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a b s t r a c t 

Background: The cardiac conduction system (CCS) creates and propagates electrical signals generating the 

heartbeat. This study aimed to assess the collagen content, vasculature, and innervation in the human 

sinoatrial and atrioventricular CCS, and surrounding tissue. 

Materials and methods: Ten sinoatrial and 17 atrioventricular CCS samples were collected from 17 adult 

human autopsied hearts. Masson trichrome stain was used to examine collagen, cardiomyocytes, and 

fat proportions. Immunohistochemically, vessels and lymphatics were studied by CD31 (pan-endothelial 

marker) and D2-40 (lymphatic endothelium marker) antibodies. General nerve densities were assessed 

by S100, while sympathetic nerves were studied using tyrosine hydroxylase, parasympathetic nerves with 

choline acetyltransferase, and GAP43 (neural growth marker) antibodies looked at these components. All 

components were quantified with QuPath software (Queens University, Belfast, Northern Ireland). 

Results: Interstitial collagen was more than two times higher in the sinoatrial vs. atrioventricular CCS 

(55% vs. 22%). The fat content was 6.3% in the sinoatrial CCS and 6.5% in the atrioventricular CCS. The 

lymphatic vessel density was increased in the sinoatrial and atrioventricular CCS compared to the sur- 

rounding tissue and was lower in the sinoatrial vs. atrioventricular CCS ( P = .043). The overall vasculature 

density did not differ between the SA and AV CCS. The overall innervation and neural growth densities 

were significantly increased in the CCS compared to the surrounding tissue. The overall innervation was 

higher in the atrial vs. ventricular CCS ( P = .018). The neural growth was higher in the atrial vs. ventricular 

CCS ( P = .018). The sympathetic neural supply was dominant in all the studied regions with the highest 

density in the sinoatrial CCS. 

Conclusions: Our results provide new insights into the unique morphology of the human CCS collagen, 

fat, vasculature, and innervation. A deeper understanding of the CCS anatomical components and mor- 

phologic substrates’ role will help in elucidating the causes of cardiac arrhythmias and provide a basis 

for further therapeutic interventions. 

© 2023 The Author(s). Published by Elsevier Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

1

i

r

t

H

Y

c

e

t

s

c

p

h

1

. Introduction 

The cardiac conduction system (CCS) is responsible for initiat- 

ng and spreading the electric impulse throughout the myocardium 

esulting in synchronized heart contraction. The CCS consists of 

he sinoatrial (SA) and atrioventricular (AV) nodes, the bundle of 

is, bundle branches, and Purkinje fibers [1 , 2] . Previous histologi- 
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al studies on the CCS morphology have been conducted with dis- 

ase and age-related changes, but most are very old studies [3–7] . 

While both replacement and interstitial fibrosis results from 

he diffuse deposition of collagen in the myocardium and are as- 

ociated with ventricular dysfunction, arrhythmias, and increased 

ardiovascular mortality [6] , in the SA and AV node collagen is a 

rominent finding and effectively isolates the specialized cells from 

he surrounding myocardium preventing unwanted propagation of 

he electrical impulse [8] . 

Fat cells can be normally found admixed with myocardial fibers, 

specially in the right ventricle, and are a normal finding in the 

uman heart [9 , 10] . Fat infiltration of the conduction tissue has 
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Fig. 1. Studied regions around the sinoatrial and atrioventricular conduction sys- 

tem tissue. (A) A histological section of the sinoatrial (SA) node (yellow) adjacent 

to the SA nodal artery (asterisk). The SA node is located on the subepicardial as- 

pect of the superior vena cava (SVC) and the right atrial appendage (RAA) junc- 

tion surrounded with abundant fibro-fatty tissue (FFT). (B) A histological section of 

the atrioventricular (AV) conduction system (yellow). After penetrating the mem- 

branous portion of the interventricular septum (MS), the AV bundle branches into 

bundle branches at the crest of the muscular portion of the interventricular septum 

(IVS), from which they are isolated by the connective tissue. Nerves positive for ty- 

rosine hydroxylase are marked in red and represent sympathetic nerves. Notice the 

increased sympathetic density in the AV CCS compared to the surrounding tissue. 

