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BACKGROUND: A detailed understanding of the sympathetic innervation of coronary arteries is relevant to facilitate 
the development of novel treatment approaches.

AIMS: This study aimed to quantitatively examine periarterial innervation in human epicardial coronary arteries.

METHODS: Coronary arteries with adjacent epicardial adipose tissue were excised along the left main coronary 
artery (LMCA), left anterior descending artery (LAD), left circumflex artery (LCx), and right coronary artery (RCA) 
from 28 body donors and examined histologically. Immunofluorescence staining was performed to characterise 
sympathetic nerve fibres.

RESULTS: A total of 42,573 nerve fibres surrounding 100 coronary arteries (LMCA: n=21, LAD: n=27, LCx: n=26, 
RCA: n=26) were analysed. The nerve fibre diameter decreased along the vessel course (median [interquartile 
range]): (proximal 46 µm [31-73], middle 38 µm [26-58], distal 31 µm [22-46]; p<0.001), with the largest nerve 
fibre diameter along the LMCA (50 µm [31-81]), followed by the LAD (42 µm [27-72]; p<0.001). The total nerve 
fibre density was highest along the RCA (123 nerves/cm² [82-194]). Circumferentially, nerve density was higher 
in the myocardial tissue area of the coronary arteries (132 nerves/cm² [76-225]) than in the epicardial tissue area 
(101 nerves/cm² [61-173]; p<0.001). The median lumen-nerve distance was smallest around the LMCA (2.2 mm 
[1.2-4.1]), followed by the LAD (2.5 mm [1.1-4.5]; p=0.005).

CONCLUSIONS: Human coronary arteries are highly innervated with sympathetic nerve fibres, with significant 
variation in the distribution and density. Understanding these patterns informs pathophysiological understanding 
and, potentially, the development of catheter-based approaches for cardiac autonomic modulation. 
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The autonomic nervous system regulates cardiac func-
tion and cardiovascular homeostasis1. Increased 
sympathetic activity is associated with various car-

diovascular diseases, such as heart failure, sudden cardiac 
death, arrhythmias, vasospastic angina, Takotsubo cardio-
myopathy, and atherosclerosis1-4. Preganglionic sympathetic 
nerve fibres arise from the thoracic spinal cord (mostly from 
Th1-Th5) and then synapse with postganglionic neurons in 
the paravertebral ganglia (e.g., superior and middle cervi-
cal ganglia, stellate ganglion) before reaching the heart2,5. 
Modulation of postganglionic nerve fibres has been used to 
treat refractory atrial or ventricular arrhythmias and refrac-
tory coronary spasm, for example, by sympathectomy at the 
level of the stellate ganglion or thoracic epidural anaesthesia 
of sympathetic fibres to the heart2,6,7.

Macroscopic anatomical studies have shown that 
postganglionic sympathetic fibres form an anterior and 
posterior cardiac plexus at the cardiac base in humans. From 
this plexus originate the left coronary nerve − which runs along 
the left main coronary artery (LMCA) and then bifurcates into 
branches running along the left anterior descending artery 
(LAD) and left circumflex artery (LCx) − and the right coronary 
nerve − which runs along the right coronary artery (RCA)2,8. 
Porcine and canine studies suggest that coronary perivascular 
innervation consists of a circumferential network of nerve fibres 
between the media-adventitial layer of the arterial wall9,10. 
These fibres run distally parallel to the arteries, with the size 
and number of nerve fibres declining with decreasing luminal 
diameter9. However, the distribution and characterisation of 
nerve fibres surrounding the coronary arteries have not been 
sufficiently studied in humans. This study aimed to examine 
coronary innervation and quantitatively analyse the density, 
distribution, and size of nerve fibres around the major coronary 
arteries in human body donors. A more detailed knowledge of 
coronary innervation provides important pathophysiological 
information and may facilitate the development of autonomic 
modulation techniques beyond total sympathectomy.

Editorial, see page e1056

Methods
Full details of materials and methods are available in 
Supplementary Appendix 1.

The coronary arteries of 28 human body donors were 
studied to characterise periarterial innervation. All body donors 
voluntarily consented during their lifetime to body donation 
at the Anatomical Institute of Saarland University, Homburg, 
Germany. The ethics committee of the Medical Association of 
Saarland approved the study (vote number: 162/20). 

SAMPLING, PREPARATION AND STAINING
All bodies were fixed in 4% formalin according to Basler’s 
protocol or in nitrite pickling salt-ethanol-polyethylene glycol 

(NEP) according to Weigner’s protocol11. A  standardised 
protocol was used to ensure consistency in preparation. Tissue 
from the coronary arteries was then extracted along the vessel 
course. Three tissue samples including adjacent epicardial fat 
tissue were taken from the LAD and RCA (proximal, middle, 
and distal), two from the LCx (proximal and distal) and one 
from the LMCA. The landmarks used for excising the arteries 
are shown in Supplementary Table 1. If the arteries were heavily 
calcified because of severe atherosclerosis, samples were treated 
with a  decalcifying solution for 24 hours (OSTEOSOFT 
[Merck]) so that clean sections could be obtained using a tissue 
microtome. The sections were first stained with haematoxylin 
and eosin (H&E) to morphologically assess and evaluate the 
integrity and the basic morphology of the prepared sections. 
Neuronal tissue and nerve distribution were evaluated using 
S100 staining (Dako IR 504 [Agilent Technologies]) (Figure 
1). For the assessment of efferent sympathetic nerves, tyrosine 
hydroxylase (TH; anti-TH: ab112 [Abcam]) anti-rabbit 
fluorescein-5-isothiocyanate (FITC) staining (711-095-152 
[Calibre Scientific]) was used (Supplementary Figure 1). All 
primary antibodies were used in a concentration of 1:100.

HISTOLOGICAL ANALYSIS
S100 and TH sections were used to analyse the amount of 
nerve fibres, the smallest nerve fibre diameter, and the shortest 
distance of nerve fibres to the luminal intima (Figure  1). 
Nerve fibres were categorised, based on the smallest diameter, 
as either small (10-49 µm), medium (50-99 µm), large (100-
199 µm), or very large (≥200 µm). The lumina and surrounding 
tissue of the arteries were divided into 2 semicircles and 
assigned as epicardial and myocardial area according to 
their orientation. The number of nerve fibres per tissue 
area was calculated (Supplementary Figure  2A). In addition, 
anatomical measurements of the coronary arteries were 
performed in S100 sections to quantify luminal narrowing 
(Supplementary Figure 2B). Despite the presence of eccentric 
luminal narrowing in some sections, a  positive relationship 
was found between the shortest distance of nerve fibres to 
the luminal intima and the shortest distance of nerve fibres to 

Impact on daily practice
Although cardiac sympathetic modulation has been used to 
treat refractory coronary spasm and ventricular arrhythmias, 
periarterial nerve fibres have not been considered in these 
procedures, because their distribution has not been quantified. 
Our study shows that nerve fibre density, nerve fibre size, 
and distance from the lumen vary between coronary arteries 
and circumferentially, allowing interventional targeting to 
modulate separate segments of the heart. Further studies are 
needed to assess the feasibility, efficacy, and safety of such 
an interventional modulation procedure.

Abbreviations
EEL	 external elastic lamina

H&E	 haematoxylin and eosin

LAD	 left anterior descending artery

LCx	 left circumflex artery

LMCA	 left main coronary artery

LND	 lumen-nerve distance

RCA	 right coronary artery

TH	 tyrosine hydroxylase
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the external elastic lamina (EEL). Therefore, the lumen-nerve 
distance (LND) measurement was preferred in this study to 
quantify the distances of periarterial nerve fibres, especially 
with regard to the development of possible approaches to 
target these periarterial nerve fibres (Supplementary Figure 3).

STATISTICAL ANALYSIS
Normal distribution was assessed using the Shapiro-Wilk 
and Kolmogorov-Smirnov tests. Categorical variables are 
expressed as counts (%) and continuous variables with 
normal distribution as mean±standard deviation (SD). 
Median and interquartile range (IQR) are used for variables 
without normal distribution. The Friedman test was used for 
comparisons of non-parametric variables between arteries, 
segments, and tissue areas. A  2-tailed p-value<0.05 was 
considered statistically significant. SPSS Statistics, version 27 
(IBM) was used for statistical analyses.

