 195 1.8+1.4 116 1.2+0.8 271 2.8+2.3 944
Superior 3.8+2.3 283 2.8+2.2 251 2.1+1.8 183 1.3+1.2 262 2.6+2.2 979
Dorsal 2.6+1.9 154 2.2+1.4 221 1.3+0.8 130 1.3+£1.0 307 1.8+1.4 812
Inferior 2.9+1.9 119 2.1+1.6 159 2.2+1.9 147 1.4+1.2 346 1.9+1.7 771
Overall 3.7£2.3 918 2.5+2.0 826 1.9+£1.6 576 1.3£1.1 1,186 2.3£2.0 3,506
Data are summarised as means+standard deviation (SD).
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% 2.36 increased from proximal to distal (proximal 43%, middle 48%,
0 90" percentile and distal 54%), whereas the proportion of middle-sized (diam-
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Figure 2. Renal nerve distribution according to lumen-nerve
distance. Cumulative percentage of the lumen-nerve distance (LND)
in different segments. Numbers indicate the LND at the 90", 75", and
50™ percentiles for nerves in the proximal, middle, distal
prebifurcation, and distal post-bifurcation segments.

left and 78.7 nerves per cm? for the right renal arteries; p=0.161). It was
highest in the distal post-bifurcation segments (70.9 nerves per cm?),
followed by the middle (66.3 nerves per cm?), the distal prebifurcation
(60.2 nerves per cm?), and the proximal segments (54.0 nerves per cm?)
(p=0.001 global). Regarding circumferential distribution, the nerve
density did not differ statistically significantly between the ventral (76.5
nerves per cm?), superior (63.5 nerves per cm?), inferior (65.3 nerves
per cm?), or dorsal quadrants (59.6 nerves per cm? p=0.669).

SIZE OF NERVES
In all vessel segments, most nerves were small (Supplementary
Table 2). The proportion of small nerves (diameter 35-69 um)

ANALYSIS OF EFFERENT NERVES IN RENAL ARTERIES

A total of 2,864 nerves were measured for LND with TH-staining.
The mean LND of nerves surrounding the left (n=1392) and right
(n=1472) renal arteries were 2.09+£1.78 mm and 2.08+1.75 mm,
respectively (p=0.779). In proximal (15 slides), middle (17 slides),
distal prebifurcation (20 slides), and distal post-bifurcation
(43 slides) segments, the mean LND was 3.24+2.1 mm, 2.6£1.8 mm,
1.741.3 mm, and 1.2+1.0 mm, respectively (p<0.001). The LND
of nerves differed significantly between the inferior (1.9+£1.6 mm)
and superior (2.4+£2.2 mm) quadrants (p=0.014) and between the
dorsal (1.9+1.4 mm) and superior quadrants (p=0.015). There was
no significant difference between the other quadrants (p>0.05).
The ventral quadrant had a mean LND of 2.1£1.6 mm.

ANALYSIS OF THE RATIO OF EFFERENT AND AFFERENT
NERVES

The proportion of efferent (sympathetic) and afferent (sensory)
nerves were examined in 5 representative renal arteries of 4 patients
with 411 nerves in 19 sections (5 sections in the proximal, 5 in the
middle, 4 in the distal prebifurcation, and 5 in the distal post-bifur-
cation segments). The overall TH-positive area (95.5£5.9%) was
significantly larger than the CGRP-positive area (4.5£5.9%). The
mean TH/CGRP ratio, calculated as the ratio of the TH-positive to
CGRP-positive area, of surrounding nerves within 10 mm distance
from the endothelium did not differ between the left (52.8+48.5)
and right renal arteries (56.1+46.4; p=0.109). The TH/CGRP ratio
increased along the renal arteries’ courses. In the proximal, middle,
distal prebifurcation, and distal post-bifurcation segments, the TH/
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Figure 3. Cumulative percentile of lumen-nerve distance according to regions. The graphs represent different regions in the proximal (4),
middle (B), distal prebifurcation (C), and distal post-bifurcation (D) segments.

CGRP ratio was 37.5+33.5, 56.0+48.3, 70.2+46.0, and 72.0+57.2,
respectively (p<0.001). There was a significant difference between
the proximal and the middle and distal segments (proximal vs
middle: p=0.003; proximal vs distal segments: p<0.001), but not
between the middle, distal prebifurcation, and distal post-bifur-
cation segments (all p>0.05). The percentage distribution of seg-
ments is shown in Supplementary Table 3.

Discussion
This study assessed the nerve distribution along renal arteries of
human body donors, focusing on the post-bifurcation vessel seg-
ments. In line with previous studies’, nerves converge to the renal
arteries’ lumen in the distal segments and along the branches,
resulting in the shortest LND in the distal post-bifurcation seg-
ments. Efferent nerves occur predominantly, and the ratio of effer-
ent to afferent nerves continues to increase along the vessels’
course (Central illustration). The current study extends previous
studies, as it is the first to show that the nerve density and the
ratio of efferent and afferent nerves (TH/CGRP ratio) increase
from proximal to distal and are numerically highest in the post-
bifurcation segments. Moreover, 90% of nerves are located within
5.11 mm from the lumen. These findings facilitate the optimisa-
tion of RDN technology and techniques.