The studied regions: CCS – cardiac conduction system (yellow), myocardium (black), 

expansion radiuses of 1 mm (green) and 3 mm (blue) from the CCS, and their sum- 

mary (1 + 3 mm). Tyrosine hydroxylase stain. Scale bars: 800 μm. Abbreviations: En 

– endocardium, Ep – epicardium, RA – right atrium. 
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een put forward as a cause of arrhythmias and sudden cardiac 

eath [11–13] . 

Blood vessels have a vital role in the transportation of oxygen, 

utrients, and chemicals to tissues and waste products from tis- 

ues; and lymphatic vessels maintain fluid and protein homeosta- 

is. Previous research has found that blood vessels are more nu- 

erous than lymphatics in the myocardium [14 , 15] , but no studies 

nvestigating the blood and lymphatic vessel distribution and den- 

ities in the CCS and its adjacent tissue have been performed. 

The autonomic system of the heart, consisting of sympathetic 

nd parasympathetic nerves, extensively innervates the CCS [16] . 

he distribution of cardiac autonomic nerves was previously stud- 

ed in different parts of the heart demonstrating an uneven inner- 

ation pattern and changes associated with various cardiac condi- 

ions [17–20] . Autonomic innervation studied in humans and ani- 

als recognized that sympathetic and parasympathetic nerves im- 

acted CCS activity [5 , 21-26] . 

This is the latest study, in which we examined the propor- 

ions of collagen and fat within the CCS tissue of 17 normal hu- 

an hearts, as well as general, sympathetic, and parasympathetic 

erves and neural growth, and blood and lymphatic vessels. 

. Materials and methods 

.1. Study Population 

The study cohort originated from the CRY cardiac pathology 

atabase which has a biobank of 70 0 0 human hearts obtained at 

utopsy [27] . The SA and AV CCS tissue were dissected from 17 

ormal hearts (4 females, 13 males). The age ranged from 19 to 70 

ears, mean age ( ±SD) was 35.7 ±15.8 years. The cause of death of 

ll 17 subjects was sudden death, characterized by a morphologi- 

ally normal heart. The cases had positive lethal toxicology (alcohol 

r cocaine in most cases). No sudden arrhythmic death syndrome 

SADS) was diagnosed. 

.2. Cardiac conduction system collection technique 

.2.1. Sinoatrial node 

Ten SA nodal tissue samples were obtained from the 17 cases. 

fter the right atrium was opened from the inferior vena cava to 

he right atrial appendage, the location of the SA node was identi- 

ed as an area where the superior vena cava meets the right atrial 

ppendage. The whole area was collected, including the proximal 

uperior vena cava and atrial appendage wall, sectioned parallel to 

he long axis of the superior vena cava, fixed in 10% formalin, em- 

edded in paraffin blocks, and stained with hematoxylin and eosin 

ccording to established protocols [28 , 29] . 

.2.2. Atrioventricular conduction tissue 

Forty-one AV CCS tissue samples including the AV node, bundle 

f His, and bundle branches were obtained from the 17 autopsied 

earts. The triangle of Koch was identified at the level of the tri- 

uspid valve’s septal leaflet, from the coronary sinus entrance in- 

luding the membranous septum. Then, a block of tissue contain- 

ng both the interatrial and the interventricular septum around the 

eptal leaflet of the tricuspid valve was collected from each sub- 

ect, sectioned, fixed in 10% formalin, embedded in paraffin blocks, 

nd stained with hematoxylin and eosin according to established 

rotocols [28 , 29] . 

.3. Histological staining 

In total, 51 histologically approved CCS samples were included. 

he CCS localization was reviewed by two expert cardiac pathol- 

gists (MS, IK) in all the included samples. Once the conduction 
2

issue was confirmed in each block, 5 μm-thick sections were cut 

rom each block. Immunohistochemical staining was done using 

he Ventana Automatic System (Ventana Medical Systems, Tucson, 

Z, USA) and the used antibodies are summarized in Table 1 . In 

ddition, Masson’s trichrome stained sections (Sigma, Merck Life 

cience, Espoo, Finland) were used to evaluate the proportions of 

nterstitial collagen, cardiomyocytes, and fat. 