Results
A total of 100 coronary arteries, including 21 LMCA, 
27 LAD, 26 LCx, and 26 RCA from 28 body donors 
(11 male, 17 female) were analysed. Table 1 summarises the 
characteristics of the body donors. A total of 546 histological 
sections were analysed with S100 staining (244 proximal, 
123 middle, and 179 distal), and 192 sections were analysed 

with TH staining. Following S100 and TH staining, 
42,573 periarterial nerve fibres were identified and used for 
analysis. The median lumen diameter of all coronary arteries 
was 2.9  mm (IQR 2.4-3.6) in the proximal, 2.2  mm (IQR 
1.9-2.9) in the middle and 1.7 mm (IQR 1.3-2.2) in the distal 
segment, respectively (p<0.001). The LMCA had the largest 
diameter of 3.5  mm (IQR 3.1-5.3), followed by RCA, LCx 
and LAD with diameters of 2.7 mm (IQR 2.2-3.3), 2.3 mm 
(IQR 1.7-2.7) and 1.9  mm (IQR 1.5-2.3), respectively 
(p<0.001). Details on coronary anatomy are shown in 
Table 1. The number of sections analysed in S100 staining 
was 59 for the LMCA, 200 for the LAD (proximal n=70, 
middle n=59, distal n=71), 102 for LCx (proximal n=51, 
distal n=51), and 185 for the RCA (proximal n=64, middle 
n=64, distal n=57). Within these sections with S100 staining, 
a  total of 31,009 periarterial nerve fibres were detected and 
included in the following analyses.

NERVE FIBRE SIZE DECREASED ALONG THE VESSEL COURSE 
The median nerve fibre diameter across all coronary arteries 
and segments was 38  µm (IQR 26-60), with 90% of nerve 
fibres having a diameter of <103 µm. There was a significant 
decrease in diameter along the vessel course (proximal 46 µm 
[IQR 31-73], middle 38 µm [IQR 26-58], distal 31 µm [IQR 
22-46]; p<0.001). The nerve fibres with the largest median 
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Figure 1. Representative images of the LMCA with periarterial nerves. The left main coronary artery (LMCA) with surrounding 
tissue in haematoxylin and eosin stain (A) and S100 staining (B). The division into epicardial and myocardial tissue areas and an 
example of LND measurements are shown in (B). C) shows the same nerve fibre in different stains, with an example of nerve 
fibre diameter measurement in the S100 staining. DAPI: 4′,6-diamidino-2-phenylindole; H&E: haematoxylin and eosin; 
LND: lumen-nerve distance; TH: tyrosine hydroxylase
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diameter were found along the LMCA (50 µm [IQR 31-81]), 
followed by nerve fibres around the LAD (42  µm [IQR 
27-72]), RCA (36 µm [IQR 25-54]), and LCx (35 µm [IQR 
25-53]; p<0.001). Details and a  comparison of quantitative 
parameters between the coronary arteries are shown in 

Table 2. Exact p-values for the comparisons can be found in 
Supplementary Table 2 and Supplementary Table 3. Most nerve 
fibres (n=19,829; 64%) were small (<50 µm). The remaining 
nerve fibres were either medium (50-99 µm; n=7,688; 25%) 
or large (100-199 µm; n=2,757; 9%). Very large nerve fibres 
(≥200 µm) were rare (n=735; 2%) but most common along 
the LMCA (Figure 2). Supplementary Table 4 provides details 
on the size categories of nerve fibres for all coronary arteries 
and segments. Comparing the median nerve fibre diameters 
of all coronary arteries by sex, the nerve fibre diameter in 
males (39 µm [IQR 26-61]) was larger than that in females 
(38  µm [IQR 26-59]; p<0.001). There was no difference in 
nerve fibre size in luminal narrowed arteries with <50%, 
50-70%, and >70% lumen stenosis. Periarterial nerve fibres 
located in the epicardial area had a  larger diameter (41  µm 
[IQR 27-65]) than those in the myocardial area (37 µm [IQR 
25-56]; p<0.001), across all coronary arteries and segments.

NERVE FIBRE DENSITY WAS HIGHEST ALONG THE RIGHT 
CORONARY ARTERY
The median nerve fibre density, calculated as the number 
of nerve fibres per tissue area, was 106 nerves/cm² (IQR 
74-165). Nerve fibre density was higher along the RCA 
(123 nerves/cm² [IQR 82-194]) than the LMCA (122 nerves/
cm² [IQR 92-207]) and the LCx (109 nerves/cm² [IQR 

10-49
50-99

100-199
≥200

Nerve size (μm)

LMCA LAD

LCx RCA

12.7%13.9%
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23.6%22.1%

6.7% 3.2%
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Figure 2. Categories of nerve fibre size per coronary artery. 
The different colours represent the proportion of each size 
category of nerve fibres out of the total number of nerves 
along the coronary artery in the LMCA (A), LAD (B), LCx 
(C) and RCA (D). LAD: left anterior descending artery; 
LCx: left circumflex artery; LMCA: left main coronary 
artery; RCA: right coronary artery

Table 1. Characteristics of body donors, numbers of analysed 
sections and coronary artery anatomy.

Characteristics of body donors
All body donors 

(n=28)
Age, years 78.0±11.3

Female 17 (61)

Cardiovascular death according to death 
certificate

15 (54)

Analysed sections (S100/TH staining) Total (546/192)
LMCA 59/20

LAD Proximal 70/23

Middle 59/16

Distal 71/24

LCx Proximal 51/22

Distal 51/20

RCA Proximal 64/22

Middle 64/23

Distal 57/22

Coronary artery anatomy
All coronary arteries 

(n=100)
External elastic area, mm² LMCA 16.1 (11.7-29.5)

LAD 4.5 (2.3-7.6)

LCx 7.3 (3.4-10.2)

RCA 9.7 (6.3-14.7)

Internal elastic area, mm² LMCA 11.9 (8.8-20.2)

LAD 3.5 (1.5-6.0)

LCx 5.6 (2.6-8.0)

RCA 7.3 (4.5-10.9)

Lumen area, mm² LMCA 7.7 (6.0-12.9)

LAD 1.8 (0.8-3.1)

LCx 3.2 (1.5-4.6)

RCA 4.3 (2.2-6.1)

Lumen diameter, mm LMCA 3.5 (3.1-5.3)

LAD 1.9 (1.5-2.3)

LCx 2.3 (1.7-2.7)

RCA 2.7 (2.2-3.3)

Coronary artery slides with 
significant stenosis (>70%)*

LMCA 11/59 (19)

LAD 28/200 (14)

LCx 5/102 (5)

RCA 14/185 (8)

Percentage of stenosis LMCA 29.5 (20.7-45.9)

LAD 47.5 (32.9-60.4)

LCx 43.2 (30.7-54.7)

RCA 40.3 (30.0-53.9)

Values are mean±standard deviation, n (%) or median (interquartile range). 
*Significant stenosis was defined as >50% in LMCA. Percentages refer to 
the total number of S100-stained sections per artery. LAD: left anterior 
descending artery; LCx: left circumflex artery; LMCA: left main coronary 
artery; RCA: right coronary artery; TH: tyrosine hydroxylase
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79-166]) (RCA vs LMCA: p=0.05; RCA vs LCx: p<0.001; 
LMCA vs LCx: p=0.354). The lowest innervation density 
was found in the LAD, with 86 nerves/cm² (IQR 59-132) 
(LAD vs RCA: p<0.001; LAD vs LMCA: p=0.046; LAD vs 
LCx: p=0.285). The distal coronary artery segments were 
more densely innervated (112 nerves/cm² [IQR 73-195]) 
than the proximal segments (103 nerves/cm² [IQR 75-159]; 
p=0.02). The middle segments, which were examined only 
for the LAD and RCA, had the lowest innervation density 
in comparison with the other segments (102 nerves/cm² 
[IQR 69-153]) (Table 2) with a  statistical significance 

in the distal segments (p=0.031) but not the proximal 
segments (p=0.514). The myocardial area was more densely 
innervated than the epicardial area (132 nerves/cm² [IQR 
76-225] vs 101 nerves/cm² [IQR 61-173]; p<0.001). The 
median nerve fibre density per tissue area for all coronary 
arteries and segments is shown in Table 3. The absolute 
numbers of nerve fibres for all coronary arteries per 
segment and tissue area are shown in Supplementary Table 5 
and Supplementary Table 6.

Interestingly, a  significant sex difference in innervation 
density was found, with a higher density in male body donors 

Table 2. Comparison of quantitative parameters between each coronary artery.

Coronary 
artery

Proximal segment Middle segment Distal segment Total

Nerve 
density, 
n/cm²

Nerve 
size, µm

LND, mm
Nerve 

density, 
n/cm²

Nerve 
size, µm

LND, mm
Nerve 

density, 
n/cm²

Nerve 
size, µm

LND, mm
Nerve 

density, 
n/cm²

Nerve 
size, µm

LND, mm

LMCA 122*
(92-207)

50*$ 
(31-81)

2.19 
(1.24-4.14) - - - - - - 122* 

(92-207)
50*$ 

(31-81)
2.19*$ 

(1.24-4.14)

LAD 99
(67-146)

51+§† 
(32-85)

2.41§† 

(1.17-4.16)
77§

(55-116)
43§& 

(27-73)
2.69& 

(1.13-4.85)
85+§ 

(53-132)
33+§! 

(22-53)
2.31+ 

(0.95-4.65)
86§ 

(59-132)
42+§ 

(27-72)
2.47+§ 

(1.09-4.47)

LCx 108
(76-160)

41‡ 
(29-63)

2.29‡ 
(1.13-4.38) - - - 112‡

(80-204)
31‡! 