While the number of nerves per quadrant was highest in proximal
renal artery segments and decreased along the course of the vessel,

in line with previous human cadaver studies, the mean LND was
found to be lowest in the distal segments, particularly post-bifur-
cation®!?. When looking at the entire vessel, 90% of the nerves are
located within 5.11 mm from the lumen. Thus, the nerves are con-
siderably closer to the renal arteries in this study than in previous
studies®!3. One may argue that this is related to the identification of
smaller nerves (82% of nerves were <140 pum in this study vs 73%
of nerves <150 um in previous studies)’ by using a higher mag-
nification than previous studies (10-20x magnification compared
with 1.25x magnification®'®). Moreover, the distribution could also
slightly differ across populations and geographies.

While in proximal segments, 90% of the nerves are located within
7.1 mm distance from the renal artery, in distal post-bifurcation seg-
ments, 90% are located within 2.4 mm. For radiofrequency RDN
devices, the mean lesion depth is approximately 3.8 mm'*. According
to the nerve distribution in this study, a catheter with a penetration
depth of 3.8 mm would affect more than 90% of the nerves in the
distal post-bifurcation segments and 75-90% of the nerves in the
middle and distal prebifurcation segments but only 50-60% in the
proximal segments. In contrast to the number of nerves per quadrant,
which decreased from proximal to distal, there was a trend towards
a higher nerve density in the distal post-bifurcation segments than
the more proximal artery segments. The amount of extracted peri-
arterial tissue decreased along the renal arteries. At the same time,
the nerve density increased, indicating that the number of potentially
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treatable nerves increased in the distal vascular segments. Data on
nerve distribution in post-bifurcation segments are scarce, although
radiofrequency catheters allow for the treatment of vessels, including
branches, outside the renal parenchyma ranging in diameter between
3 and 8 mm. In line with this, preclinical and clinical studies encour-
age the treatment of branches and distal artery segments in addition
to the main renal artery when performing radiofrequency RDN'. In
a porcine model, treatment of branches in addition to the main renal
arteries using radiofrequency RDN resulted in the least variability of
response and a significantly greater reduction in norepinephrine and
axon density than treatment of the main renal artery only'. In clinical
studies, the same ablation strategy resulted in more pronounced and
reproducible blood pressure reductions'>". It is desirable to reduce
the number of ineffective ablation attempts to make the procedure
more cost-effective and safer by reducing procedural time, contrast
agent use, and radiation dose. In the SPYRAL HTN-OFF MED
Pivotal trial, for example, the mean procedure time was 100 minutes
for a mean of 46.9 total ablations®. For catheter systems with less

penetration depth, treatment of distal segments and branches might
affect higher numbers of renal nerves and be more efficient than
treatment of proximal segments. Importantly, ablations should only
be performed in segments outside the renal parenchyma, as observed
on fluoroscopy, to avoid potential parenchymal kidney damage.
Computational analyses have shown that the low conductivity of
adipose tissue, in which most renal nerves are embedded, results in
a greater resistive loss and heating of fat tissue than other perivascu-
lar tissue. Reassuringly, in a porcine model, treatment of the branches
resulted in only minimal perivascular tissue damage'?. In sham-con-
trolled RDN trials with radiofrequency ablations in the branches, there
was no signal of impaired kidney function at 3 years after RDN [5].

Previous studies reported conflicting results regarding the cir-
cumferential distribution of nerves>'*!®!%. This study identified
the most nerves per quadrant in the superior and ventral quad-
rants. Looking only at the post-bifurcation segment, the number of
nerves per quadrant was highest in the dorsal and inferior quad-
rants. Moreover, previous studies usually calculated renal nerve



distribution as the number of nerves per artery or segment™'®. As
the area of periarterial tissue varies across segments and quad-
rants, we calculated the nerve density, defined as the number of
nerves per area of periarterial tissue.

About 95% of the stained area contained efferent (TH-positive)
nerves®?. This is particularly important, as stimulation of efferent
nerves causes renin release via Pl-adrenergic receptor activation
at the level of the juxtaglomerular cells?, increases renal tubular
sodium reabsorption via alphal-adrenoceptors?, and decreases renal
blood flow by causing alpha-adrenoceptor-mediated renal vasocon-
striction?. The relative increase of efferent nerves from proximal
to distal might partially explain why a reduction in heart rate and
plasma renin activity was observed following radiofrequency RDN
of the main renal arteries and their branches** but not for ultra-
sound RDN of the main renal arteries only**?. Knowledge of the
distribution of efferent and afferent nerves is essential for develop-
ing new devices and using existing devices in novel indications if
primarily afferent or efferent nerves are to be targeted.