.4. Morphometric analysis 

The stained sections were scanned by a NanoZoomer-XR scan- 

er (Hamamatsu Photonics, Hamamatsu, Japan) at 40x magnifica- 

ion. The morphometric analysis was performed by open-source 

oftware for bioimage analysis (QuPath, Queens University, Belfast, 

orthern Ireland [30] ). 

The SA node was microscopically identified at the crossing of 

he SA nodal artery ( Fig. 1 A). The AV CCS tissue was microscopi-

ally identified as the AV node in the atrial portion, the penetrating 

V bundle (bundle of His) within the AV membranous septum, and 

he branching bundle on the crest of the muscular septum forming 

he proximal parts of the left and right bundle branches ( Fig. 1 B). 

Studied regions of the immunohistochemically stained sections 

CD31, D2-40, S100, TH, CHAT, and GAP43) included the CCS tis- 

ue, surrounding myocardium, and the non-myocardial fibro-fatty 

issue (FFT) containing connective and adipose tissue of the endo- 

nd epicardium. Additionally, regions adjacent to the identified CCS 

issue within the expansion radius of 1 mm, 3 mm, and their sum- 

ary (1 + 3 mm) were included ( Table 2 , Fig. 1 ). Only the CCS tis-

ue region was assessed in the Masson’s trichrome stained sections 

o analyze the myocardial collagen, cardiomyocytes, and fat pro- 

ortions ( Fig. 2 A, B). The areas of all the upper-mentioned regions 

ere measured in mm2 . The lymphatic and overall vasculature, au- 

onomic innervation, and interstitial collagen were assessed at 20x 

agnification separately in the selected topographic regions of in- 

erest in both the atrial and ventricular regions. 
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Table 1 

Summary of used antibodies. 

Antigen Localization Dilution Clone Manufacturer 

CD31 pan-endothelial marker 1:100 Monoclonal Dako, Glostrup, Denmark 

D2-40 (podoplanin recognizing antibody) marker of lymphatic endothelium 1:100 Monoclonal Dako, Glostrup, Denmark 

S100 general neural marker 1:6000 Polyclonal Dako, Glostrup, Denmark 

TH (tyrosine hydroxylase) marker of sympathetic nerves 1:100 Polyclonal Chemicon, Merck KGaA, Darmstadt, Germany 

CHAT (choline acetyltransferase) marker of parasympathetic nerves 1:300 Polyclonal Chemicon, Merck KGaA, Darmstadt, Germany 

GAP43 (growth-associated protein 43) neural growth marker 1:100 Polyclonal Chemicon, Merck KGaA, Darmstadt, Germany 

Table 2 

Studied regions. 

Topographic regions Abbreviations Explanatory notes 

Whole studied area WSA WSA = CCS + (1 + 3 mm) 

Myocardium Myo 

Fibro-fatty tissue FFT FFT = (1 + 3 mm) - Myo 

Cardiac conduction system CCS SA node; AV node, bundle of His, branching bundles 

1 mm radius from CCS 1 mm 

3 mm radius from CCS 3 mm 

1 + 3 mm radius from CCS 1 + 3 mm 

Fig. 2. Analysis of the collagen, cardiomyocytes, and fat proportions in the sinoatrial and atrioventricular cardiac conduction system using the pixel classifier. Panels A and 

B contain colors based on Masson’s trichrome stain, where blue = collagen, red = myocardium, and white (unstained) = fat or empty spaces. (A) A longitudinal section of the 

sinoatrial (SA) node (yellow line) with the SA nodal artery (asterisk) surrounded by abundant fibro-fatty tissue (FFT). (B) A longitudinal section of the atrioventricular (AV) 

bundle (yellow line) above the interventricular septum (IVS) and surrounded by the FFT. Panels C and D correspond with panels A and B after the activation of the pixel 

classifier: blue = collagen, orange = cardiomyocytes, and yellow = fat. (C) Corresponds to panel A with activated pixel classifier. Interstitial collagen is noticeably increased in the 

SA node compared to the surrounding right atrial myocardium. (D) Corresponds to panel B with activated pixel classifier. The AV bundle contains numerous adipocytes and 

adjacent tissue mostly contains collagen. Masson’s trichrome stain. Scale bars: A, C = 500 μm; B, D = 200 μm. Abbreviations: En – endocardium, Ep – epicardium, RA – right 

atrium. 