(22-45)
2.82‡! 

(1.23-5.27)
109‡ 

(79-166)
35‡ 

(25-53)
2.56 

(1.17-4.89)

RCA 93€† 
(70-150)

44€†

(30-66)
2.66€ 

(1.49-4.57)
126

(91-202)
36& 

(26-53)
2.72& 

(1.35-4.54)
145! 

(116-259)
29!

(21-43)
2.33! 

(1.06-4.27)
123€

(82-194)
36€

(25-54)
2.58€ 

(1.30-4.45)

Total 103
(75-159)

46† 
(31-73)

2.39† 
(1.26-4.31)

102& 
(69-153)

38& 
(26-58)

2.71 
(1.28-4.65)

112! 
(73-195)

31! 
(22-46)

2.51! 
(1.08-4.72)

106
(74-165)

38
(26-60)

2.50 
(1.21-4.52)

Values are median (interquartile range). The post hoc analyses of the Friedman test are indicated by superscript symbols. Exact p-values for the comparisons can be found in Supplementary 
Table 2 and Supplementary Table 3. The number of nerve fibres for each coronary artery can be found in Supplementary Table 5. The following symbols represent statistical 
significance: *LMCA vs LAD; $LMCA vs LCx; +LAD vs LCx; §LAD vs RCA; ‡LCx vs RCA; €RCA vs LMCA; †proximal vs middle; &middle vs distal; !distal vs proximal. LAD: left anterior descending artery; 
LCx: left circumflex artery; LMCA: left main coronary artery; LND: lumen-nerve distance; RCA: right coronary artery

Table 3. Nerve density and lumen-nerve distance according to segment and tissue area.

Coronary 
artery

Proximal segment Middle segment Distal segment Total

Nerve density per tissue area, n/cm²

Epicardial Myocardial Epicardial Myocardial Epicardial Myocardial Epicardial Myocardial
LMCA 126

(87-193)
128

(86-228) - - - - 126
(87-193)

128
(86-228)

LAD 94*
(58-179)

130
(79-200)

72*
(52-134)

87
(60-147)

95
(53-150)

81
(48-160)

89
(54-150)

92
(58-168)

LCx 87*
(58-163)

152
(91-222) - - 92*

(53-242)
188

(113-295)
89*

(57-187)
160

(105-269)

RCA 84*
(61-153)

114
(64-185)

108*
(72-171)

196
(103-286)

132*
(93-234)

179
(114-328)

112*
(73-185)

150
(92-263)

Total 98*
(62-169)

130
(80-214)

94*
(59-163)

131
(71-213)

112*
(61-206)

139
(77-265)

101*
(61-173)

132
(76-225)

Lumen-nerve distance, mm

Epicardial Myocardial Epicardial Myocardial Epicardial Myocardial Epicardial Myocardial
LMCA 1.65*

(1.02-3.03)
2.79

(1.54-4.83) - - - - 1.65*
(1.02-3.03)

2.79
(1.54-4.83)

LAD 2.21*
(1.08-3.88)

2.62
(1.30-4.34)

3.07*
(1.15-5.47)

2.44
(1.12-4.22)

1.87*
(0.79-4.18)

2.61
(1.07-4.88)

2.34*
(1.00-4.50)

2.57
(1.17-4.46)

LCx 2.37*
(1.18-4.68)

2.24
(1.04-4.14) - - 2.49*

(1.07-5.17)
3.07

(1.44-5.39)
2.42*

(1.13-4.93)
2.66

(1.24-4.82)

RCA 2.55*
(1.45-4.37)

2.79
(1.54-4.74)

2.47*
(1.28-4.26)

2.96
(1.41-4.80)

1.83*
(0.85-3.81)

2.68
(1.25-4.47)

2.35*
(1.22-4.22)

2.83
(1.40-4.68)

Total 2.18*
(1.18-4.06)

2.62
(1.37-4.54)

2.65*
(1.26-4.73)

2.76
(1.31-4.60)

2.07*
(0.90-4.48)

2.82
(1.25-4.87)

2.26*
(1.12-4.32)

2.71
(1.32-4.66)

Values are median (interquartile range). The Friedman test was used to test statistical significance. *Statistically significant: epicardial vs myocardial 
tissue area (p<0.001), respectively. The number of nerve fibres for each coronary artery according to the tissue area can be found in Supplementary 
Table 6. LAD: left anterior descending artery; LCx: left circumflex artery; LMCA: left main coronary artery; RCA: right coronary artery
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of 118 nerves/cm² (IQR 75-214) compared to 97 nerves/cm² 
(IQR 70-141) in females (p=0.001). 

Comparing nerve fibre density in regions with lumen 
stenosis, regions with lumen stenosis >70% showed a  lower 
nerve fibre density (86 nerves/cm² [IQR 54-127]) compared 
to regions with lumen stenosis of 50-70%, although this was 
not significant (101 nerves/cm² [IQR 67-162]; p=0.20). The 
highest density in coronary arteries with luminal narrowing 
was found in regions with lumen stenosis <50% (109 nerves/
cm² [IQR 77-170]), with a significant difference compared to 
regions with lumen stenosis >70% (>70% vs <50%: p=0.02; 
50-70% vs <50%: p=0.146).

PERIARTERIAL NERVE FIBRES SURROUNDING THE LEFT 
MAIN CORONARY ARTERY WERE CLOSEST TO THE LUMEN
The median LND across all coronary arteries and segments 
was 2.50 mm (IQR 1.21-4.52). Nerve fibres along the LMCA 
had the smallest median distance to the lumen of 2.19  mm 
(IQR 1.24-4.14), followed by the LAD with a  distance of 
2.47 mm (IQR 1.09-4.47) and then the LCx with 2.56 mm 
(IQR 1.17-4.89) (LMCA vs LAD: p=0.05; LMCA vs LCx: 
p<0.001; LAD vs LCx: p<0.001). Periarterial nerve fibres 
around the RCA had the greatest distance to the lumen 
with a  mean distance of 2.58  mm (IQR 1.30-4.45) (RCA 
vs LMCA: p<0.001; RCA vs LAD: p<0.001; RCA vs LCx: 
p=0.604) (Table 2). The distribution of LND for the coronary 
arteries is shown in Figure 3. Segmentally, the nerve fibres in 
the proximal segments had the smallest distance to the lumen 
of 2.39 mm (IQR 1.26-4.31), followed by the distal segments 
with a distance of 2.51 mm (IQR 1.08-4.72) and the middle 
segments with the greatest distance to the lumen of 2.71 mm 
(IQR 1.28-4.65) (proximal vs middle: p=0.002; middle 
vs distal: p=0.546; proximal vs distal: p=0.009) (Figure 4). 
The distribution of periarterial nerve fibres according to the 
different segments is shown in Supplementary Table 7. Nerve 
fibres located in the epicardial area were less distant to the 
arterial lumen than nerve fibres located in the myocardial 
area (2.26 mm [IQR 1.12-4.32] vs 2.71 mm [IQR 1.32-4.66]; 
p<0.001) (Table 3 and Supplementary Figure 4). 

When comparing the median LND of each coronary 
artery by sex, there were no significant differences between 
the LMCA, LAD and RCA. Only the median LND of 
periarterial nerve fibres around the LCx was lower in males 
than in females (2.31  mm [IQR 1.16-4.59] vs 2.81  mm 
[IQR 1.19-5.12]; p<0.001). Considering the mean LND in 
regions with lumen stenosis, periarterial nerve fibres were 
less distant in regions with lumen stenosis <50% (2.47  mm 
[IQR 1.17-4.52]) than in regions with lumen stenosis of 
50-70% (2.50  mm [IQR 1.32-4.44]). The greatest median 
LND in coronary arteries with luminal narrowing was found 
in regions with lumen stenosis >70% (2.68  mm [IQR 1.22-
4.77]; >70% vs <50%: p=0.02; 50-70% vs <50%: p=0.001; 
>70% vs 50-70%: p<0.001).