In addition, surrounding lymph nodes and atherosclerotic
plaques should be considered when targeting the renal nerves, as
these can act as heat sinks*’. Lymph nodes are usually not dam-
aged by RDN, as higher electrical conductivity and convective
heat conduction from flowing fluid inhibit temperature increases
in these tissues'>. However, surrounding lymph nodes affect the
uniformity and circumferential spread of thermal energy that
most catheter systems use for ablation. Moreover, 39% of the
renal arteries were affected by atherosclerotic changes resulting in
lumen narrowing. These atherosclerotic changes might also limit
the efficacy of RDN by increasing the lumen-nerve distance?.
Neuroganglia were present along most renal arteries. The impact
of ablating non-specific neuroganglia potentially carrying innerva-
tion to the kidneys and potentially to other abdominal and pelvic
organs'? is uncertain. In line with previous studies, most neuro-
ganglia were in the proximal and middle renal artery segments'2.
By focusing on the distal renal artery segments, non-specific neu-
roganglia are less likely to be affected by the ablation lesions.

Limitations

Some limitations of this anatomy study must be acknowledged.
First, although we analysed almost 7,000 nerves, this study
included 10, predominantly male (70%), elderly Caucasian body
donors from Germany. Therefore, the results of this study may not
fully be translatable to other populations or geographies. Second,
the study size is too small to perform subgroup analyses. As only
2 accessory arteries were found, we did not perform compari-
sons between the main and accessory renal arteries. Third, tissue
shrinkage usually occurs when using formalin fixation’. Moreover,
no perfusion fixation was used, which, in part, limits the compara-
bility of exact distances, such as LND, across studies. Importantly,
observations on nerve distribution and function throughout the
vessels course within this study are most likely not affected. We
did not adjust for tissue shrinkage due to age dependency and ex

vivo assessment.

Renal nerve distribution and density in humans

Conclusions

Nerves converge to the lumen of the renal artery in the dis-
tal segments and along the branches, resulting in the lowest
number of nerves per quadrant and the shortest LND in the
distal post-bifurcation segments. As the ratio of efferent to
afferent nerves increases in the vessels’ course, the post-bifur-
cation segment may represent an attractive treatment area if
efferent nerve signalling is targeted. These findings will help
to optimise the procedural performance of RDN and catheter
development.

Impact on daily practice

This histological examination of cadaveric human renal arteries
demonstrates that nerves converge to the renal arteries’ lumen
in the distal segments and along branches, resulting in the low-
est number of nerves per quadrant and the shortest lumen-nerve
distance in the distal post-bifurcation segments. Efferent nerves
occur predominantly, and the ratio of efferent to afferent nerves
continues to increase in the vessels’ course. These insights into
renal nerve distribution will guide renal denervation, as they
suggest that the number of potentially treatable nerves increases
in the distal artery segments.
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Supplementary data

Supplementary Table 1. Distribution of neuroganglia.

Segment Number of neuroganglia
Ventral Superior Dorsal Inferior Overall
quadrant quadrant quadrant quadrant
Proximal 6 4 3 5 18
Middle 6 3 3 1 13
Distal pre- 0 2 0 4 6
bifurcation
Distal post- 0 0 0 1 1
bifurcation
Total 12 9 6 11 38
Data are summarised as counts n.
Supplementary Table 2. Nerve fascicle size.
Nerve fascicle Proximal Middle Distal segment Overall
diameter segment segment n (%) n (%)
n (%) n (%)
Small (35-69 396 (43) 399 (48) 957 (54) 1752 (50)
pm)
Medium (70- 324 (35) 274 (33) 522 (30) 1120 (32)
139 um)
Large (=140 198 (22) 153 (19) 283 (16) 634 (18)
pm)

Data are summarised as counts n (%).




Supplementary Table 3. Distribution of TH/CGRP area in segments.

positive, %

Positive Proximal Middle Distal pre- Distal Overall,
stained area segment, segment, bifurcation post- mean+SD
mean+SD mean+SD segment, bifurcation
mean+SD segment,

mean

%=+SD
TH-positive, 94.2+7.3 96.1+4.4 95.9+7.0 96.6+4.5 95.5+£5.9
%
CGRP- 5.8£7.3 3.9+4.4 4.1£7.0 3.4+4.5 4.5£5.9

Data are summarised as mean % =+ standard deviation.




Supplementary Figure 1. Representative image of TH-staining in the proximal segment of

the left renal artery.

Green channel: tyrosine-hydroxylase (TH)-positive nerves. Colored markers surround nerves.

The scale bar represents 3 mm.



Supplementary Figure 2. Representative image of a CGRP-stained nerve.

The magenta-colored line indicates the outside boundary of the nerve. Green-channel: CGRP-

positive area of the nerve.
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Supplementary Figure 3. Representative images of haematoxylin and eosin (H&E)- and

S100-stained slides of different renal artery segments.