2

t

m

t

t

a

t

c

t

o

C

[

2

s

d

1

s

s

a

v

(

g

a

l

.5. Interstitial collagen, cardiomyocytes, and fat quantification 

The myocardial collagen, cardiomyocytes, and fat propor- 

ions were assessed by a semi-automated approach driven by a 

achine-learning pixel classifier in Masson trichrome-stained sec- 

ions. The thresholds were set for blue-stained components to de- 

ect collagen, red-stained components to detect cardiomyocytes, 

nd white (unstained) components with an adipocyte-like pattern 

o detect fatty tissue ( Fig. 2 ). Manual adjustments, such as the ex- 

lusion of vessels, perivascular areas, and empty spaces within the 

issue were performed. The areas of myocardial collagen, cardiomy- 

cytes, and fat components were measured as a percentage of the 

CS region area. A similar approach has been published previously 

9] . 
3

.6. Blood and lymphatic vasculature quantification 

The areas and densities of CD31- and D2-40-positive ves- 

els were detected by colorimetric thresholding in the DAB (3,3′ - 
iaminobenzidine) channel with the minimum object size set at 

5 μm2 . Positively stained structures not related to our study de- 

ign (e.g., large vessel endothelium, mesothelial cells, macrophages, 

ome positively stained lymphocytes, and artifacts) were manu- 

lly excluded based on morphology. The overall and lymphatic 

asculature was expressed by the area (μm2 /mm2 ) and number 

vessels/mm2 ) of vessels per square millimeter of the studied re- 

ion. The measurements were performed separately for CD31- 

nd D2-40-stained sections. The percentage of lymphatic vascu- 

ature was calculated using the following formula: D2-40-positive 
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essels/CD31-positive vessels∗100. The proportion of blood vessels 

as calculated as subtraction of D2-40-positive vessels from CD31- 

ositive vessels in each studied region. 

.7. Nerve density quantification 

The autonomic nerve density was quantified as previously de- 

cribed [17 , 20] . In brief, the positive nerve tissue was manually se- 

ected and subsequently quantified by manual counting of nerves 

er region (nerves/mm2 ) and by measuring the nerve tissue area 

er region (μm2 /mm2 ). The quantification was performed sepa- 

ately for S100-, TH-, CHAT-, and GAP43-stained sections. 

.8. Statistical analysis 

All data are expressed as mean ±standard deviation (SD). 

he paired comparisons of innervation, vasculature, and collagen 

mong topographical regions were carried out for significance us- 

ng the Friedman test with post-hoc Wilcoxon test with the Bonfer- 

oni correction. Correlation between continuous variables was as- 

essed by Spearman’s correlation coefficient (r). Statistical analysis 

as performed by the Statistical Package for the Social Sciences 

ersion 24.0 (SPSS Inc., Chicago, IL, USA). A P -value of < .05 was

onsidered significant. 

.9. Ethical statement 

The institutional permissions from both CRY Cardiovascular 

athology, Cardiovascular Sciences Research Centre, St. George’s 

niversity of London, UK, and Tampere University, Tampere, Fin- 

and, were received. The study was conducted in accordance with 

he Declaration of Helsinki. 

. Results 

The presence of the CCS was microscopically verified in all sam- 

les based on the morphology and topography of hematoxylin and 

osin and Masson’s trichrome-stained sections. No differences in 

he conduction system morphology were found between male and 

emale subjects. The SA CCS tissue was present around the nodal 

rtery and an indistinct border was identified between the CCS and 

yocardial cells of the right atrium with prominent interstitial and 

urrounding collagen. Abundant epicardial fat was observed on the 

picardial side of the SA CCS tissue. The AV CCS tissue penetrated 

rom the atria through the membranous part of the interventric- 

lar septum. Then the CCS branched on the apex of the muscular 

art of the septum and was isolated from the myocardium by col- 

agen of the atrioventricular junction. 