ANALYSIS OF TYROSINE HYDROXYLASE-CONTAINING 
SYMPATHETIC NERVES
A total of 192 TH-stained sections (proximal n=77, middle 
n=39, and distal n=76), including 11,186 periarterial nerve 
fibres, were analysed. The number of sections analysed in 
TH staining was 20 for LMCA, 63 for LAD (proximal n=23, 

middle n=16, distal n=24), 42 for LCx (proximal n=22, distal 
n=20), and 67 for RCA (proximal n=22, middle n=23, distal 
n=22). Nerve fibre size decreased from proximal, middle to 
distal along the vessel course (46  µm [IQR 31-75], 37  µm 
[IQR 26-56] and 30 µm [IQR 21-44], respectively; p<0.001). 
The nerve fibres with the largest median diameter were found 
along the LMCA (56 µm [IQR 36-100]), followed by nerve 
fibres around the LAD (39  µm [IQR 26-65]), RCA 36 µm 
[IQR 25-52] and LCx 35 µm [IQR 24-53]; p<0.001; except 
RCA vs LCx: p=0.870) (Supplementary Table 8). Periarterial 
nerve fibres located in the epicardial area had a significantly 
larger median diameter (40  µm [IQR 27-64]) than nerve 
fibres located in the myocardial area (36  µm [IQR 25-56]; 
p<0.001). Comparing the median LND between the coronary 
arteries, periarterial nerve fibres around the LMCA had the 
smallest LND (2.17  mm [IQR 1.20-4.06]), followed by the 
RCA (2.29  mm [IQR 1.14-4.14]), LAD (2.30  mm [IQR 
0.98-4.22]) and LCx (2.43 mm [1.05-4.63]; LMCA vs LAD: 
p=0.018; LMCA vs LCx: p<0.001; LAD vs LCx: p=0.004; 
RCA vs LMCA: p=0.275; RCA vs LAD: p=0.452; RCA vs 
LCx: p=0.035) (Supplementary Table 8). The distribution of 
TH-containing sympathetic nerve fibres according to the 
different segments is shown in Supplementary Table 9. The 
nerve fibres located in the epicardial area were closer to the 
arteries’ lumen than those in the myocardial area (2.01 mm 
[IQR 0.97-4.00] vs 2.51  mm [IQR 1.21-4.40]; p<0.001) 
(Supplementary Table 10).

Discussion
To our knowledge, this is the first quantitative analysis of 
coronary artery innervation in humans. We found that 
the major coronary arteries are densely innervated with 
significant differences in the innervation pattern. The 
largest periarterial nerve fibres and those with the lowest 
LND were localised around the LMCA, followed by those 
around the LAD. Nerve fibre size decreased in all coronary 
arteries from proximal to distal. In the epicardial area, nerve 
fibres were significantly larger and closer to the arterial 
lumen, whereas the myocardial area had higher nerve fibre 
density and greater distance from the arterial lumen (Central 
illustration). Compared with other coronary arteries, the 
highest density of nerve fibres was found around the RCA, 
followed by the LMCA. TH-containing sympathetic nerve 
fibres showed a  similar pattern of innervation in terms of 
nerve size, density, and distribution, suggesting that most of 
the nerve fibres analysed in S100 staining were sympathetic 
nerve fibres.

Previous studies have shown that human coronary arteries 
are circumferentially supplied with nerves from the cardiac 
plexus. As most of these histological studies were done at 
the end of the 20th century or even earlier, limited technical 
and methodological possibilities did not allow quantitative 
statements on innervation patterns8,12,13. Herein, nerve fibre 
size decreased significantly from proximal to distal with 
a  higher nerve fibre density in the distal segments9,13. In 
line with our findings, studies investigating the periarterial 
innervation of other arteries, such as renal arteries, have 
also found decreasing nerve fibre diameters along the vessel 
course14. Because these nerve fibres mostly run along the 
aorta, the proximal parts of the arteries emerging from the 
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aorta have larger nerve fibres than the distal parts. Our 
results suggest that periarterial nerve fibres ramify along their 
course, resulting in smaller nerve fibre diameters in the distal 
segments. This may also explain the greater density of nerve 
fibres in the distal segments, with large nerve fibres in the 
proximal segment branching into multiple small nerve fibres 
along the length of the artery. 

Nerve fibre density was lower and median LND was 
greater in areas of high lumen stenosis (especially in stenoses 
>70%) than in areas with less stenosis. It is known that 
after myocardial infarction, sympathetic denervation occurs 
in the infarcted area and that sympathetic nerve fibres are 
more vulnerable to ischaemia than cardiomyocytes15,16. 
A  possible explanation for this lower nerve fibre density 
in areas of extensive luminal narrowing is that, because of 
the vulnerability of the nerve fibres, neurolytic processes 
occur early because of significant stenosis with associated 
ischaemia. While nerve fibres close to the arteries may be 
affected by this phenomenon, nerves with a greater LND may 
remain unaffected because of their association with other 
arterial branches, resulting in an increased median LND in 
highly narrowed coronary arteries. Furthermore, after initial 
denervation, nerve sprouting signals, such as nerve growth 
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factor, are released to facilitate nerve fibre regrowth. These 
nerve sprouting signals are not restricted to the infarcted area 
and induce a  generalised increase in cardiac nerve density, 
which may also result in an increased median LND in highly 
narrowed coronary arteries17. 

In a porcine model, the right side of the heart had a higher 
nerve fibre density than the left side18. The right coronary 
artery supplies the cardiac conduction system with blood, 
which is highly regulated by the autonomic nervous system. 
It is reasonable to assume that the RCA is the most densely 
innervated of all the coronary arteries, because it serves as the 
pathway for periarterial nerves to the conduction system. The 
highest density was found in the distal segments of the RCA, 
which may be explained by the fact that they contain the 
smallest nerve fibres of all coronary arteries and segments. 

Interestingly, coronary artery spasm, after provocation, was 
most frequently observed in the RCA19-21. This was followed 
by the LAD and LCx22,23. Although the nerve fibre density 
was higher in the LCx than in the LAD, nerve fibres around 
the LCx had significantly smaller diameters and a  higher 
proportion of fibres between 10 μm and 50  µm than those 
around the LAD. This suggests that nerve fibre size, in addition 
to nerve fibre density, may play a role in the development of 
spasm. In an autopsy study of patients with coronary artery 
disease and sudden cardiac death, vasospasms occurred 
predominantly in the distal RCA, possibly because nerve 
fibre density is higher in the distal RCA than in the LAD, and 
the median nerve fibre diameter of the RCA is larger than 
that of the LCx. Differences between the sexes in terms of 
innervation density and mean nerve size showed significantly 
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larger nerves and a higher innervation density per tissue area 
in males when compared with females. One reason for this 
may be that the epicardial coronary arteries are smaller in 
females, regardless of body surface area, body mass index, 
or left ventricular mass24,25, resulting in smaller periarterial 
nerve fibres. Whether this also explains the higher incidence 
of coronary spasms in males as compared to females remains 
to be proven20. 

Among other factors, coronary spasm seems to play an 
important role in myocardial ischaemia with no obstructive 
coronary arteries26. Studies have shown that endoscopic 
transection of the sympathetic trunk at the level of Th2-
Th4 can successfully treat refractory coronary spasm6,7. In 
a prospective randomised trial, major adverse cardiac events 
and all-cause death were significantly reduced at 24 months6. 
Additionally, radical sympathectomy has been used to treat 
refractory ventricular arrhythmias in patients with heart 
failure, long QT syndrome or catecholaminergic polymorphic 
ventricular tachycardia27. However, the use of radical 
sympathectomy is limited because of its invasiveness and 
possible risk of haemothorax and pneumothorax as well 
as potential long-term safety concerns, as the transection 
of sympathetic ganglia may also affect postganglionic 
fibres travelling to other organs. Knowledge of sympathetic 
nerve distribution along coronary arteries might allow the 
development of device-based approaches, similar to catheter-
based renal denervation28, specifically targeting the left or 
right coronary arteries.

Coronary artery disease may be another potential clinical 
application for targeted autonomic modulation of the 
coronary arteries. The sympathetic nervous system is known 
to be involved in the progression of atherosclerotic disease29. 
Recent studies have shown that adventitial segments affected 
by atherosclerosis develop neuroimmune cardiovascular 
interfaces and that the sensory and sympathetic nervous 
system form a  structural arterial-brain circuit30. In an 
atherosclerosis mouse model, coeliac ganglionectomy has been 
shown to prevent disease progression and stabilise plaque 
vulnerability30. A  promising approach to treating coronary 
artery disease at its root may be to target the periarterial 
nerve fibres of coronary arteries and disrupt the interface 
between the nervous system and the arteries.

Limitations
This study included 28 Caucasian body donors from Germany, 
so the findings may not be fully applicable to other populations 
or geographical areas. Examination of formalin and NEP-fixed 
body donors may result in artifacts and tissue shrinkage, 
which can explain the smaller than expected diameters of the 
coronary arteries. Because we examined histological sections 
at 5  mm intervals, we cannot rule out double counting of 
nerves in subsequent sections. The distribution of nerve 
fibres can be anticipated and described by sampling along the 
vessel course, including proximal, middle, and distal points. 
Nevertheless, because of this selective sampling, variations in 
perivascular nerve fibre distribution may occur between these 
points, potentially not fully reflecting the precise anatomical 
trajectory. However, by standardising the nerve density to the 
surrounding tissue, we have achieved better comparability 
between specimens with different tissue proportions. 

Conclusions
Nerve fibre size decreased in all coronary arteries from 
proximal to distal, with the largest periarterial nerves 
localised around the LMCA and LAD. Nerve fibres were 
significantly larger and closer to the arterial lumen in the 
epicardial area, whereas the myocardial area had a  higher 
nerve fibre density and greater distance from the arterial 
lumen. In segments with coronary artery stenosis, the nerve 
fibre density was lower in the severely stenosed coronary 
arteries. Understanding the precise innervation pattern 
along the coronary arteries will help to optimise existing 
neuromodulation techniques and, potentially, to develop less 
invasive catheter-based approaches.

Authors’ affiliations
1. Klinik für Innere Medizin III – Kardiologie, Angiologie und 
Internistische Intensivmedizin, Saarland University Medical 
Center and Saarland University, Homburg, Germany; 2. Institute 
of Legal Medicine, Saarland University, Faculty of Medicine, 
Homburg, Germany; 3. Department of Cardiology, University 
Heart Center, University Hospital Basel, Basel, Switzerland; 
4. Cardiovascular Research Institute Basel (CRIB), University 
Heart Center, University Hospital Basel, Basel, Switzerland; 
5. Clinical and Experimental Interventional Cardiology, 
Saarland University, Faculty of Medicine, Homburg, Germany; 
6. Institute for Anatomy and Cell Biology, Saarland University, 
Faculty of Medicine, Homburg, Germany

Acknowledgements
Deutsche Forschungsgemeinschaft (DFG, German Research 
Foundation) Project ID: 322900939 (SFB TRR219-S02). We 
sincerely thank those who donated their bodies to science 
for anatomical research. Results from such research can 
potentially increase humankind’s overall knowledge, which 
can then improve patient care. Therefore, these donors and 
their families deserve our highest gratitude. We gratefully 
acknowledge Julia Weber, Nina Rebmann, and Jeannette 
Zimolong for their excellent technical support. We thank 
Armin Schweitzer for their artwork. 

Funding
This study was supported by the German Heart Foundation 
as part of the Kaltenbach Doctoral Fellowship (Project ID 
K/30/21).

Conflict of interest statement
Until May 2024, L. Lauder received speaker honoraria/
consulting fees from AstraZeneca, Medtronic, Pfizer, and 
ReCor Medical. M. Böhm is supported by the Deutsche 
Forschungsgemeinschaft (German Research Foundation; 
TTR219, project number: 32 322900939); and reports 
personal fees from Abbott, Amgen, AstraZeneca, Bayer, 
Boehringer Ingelheim, Cytokinetics, Edwards Lifesciences, 
Medtronic, Novartis, ReCor Medical, Servier, and CSL 
Vifor during the conduct of the study. F. Mahfoud  is 
supported by Deutsche Gesellschaft für Kardiologie (DGK), 
Deutsche Forschungsgemeinschaft (SFB TRR219, Project-ID 
322900939), and Deutsche Herzstiftung. Saarland University 
has received scientific support from Ablative Solutions, 
Medtronic and ReCor Medical. Until May 2024, F. Mahfoud 



EuroIntervention 2024;20:e1107-e1117 • Mert Tokcan et al.e1116

has received speaker honoraria/consulting fees from Ablative 
Solutions, Amgen, AstraZeneca, Bayer, Boehringer Ingelheim, 
Inari, Medtronic, Merck, ReCor Medical, Servier, and 
Terumo. The other authors have no conflicts of interest to 
declare relevant to the contents of this paper. 

References
	 1. �Zandstra TE, Notenboom RGE, Wink J, Kiès P, Vliegen HW, Egorova AD, 

Schalij MJ, De Ruiter MC, Jongbloed MRM. Asymmetry and 
Heterogeneity: Part and Parcel in Cardiac Autonomic Innervation and 
Function. Front Physiol. 2021;12:665298.

	 2. �Wink J, van Delft R, Notenboom RGE, Wouters PF, DeRuiter MC, 
Plevier JWM, Jongbloed MRM. Human adult cardiac autonomic innerva-
tion: Controversies in anatomical knowledge and relevance for cardiac 
neuromodulation. Auton Neurosci. 2020;227:102674.

	 3. �Florea VG, Cohn JN. The autonomic nervous system and heart failure. Circ 
Res. 2014;114:1815-26.

	 4. �Shivkumar K, Ajijola OA, Anand I, Armour JA, Chen PS, Esler M, De 
Ferrari GM, Fishbein MC, Goldberger JJ, Harper RM, Joyner MJ, 
Khalsa SS, Kumar R, Lane R, Mahajan A, Po S, Schwartz PJ, Somers VK, 
Valderrabano M, Vaseghi M, Zipes DP. Clinical neurocardiology defining 
the value of neuroscience-based cardiovascular therapeutics. J Physiol. 
2016;594:3911-54.

	 5. �Coote JH, Chauhan RA. The sympathetic innervation of the heart: 
Important new insights. Auton Neurosci. 2016;199:17-23.

	 6. �Lin Y, Liu H, Yu D, Wu M, Liu Q, Liang X, Pang X, Chen K, Luo L, 
Dong S. Sympathectomy versus conventional treatment for refractory coro-
nary artery spasm. Coron Artery Dis. 2019;30:418-24.

	 7. �Yoshida K, Inoue T, Hirakawa N, Node K. Endoscopic thoracic sympathec-
tomy as a novel strategy for vasospastic angina refractory to medical treat-
ments. J Cardiol. 2008;52:49-52.

	 8. �Janes RD, Brandys JC, Hopkins DA, Johnstone DE, Murphy DA, 
Armour JA. Anatomy of human extrinsic cardiac nerves and ganglia. Am J 
Cardiol. 1986;57:299-309.

	 9. �Holmgren S, Abrahamsson T, Almgren O. Adrenergic innervation of coro-
nary arteries and ventricular myocardium in the pig: fluorescence micro-
scopic appearance in the normal state and after ischemia. Basic Res 
Cardiol. 1985;80:18-26.

	 10. �Denn MJ, Stone HL. Automic innervation of dog coronary arteries. J Appl 
Physiol. 1976;41:30-5.

	 11. �Janczyk P, Weigner J, Luebke-Becker A, Kaessmeyer S, Plendl J. Nitrite 
pickling salt as an alternative to formaldehyde for embalming in veterinary 
anatomy--A study based on histo- and microbiological analyses. Ann Anat. 
2011;193:71-5.

	 12. �Smith RB. Development of innervation of coronary arteries in human foe-
tus up until 230 mm. stage (mid-term). Br Heart J. 1970;32:108-13.

	 13. �Gulbenkian S, Saetrum Opgaard O, Ekman R, Costa Andrade N, 
Wharton J, Polak JM, Queiroz e Melo J, Edvinsson L. Peptidergic innerva-
tion of human epicardial coronary arteries. Circ Res. 1993;73:579-88.

	 14. �Struthoff H, Lauder L, Hohl M, Hermens A, Tzafriri AR, Edelman ER, 
Kunz M, Böhm M, Tschernig T, Mahfoud F. Histological examination of 
renal nerve distribution, density, and function in humans. EuroIntervention. 
2023;19:612-20.

	 15. �Barber MJ, Mueller TM, Henry DP, Felten SY, Zipes DP. Transmural myo-
cardial infarction in the dog produces sympathectomy in noninfarcted 
myocardium. Circulation. 1983;67:787-96.

	 16. �Dae MW, Herre JM, O’Connell JW, Botvinick EH, Newman D, Munoz L. 
Scintigraphic assessment of sympathetic innervation after transmural versus 
nontransmural myocardial infarction. J Am Coll Cardiol. 1991;17:1416-23.

	 17. �Zhou S, Chen LS, Miyauchi Y, Miyauchi M, Kar S, Kangavari S, 
Fishbein MC, Sharifi B, Chen PS. Mechanisms of cardiac nerve sprouting 
after myocardial infarction in dogs. Circ Res. 2004;95:76-83.

	 18. �Crick SJ, Anderson RH, Ho SY, Sheppard MN. Localisation and quantita-
tion of autonomic innervation in the porcine heart II: endocardium, myo-
cardium and epicardium. J Anat. 1999;195:359-73.

	 19. �Coma-Canella I, Castano S, Macías A, Calabuig J, Artaiz M. Ergonovine 
test in angina with normal coronary arteries. Is it worth doing it? Int J 
Cardiol. 2006;107:200-6.

	 20. �Hung MY, Hsu KH, Hung MJ, Cheng CW, Cherng WJ. Interactions among 
gender, age, hypertension and C-reactive protein in coronary vasospasm. 
Eur J Clin Invest. 2010;40:1094-103.

	 21. �Mortensen ES, Rognum TO, Straume B, Jørgensen L. Evidence at autopsy 
of spasm in the distal right coronary artery in persons with coronary heart 
disease dying suddenly. Cardiovasc Pathol. 2007;16:336-43.

	 22. �Sueda S, Kohno H. Differential incidence and type of spasm according to 
coronary arterial location. Coron Artery Dis. 2016;27:273-6.

	 23. �Sueda S, Kohno H. Differential Incidence and Morphology of Spasm 
According to Coronary Arterial Location by Intracoronary Ergonovine 
Spasm Provocation Testing. Circ J. 2017;81:831-6.