Results of the overall and lymphatic vasculature, overall in- 

ervation, sympathetic and parasympathetic innervation, neural 

rowth, interstitial collagen, cardiomyocytes, and fat proportions of 

he studied topographic areas are given in detail below. Measure- 

ents of the main differences between atrial and ventricular re- 

ions are reported in the text. The topographical differences among 

tudied regions are described and data are graphically presented 

n Figs. 3-5 . All measured values are expressed as means ±standard 

eviation (SD) and P -values are shown for both unit types of the 

easurements. 

.1. Overall, lymphatic and blood vasculature 

.1.1. The cardiac conduction system 

The mean CD31-positive overall vessel area was 

3825.32 ±24070.72 μm2 /mm2 in the SA CCS and 

6306.31 ±13264.85 μm2 /mm2 in the AV CCS. The mean CD31- 

ositive overall vessel density was 401.29 ±328.47 v/mm2 in the 
4

A CCS and 400.69 ±136.51 v/mm2 in the AV CCS ( Fig. 3 A, B).

o significant differences in overall vasculature area or density 

etween the SA and AV CCS were evident ( P = .249, P = .753). 

The mean blood vessel area was 31084.83 ±24158.85 μm2 /mm2 

n the SA CCS and 39742.12 ±12559.43 μm2 /mm2 in the AV CCS. 

he mean blood vessel density was 397.97 ±328.56 v/mm2 in the 

A CCS and 391.32 ±134.23 v/mm2 in the AV CCS. No statistical dif- 

erences in blood vessel area and density were observed ( P = .600, 

 = .753). 

The D2-40-positive lymphatic vessel area was 2017.45 ±1563.8 

m2 /mm2 in the SA CCS and 6655.82 ±5928.6 μm2 /mm2 in the AV 

CS. The D2-40-positive lymphatic vessel density was 2.54 ±2.04 

/mm2 in the SA CCS and 10.16 ±9.02 v/mm2 in the AV CCS ( Fig. 3 C,

). Although the lymphatic vessel area did not differ between SA 

nd AV CCS ( P = .063), the lymphatic vessel density was signifi- 

antly decreased in the SA CCS compared to the AV CCS ( P = .043).

he proportion of lymphatic vessels (% from the CD31-positive ves- 

els in μm2 /mm2 and v/mm2 ) in the SA CCS accounted for 10.42% 

nd 2.12% of all vessels. Similarly, lymphatic vessels in the AV CCS 

egion formed 13.85% and 5.85% of all vessels. These results sug- 

est slightly enlarged lymphatic vessels in the CCS in terms of the 

rea rather than the number. 

.1.2. Surrounding tissue 

The overall vessel area and density in the atrial region were sig- 

ificantly increased in the atrial myocardium compared to the sur- 

ounding fibro-fatty tissue ( Fig. 3 A). In the ventricular region, the 

verall vasculature was most abundant in the myocardial tissue in 

ontrast to both the CCS and FFT. Moreover, the overall vasculature 

as increasing distally to the AV CCS and was lowest in the FFT 

ompared to all the measured regions ( Fig. 3 B). The blood vessels 

how the same pattern of distribution in the studied regions as the 

verall CD31-positive vasculature. 

The proportion of lymphatic vessels (% from the CD31-positive 

essels in μm2 /mm2 and v/mm2 ) in the atrial WSA region ac- 

ounted for 2.71% and 0.59% of all vessels. Moreover, lymphatic 

essels in the ventricles formed 2.41% and 0.41% of all vessels 

n the WSA region. The SA CCS showed significantly increased 

ymphatic vasculature compared to the surrounding atrial re- 

ions, including the myocardium. The atrial myocardium contained 

arkedly sparse lymphatic vessel density that was significantly 

ecreased compared to the FFT ( Fig. 3 C). Although the lymphatic 

asculature was gradually decreasing distally to the SA node, this 

rend did not reach statistical significance. The AV CCS contained 

ncreased lymphatic vessel area and density compared to the adja- 

ent ventricular myocardial tissue. Lymphatic vasculature was sig- 

ificantly increased in the FFT than in the ventricular myocardium. 

ymphatic vasculature tended to decrease distally to the AV CCS 

 Fig. 3 D). 