	 24. �Hiteshi AK, Li D, Gao Y, Chen A, Flores F, Mao SS, Budoff MJ. Gender 
differences in coronary artery diameter are not related to body habitus or 
left ventricular mass. Clin Cardiol. 2014;37:605-9.

	 25. �Dickerson JA, Nagaraja HN, Raman SV. Gender-related differences in coro-
nary artery dimensions: a volumetric analysis. Clin Cardiol. 2010;33:E44-9.

	 26. �Eggers KM, Hjort M, Baron T, Jernberg T, Nordenskjöld AM, Tornvall P, 
Lindahl B. Morbidity and cause-specific mortality in first-time myocardial 
infarction with nonobstructive coronary arteries. J Intern Med. 2019; 
285:419-28.

	 27. �Bourke T, Vaseghi M, Michowitz Y, Sankhla V, Shah M, Swapna N, 
Boyle NG, Mahajan A, Narasimhan C, Lokhandwala Y, Shivkumar K. 
Neuraxial modulation for refractory ventricular arrhythmias: value of tho-
racic epidural anesthesia and surgical left cardiac sympathetic denervation. 
Circulation. 2010;121:2255-62.

	 28. �Mahfoud F, Kandzari DE, Kario K, Townsend RR, Weber MA, 
Schmieder RE, Tsioufis K, Pocock S, Dimitriadis K, Choi JW, East C, 
D’Souza R, Sharp ASP, Ewen S, Walton A, Hopper I, Brar S, McKenna P, 
Fahy M, Böhm M. Long-term efficacy and safety of renal denervation in 
the presence of antihypertensive drugs (SPYRAL HTN-ON MED): a ran-
domised, sham-controlled trial. Lancet. 2022;399:1401-10.

	 29. �Wang Y, Anesi J, Maier MC, Myers MA, Oqueli E, Sobey CG, 
Drummond GR, Denton KM. Sympathetic Nervous System and 
Atherosclerosis. Int J Mol Sci. 2023;24:13132. 

	 30. �Mohanta SK, Peng L, Li Y, Lu S, Sun T, Carnevale L, Perrotta M, Ma Z, 
Förstera B, Stanic K, Zhang C, Zhang X, Szczepaniak P, Bianchini M, 
Saeed BR, Carnevale R, Hu D, Nosalski R, Pallante F, Beer M, Santovito D, 
Ertürk A, Mettenleiter TC, Klupp BG, Megens RTA, Steffens S, Pelisek J, 
Eckstein HH, Kleemann R, Habenicht L, Mallat Z, Michel JB, Bernhagen J, 
Dichgans M, D’Agostino G, Guzik TJ, Olofsson PS, Yin C, Weber C, 
Lembo G, Carnevale D, Habenicht AJR. Neuroimmune cardiovascular 
interfaces control atherosclerosis. Nature. 2022;605:152-9.

Supplementary data
Supplementary Appendix 1. Characterisation and distribution 
of human coronary artery innervation.
Supplementary Table 1. Landmarks used for coronary artery 
excision.
Supplementary Table 2. P-values from the statistical comparison 
of quantitative parameters between each coronary artery.
Supplementary Table 3. P-values from the statistical 
comparison of quantitative parameters between each segment.
Supplementary Table 4. Size categories of nerve fibres around 
different coronary arteries per segment.
Supplementary Table 5. Comparison of the number of nerves 
between each coronary artery.
Supplementary Table 6. Number of nerve fibres according to 
lumen-nerve distance in TH staining.



EuroIntervention 2024;20:e1107-e1117 • Mert Tokcan et al. e1117

Coronary artery innervation in humans

Supplementary Table 7. Number of nerve fibres according to 
lumen-nerve distance.
Supplementary Table 8. Comparison of quantitative 
parameters between each coronary artery in TH staining.
Supplementary Table 9. Number of nerve fibres according to 
segment and tissue area.
Supplementary Table 10. Lumen-nerve distance and number of 
nerve fibres according to segment and tissue area in TH staining.
Supplementary Figure 1. Representative image of TH staining 
in the proximal segment of the LAD.

Supplementary Figure 2. Representative tissue and anatomical 
measurements.
Supplementary Figure 3. Eccentric luminal narrowing and the 
effect of different methods of distance measurement.
Supplementary Figure 4. Cumulative percentile of lumen-nerve 
distance according to tissue area.

The supplementary data are published online at:  
https://eurointervention.pcronline.com/ 
doi/10.4244/EIJ-D-24-00167	



 

Supplementary data 

Supplementary Appendix 1. Characterisation and distribution of human coronary 

artery innervation. 

Detailed methods 

Coronary arteries of 28 human body donors were studied to characterize periarterial 

innervation. All 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 (vote number 162/20).  

Sampling and preparation 

All bodies were fixed in 4% formalin according to Basler’s protocol or in nitrite-pickling-salt-

ethanol-polyethylene glycol (NEP) according to the Weigner’s protocol11. A standardized 

protocol was used to ensure consistency of preparation. First, a thoracotomy was performed, 

and the lungs were removed. Then, the pericardium was opened, and the heart was removed 

from the body through an incision in the pulmonary trunk and ascending aorta. Tissue from the 

coronary arteries was then extracted along the vessels course. Three tissue samples including 

adjacent epicardial fat tissue were taken from the LAD and RCA (proximal, middle, and distal), 

two from the LCX (proximal and distal) and one from the LMCA. The landmarks used before 

excising the arteries are shown in Supplementary table 1. If the arteries were heavily calcified 

due to severe atherosclerosis, samples were treated with a decalcifying solution for 24 hours 

(Osteosoft, Sigma-Aldrich) ensuring to obtain clean sections using the tissue microtome.  

Tissue processing and sectioning 

Tissues were cut into 20x20 mm pieces and placed in 40x28.5 mm embedding cassettes 

(Simport Scientific Inc., Beloeil, QC, Canada), followed by dehydrating the tissue through an 

ascending series of alcohols (HistoCore, Leica Biosystems, Perl, Germany) before molten 

paraffin wax could be added. Paraffin tissue blocks of approximately 5 µm thickness were 

sectioned every 5 mm using a microtome (HistoCore Autocut AS, Leica Biosystems, Deer 

Park, United States) and mounted onto glass slides (Dako, S302380-2). 

 

Staining 



 

Sections were deparaffinized and rehydrated in preparation for staining. Hematoxylin-eosin 

(H&E; Böhmer-haematoxylin, (Waldeck, Münster, Germany), eosin-solution (Merck, 

Darmstadt, Germany)) staining was first performed to morphologically assess and evaluate the 

integrity and the basic morphology of the prepared sections. Neuronal tissue and nerve 

distribution were evaluated using S100-staining (Dako, IR 504) (Figure 1). For assessment of 

efferent sympathetic nerves, tyrosine hydroxylase (TH; anti-tyrosine hydroxylase: Abcam, 

ab112) anti-rabbit FITC (Dianova, Biozol, 711-095-152) staining was used (Supplementary 

figure 1). All primary antibodies were used in a concentration of 1:100. 

 

Histological analysis 

Digital slide images were generated using a whole-slide scanner (Leica Aperio Versa 8, Leica 

Biosystems, Wetzlar, Germany) to analyze stained specimens with the digital pathology 

software Aperio ImageScope (V.12.4.6.5003, Leica Biosystems, Wetzlar, Germany). S100 and 

TH sections were used to analyze the amount, smallest diameter, and shortest distance of nerve 

fibers to the luminal intima (Figure 1). Nerve fibers were categorized based on their smallest 

diameter as small (10-49 µm), medium (50-99 µm), large (100-199 µm), and very large (>200 

µm). The lumina and surrounding tissue of the arteries were divided into 2 semicircles and 

assigned as epicardial and myocardial area according to their orientation. Number of nerve 

fibers per tissue area was calculated (Supplementary figure 2A). In addition, anatomical 

measurements of the coronary arteries were performed to quantify lumen narrowing. 

(Supplementary figure 2B). Despite the presence of eccentric luminal narrowing in some 

sections, a positive relationship was found between the shortest distance of nerve fibers to the 

luminal intima and the shortest distance of nerve fibers to the external elastic lamina (EEL). 

Therefore, the lumen-nerve-distance (LND) measurement method was preferred in this study 

to quantify the distances of periarterial nerve fibers, especially with regard to the development 

of possible approaches targeting these periarterial nerve fibers (Supplementary figure 3). 

 

Statistical analysis 

Normal distribution was assessed using Shapiro-Wilk and Kolmogorov-Smirnov-test. 

Categorical variables were expressed as counts (%) and continuous variables with normal 

distribution as mean±standard deviation (SD). Median and interquartile range (IQR) were used 



 

for variables without normal distribution. Friedman test was used for comparisons of non-

parametric variables between arteries, segments, and tissue areas. A 2-tailed p-value<0.05 was 

considered statistically significant. IBM SPSS Statistics (Version 27, Armonk, NY, USA) was 

used for statistical analyses. 

 



 

Supplementary Table 1. Landmarks used for coronary artery excision. 

 

Coronary artery Landmarks used for sampling 

LMCA  Segment immediately after the aorta. 

LAD  

Proximal Segment immediately after the LAD exits the LMCA. 

Distal Segment of the artery near the apex cordis. 

Middle Segment midway between proximal and distal LAD. 

LCX  Proximal Segment immediately after the LCX exits the LMCA. 

Distal Distal below the base of the atrial appendage. 

RCA  

Proximal Segment after leaving the aorta. 

Middle Segment after passing the base of the right atrium. 

Distal 
Segment after crossing the posterior part of the interventricular 

septum. 

LMCA – Left main coronary artery, LAD – Left anterior descending artery, LCX – Left circumflex artery, RCA – Right coronary artery. 

 

 

 

  



 

Supplementary Table 2. P-values from the statistical comparison of quantitative parameters between each coronary artery. 

Coronary 

artery 

Proximal  

segment 
Middle segment 

Distal 

segment 
Total 

Nerve 

density 

(p-

value) 

Nerve 

size 

(p-

value) 

LND 

(p-

value) 

Nerve 

density 

(p-

value) 

Nerve 

size 

(p-

value) 

LND 

(p-

value) 

Nerve 

density 

(p-

value) 

Nerve 

size 

(p-

value) 

LND 

(p-

value) 

Nerve 

density 

(p-

value) 

Nerve 

size 

(p-

value) 

LND 

(p-

value) 

LMCA vs. 

LAD 

0.004 0.032 0.060 N/A N/A N/A N/A N/A N/A 0.046 <0.001 0.005 

LMCA vs. 

LCX 

0.078 <0.001 0.562 N/A N/A N/A N/A N/A N/A 0.354 <0.001 <0.001 

LAD vs. 

LCX 

0.250 <0.001 0.194 N/A N/A N/A 0.002 0.002 <0.001 0.285 <0.001 <0.001 

LAD vs. 

RCA 

0.490 <0.001 <0.001 <0.001 <0.001 0.608 <0.001 <0.001 0.102 <0.001 <0.001 <0.001 

LCX vs. 

RCA 

0.645 <0.001 <0.001 N/A N/A N/A 0.048 0.023 <0.001 <0.001 <0.001 0.604 



 

 

 

 

 

P-values of post hoc analyses of the Friedman test between each coronary artery. LMCA – Left main coronary artery, LAD – Left anterior descending artery, 

LCX – Left circumflex artery, RCA – Right coronary artery, LND – lumen-nerve-distance. 

  

RCA vs. 

LMCA 

0.026 0.001 <0.001 N/A N/A N/A N/A N/A N/A 0.005 <0.001 <0.001 



 

Supplementary Table 3. P-values from the statistical comparison of quantitative parameters between each segment. 

 

Coronary 

artery 

Proximal vs. middle segment Middle vs. distal segment Distal vs. proximal segment 

Nerve 

density 

(p-

value) 

Nerve 

size  

(p-

value) 

LND  

(p-

value) 

Nerve 

density 

(p-

value) 

Nerve 

size  

(p-

value) 

LND  

(p-

value) 

Nerve 

density 

(p-

value) 

Nerve 

size  

(p-

value) 

LND  

(p-

value) 

LMCA N/A N/A N/A N/A N/A N/A N/A N/A N/A 

LAD 0.051 <0.001 0.006 0.184 <0.001 0.007 0.333 <0.001 0.662 

LCX N/A N/A N/A N/A N/A N/A 0.373 <0.001 <0.001 

RCA 0.014 <0.001 0.336 0.067 <0.001 <0.001 0.001 <0.001 <0.001 

Total 0.514 <0.001 0.002 0.031 <0.001 0.546 0.020 <0.001 0.009 

P-values of post hoc analyses of the Friedman test between each segment. LMCA – Left main coronary artery, LAD – Left anterior descending artery, LCX – 

Left circumflex artery, RCA – Right coronary artery, LND – lumen-nerve-distance.



 

Supplementary Table 4. Size categories of nerve fibres around different coronary arteries per segment. 

 

Size category 

of nerve 

fibers 

Number of nerve fibers 

Proximal  

Segment  
Middle Segment 

Distal 

Segment 
Total 

LMCA LAD LCX RCA LAD RCA LAD LCX RCA LMCA LAD LCX RCA 

Small (10-49 

µm) 

1669 

(49.6) 

1715 

(47.7) 

1877 

(60.5) 

2105 

(55.3) 

1460 

(56.8) 

3380 

(69.5) 

1819 

(72.4) 

2963 

(72.4) 

2841 

(82.1) 

1669 

(49.6) 

4994 

(57.6) 

4840 

(70.7) 

8326 

(68.7) 

Medium (50-

99 µm) 

1005 

(29.8) 

1102 

(30.7) 

881 

(28.4) 

1195 

(31.4) 

700 

(27.2) 

1161 

(23.9) 

500 

(19.9) 

633 

(16.9) 

301 

(14.8) 

1005 

(29.8) 

2302 

(26.5) 

1514 

(22.1) 

2867 

(23.6) 

Large (100-

199 µm) 
469 (13.9) 

596 

(16.6) 

308 

(9.9) 

370 

(9.7) 

332 

(12.9) 

278 

(5.7) 

170 

(6.8) 

130 

(3.5) 

202 

(3.0) 

469 

(13.9) 

1098 

(12.7) 

438 

(6.4) 

752 

(6.2) 

Very large 

(>200 µm) 
225 (6.7) 

179 

(5.0) 

38 

(1.2) 

135 

(3.5) 
78 (3) 

42 

(0.9) 

23 

(0.9) 

11 

(0.3) 

187 

(0.1) 
225 (6.7) 

280 

(3.2) 

49 

(0.7) 

181 

(1.5) 

Values are counts n (%). LMCA – Left main coronary artery, LAD – Left anterior descending artery, LCX – Left circumflex artery, RCA – Right coronary 

artery.



 

Supplementary Table 5. Comparison of the number of nerves between each coronary artery. 

 

Coronary 

artery 

Proximal 

segment 

Middle 

segment 

Distal segment Total 

Number of 

nerves (n) 

Number of 

nerves (n) 

Number of 

nerves (n) 

Number of 

nerves (n) 

LMCA 3368 - - 3368 

LAD 3592 2570 2512 8674 

LCX 3104 - 3737 6841 

RCA 3805 4861 3460 12126 

Total 13869 7431 9709 31009 

Values are counts. LMCA – Left main coronary artery, LAD – Left anterior descending artery, LCX – Left circumflex artery, RCA – Right coronary artery. 

  



 

Supplementary Table 6. Number of nerve fibres according to lumen-nerve distance in TH staining. 

 

Lumen-

nerve-

distance 

Number of nerve fibers around different coronary arteries 

Proximal  

segment 
Middle Segment 

Distal 

Segment 
Total 

LMCA LAD LCX RCA LAD RCA LAD LCX RCA LMCA LAD LCX RCA 

0-1 mm 
193 288 313 197 181 357 282 330 365 193 751 643 919 

1-2 mm 
340 286 275 393 145 369 149 238 301 340 580 513 1063 

2-3 mm 
188 191 173 285 97 252 110 234 202 188 398 407 739 

3-4 mm 
117 197 145 185 90 185 89 138 187 117 376 283 557 

4-5 mm 
112 134 110 96 77 137 104 134 165 112 315 244 398 

5-6 mm 
71 89 103 70 52 105 85 107 125 71 226 210 300 

6-7 mm 
57 31 81 52 28 69 46 70 50 57 105 151 171 

7-8 mm 
28 19 29 31 16 67 25 48 23 28 60 77 121 

8-9 mm 
14 20 22 22 8 43 19 39 21 14 47 61 86 

9-10 mm 
2 6 15 15 5 28 14 13 13 2 25 28 56 

>10 mm 
1 8 43 16 14 28 4 31 9 1 26 74 53 

Total 1123 1269 1309 1362 713 1640 927 1382 1461 1123 2909 2691 4463 

Values are counts (n). LMCA – Left main coronary artery, LAD – Left anterior descending artery, LCX – Left circumflex artery, RCA – Right coronary artery. 

  



 

Supplementary Table 7. Number of nerve fibres according to lumen-nerve distance. 

 

Lumen-

nerve-

distance 

Number of nerve fibers 

Proximal  

segment 
Middle Segment 

Distal 

Segment 
Total 

LMCA LAD LCX RCA LAD RCA LAD LCX RCA LMCA LAD LCX RCA 

0-1 mm 
581 720 677 447 568 765 665 751 796 581 1953 1428 2008 

1-2 mm 
973 816 685 970 464 1053 483 681 759 973 1763 1366 2782 

2-3 mm 
581 567 503 681 364 817 332 256 512 581 1263 1029 2010 

3-4 mm 
339 516 337 503 327 665 262 387 435 339 1105 724 1603 

4-5 mm 
327 371 289 401 240 568 224 362 350 327 835 651 1319 

5-6 mm 
216 271 218 266 229 367 225 303 248 216 725 521 881 

6-7 mm 
172 126 164 181 133 216 141 217 141 172 400 381 538 

7-8 mm 
102 87 79 135 95 146 78 172 84 102 260 251 365 

8-9 mm 
37 64 66 104 67 93 63 112 57 37 194 178 254 

9-10 mm 
19 34 26 56 39 52 24 50 39 19 97 76 147 

>10 mm 
21 19 60 61 44 119 15 176 39 21 78 236 219 

Total 3368 3591 3104 3805 2570 4861 2512 3737 3460 3368 8673 6841 12126 

Values are counts (n). LMCA – Left main coronary artery, LAD – Left anterior descending artery, LCX – Left circumflex artery, RCA – Right coronary artery.  



 

Supplementary Table 8. Comparison of quantitative parameters between each coronary artery in TH staining. 

 

Coronary 

artery 

 

Proximal  

segment 
Middle Segment 

Distal 

Segment 
Total 

Nerve 

densit

y 

(n/cm²

) 

Nerve 

size 

(µm) 

LND 

(mm) 

Nerve 

densit

y 

(n/cm²

) 

Nerve 

size 

(µm) 

LND 

(mm) 

Nerve 

densit

y 

(n/cm²

) 

Nerve 

size 

(µm) 

LND 

(mm) 

Nerve 

densit

y 

(n/cm²

) 

Nerve 

size 

(µm) 

LND 

(mm) 

LMCA 
108 

(83-

167) 

56 

(36-

100) 

2.17 

(1.20-

4.06) 

- - - - - - 

109 

(83-

167) 

56 

(36-

100) 

2.17 

(1.20-

4.06) 

LAD 
106 

(69-

181) 

50 

(33-

84) 

2.32 

(1.09-

3.94) 

82  

(65-

122) 

39 

(26-

64) 

2.30 

(0.99-

4.30) 

90  

(63-

147) 

30 

(20-

46) 

2.26 

(0.83-

4.61) 

90  

(67-

150) 

39 

(26-

65) 

2.30 

(0.98-

4.22) 

LCX 
110 

(74-

128) 

41 

(29-

60) 

2.32 

(1.04-

4.62) 

- - - 

119 

 (82-

206)  

32 

(23-

45) 

2.52 

(1.06-

4.68) 

112 

(75-

151) 

36 

(25-

52) 

2.43 

(1.05-

4.63) 

RCA 
100 

(69-

123) 

43 

(29-

64) 

2.27 

(1.31-

3.67) 

111 

(82-

149) 

37 

(25-

53) 

2.26 

(1.11-

4.40) 

177 

(108-

226) 

29 

(20-

42) 

2.35 

(1.00-

4.19) 

112 

(82-

159) 

35 

(24-

53) 

2.29 

(1.14-

4.14) 

Total 
105 

(74-

140) 

46 

(31-

75) 

2.26 

(1.17-

4.06) 

93  

(71-

145) 

37 

(26-

56) 

2.27 

(1.08-

4.37) 

113 

(82-

208) 

30 

(21-

44) 

2.39 

(0.97-

4.47) 

108 

(75-

155) 

38 

(26-

59) 

2.31 

(1.09-

4.28) 



 

Values are median (interquartile range) or counts n. LMCA – Left main coronary artery, LAD – Left anterior descending artery, LCX – Left circumflex artery, 

RCA – Right coronary artery, LND – lumen-nerve-distance. 

  



 

Supplementary Table 9. Number of nerve fibres according to segment and tissue area. 

Coronary 

artery 

Proximal segment Middle segment Distal segment Total 

Epicardial Myocardial Epicardial Myocardial Epicardial Myocardial Epicardial Myocardial 

LMCA 22 (14-36) 30 (13-50) - - - - 22 (14-36) 30 (13-50) 

LAD 20 (12-27) 25 (14-40) 18 (9-29) 20 (12-30) 13 (9-18) 21 (13-26) 16 (10-26) 22 (13-32) 

LCX 29 (18-47) 27 (19-38) - - 26 (16-46) 34 (21-54) 28 (17-46) 32 (19-45) 

RCA 28 (17-42) 33 (17-45) 31 (20-43) 38 (26-50) 21 (13-34) 32 (24-48) 27 (17-41) 34 (23-48) 

Total 24 (15-39) 29 (16-43) 26 (12-39) 28 (17-42) 18 (11-30) 26 (16-42) 22 (13-35) 28 (16-42) 

Values are medians (interquartile ranges). LMCA – Left main coronary artery, LAD – Left anterior descending artery, LCX – Left circumflex artery, RCA – Right 

coronary artery. 

 

  



 

Supplementary Table 10. Lumen-nerve distance and number of nerve fibres according to segment and tissue area in TH staining. 

 

Coronary artery 

 

Proximal  

segment 
Middle Segment 

Distal 

Segment 
Total 

Nerve density per tissue area (n/cm²) 

Epicardial Myocardial Epicardial Myocardial Epicardial Myocardial Epicardial Myocardial 

LMCA 
128 (72-179) 105 (76-168) - - - - 128 (72-179) 105 (76-168) 

LAD 
88 (66-175) 147 (81-229) 78 (68-182) 89 (65-126) 99 (59-158) 87 (54-174) 91 (65-172) 103 (70-185) 

LCX 
93 (68-139) 136 (101-228) - - 97 (60-196) 157 (122-259) 94 (67-143) 144 (104-241) 

RCA 
74 (46-112) 109 (103-167) 97 (58-149) 151 (103-224) 

152 (111-

218) 
186 (128-243) 104 (69-157) 149 (104-224) 

Total 
96 (65-145) 128 (90-200) 93 (66-173) 123 (78-161) 112 (67-184) 146 (88-240) 101 (66-162) 135 (86-201) 

 
Lumen-nerve-distance (mm) 

Epicardial Myocardial Epicardial Myocardial Epicardial Myocardial Epicardial Myocardial 

LMCA 1.40  

(0.93-2.39) 

2.78 

(1.51-4.60) 
- - - - 

1.40  

(0.93-2.39) 

2.78 

(1.51-4.60) 

LAD 1.92 

 (0.91-3.74) 

2.51  

(1.29-4.04) 

2.52  

(0.86-4.71) 

2.15 

(1.03-4.06) 

1.45  

(0.60-4.33) 

2.70  

(1.06-4.78) 

1.95  

(0.81-4.12) 

2.48 

(1.14-4.28) 

LCX 2.62 

 (1.15-5.13) 

2.19 

(0.84-4.15) 
- - 

2.21  

(0.93-4.37) 

2.78 

(1.26-5.02) 

2.33  

(1.05-4.71) 

2.50 

(1.04-4.56) 

RCA 2.30  

(1.31-3.87) 

2.24 

(1.31-3.58) 

1.89  

(0.95-3.86) 

2.55 

 (1.30-4.79) 

1.95 

(0.78-3.79) 

2.59 

(1.12-4.43) 

2.07 

(1.05-3.83) 

2.44 

(1.24-4.31) 

Total 2.02  

(1.08-3.94) 

2.41 

(1.27-4.12) 

2.07 

(0.94-4.03) 

2.40 

(1.18-4.54) 

1.94 

(0.77-4.11) 

2.70 

(1.12-4.64) 

2.01 

(0.97-4.00) 

2.51 

(1.21-4.40) 

Values are median (interquartile range) or counts n. LMCA – Left main coronary artery, LAD – Left anterior descending artery, LCX – Left circumflex artery, 

RCA – Right coronary artery.  



 

 

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

Tyrosine hydroxylase-positive nerve fibers fluoresce green.   



 

 

Supplementary Figure 2. Representative tissue and anatomical measurements. 

A representative example of the tissue measurement of the different areas is shown in the proximal segment of the left anterior descending artery (LAD) (A). 

Anatomical measurements are shown on a representative example of the proximal right coronary artery (RCA) (B).  



 

 

Supplementary Figure 3. Eccentric luminal narrowing and the effect of different methods of distance measurement. 

Representative image of the left main coronary artery (LMCA) with eccentric luminal narrowing in S100 staining (top left) and without in H.E. staining (top 

right). Exemplary measurements of nerve fiber distance to arterial lumen (red line) and external elastic lamina (green line) are shown. The graphs show the 

measurement of the lumen-nerve-distance and the external elastic lamina-nerve-distance in 3 arteries, each with eccentric luminal narrowing (left) and without 

(right). Despite the presence of eccentric luminal narrowing in some sections, there is a positive relationship between these two measurement methods.   



 

 

Supplementary Figure 4. Cumulative percentile of lumen-nerve distance according to tissue area. 

The graphs show different coronary arteries and the distribution of LND per tissue half. (A: Left main coronary artery (LMCA), B: Left anterior descending 

artery (LAD), C: Left circumflex artery (LCX), and D: Right coronary artery (RCA)) 