.2. Overall and autonomic innervation, and neural growth 

.2.1. The cardiac conduction system 

The S100-positive overall nerve density was 20487.2 ±8545.92 

m2 /mm2 (21.72 ±24.64 n/mm2 ) in the SA CCS and 

892.61 ±1482.75 μm2 /mm2 (10.22 ±9.16 n/mm2 ) in the AV 

CS ( Fig. 4 A, B). Significantly increase in overall innervation was 

bserved in the SA vs. the AV CCS ( P = .018, P = .176). 

The sympathetic innervation density was 9228.34 ±4258.93 

m2 /mm2 (5.47 ±3.38 n/mm2 ) in the SA and 1729.43 ±2030.21 

m2 /mm2 (10.42 ±10.79 n/mm2 ) in the AV CCS ( Fig. 5 A, B). The SA 

CS showed significantly increased sympathetic innervation com- 

ared to the AV CCS ( P = .018, P = .735). The parasympathetic inner-

ation density was 372.58 ±482.83 μm2 /mm2 (0.23 ±0.24 n/mm2 ) 

n the SA CCS and 5.64 ±16.07 μm2 /mm2 (0.03 ±0.1 n/mm2 ) in the 
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Fig. 3. Immunohistochemical analysis of the overall and lymphatic vasculature of the sinoatrial and atrioventricular conduction system tissue and the surrounding regions. 

The vessel areas and densities were measured in the atrial and ventricular regions and are presented in μm2 /mm2 and vessels/mm2 , respectively. Statistically significant 

differences among the regions ( P < .05) are labeled by bars and their corresponding P -value. The studied regions: CCS – cardiac conduction system, Myo – myocardium, FFT –

fibro-fatty tissue, and expansion radiuses of 1 mm and 3 mm from the CCS, and their summary (1 + 3 mm). The CCS is marked in yellow around the nodal artery (asterisk) 

in the atrial tissue and on the crest of the muscular portion of the interventricular septum (IVS) in the ventricular tissue. The positively stained structures corresponding 

to the used antibodies were annotated in red. (A) A section of the sinoatrial (SA) node next to the transversely sectioned nodal artery was surrounded by the myocardium 

of the right atrium (RA) and fibro-fatty tissue (FFT) on the epicardial aspect. The CD31-positivity was abundant in both CCS and myocardial tissue, and sparse in the FFT. 

(B) The atrioventricular (AV) CCS and the septal myocardium were densely stained with CD31 antibody with less positivity detected in the fibrotic tissue. (C) A section 

of the SA node adjacent to the obliquely sectioned nodal artery was surrounded by the RA myocardial tissue. The D2-40 positivity, representing lymphatic endothelium, 

was detected mainly in the CCS. (D) The AV bundle contained a higher proportion of D2-40-positive lymphatic vessels than the surrounding myocardium. Stains: A, B –

CD31 immunohistochemistry (a pan-endothelial marker); C, D – D2-40 immunohistochemistry (a marker of lymphatic vasculature). Scale bars: 250 μm. Abbreviations: En –

endocardium, Ep – epicardium, RAA – right atrial appendage. 

5
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Fig. 4. Immunohistochemical analysis of the overall innervation and neural growth densities of the sinoatrial and atrioventricular conduction system tissue and the sur- 

rounding regions. The nerve densities are presented in μm2 /mm2 and nerves/mm2 . Statistically significant differences among the regions ( P < .05) are labeled by bars and 

their corresponding P -value. The studied regions: CCS – cardiac conduction system, Myo – myocardium, FFT – fibro-fatty tissue, and expansion radiuses of 1 mm and 3 mm 

from the CCS, and their summary (1 + 3 mm). The CCS is marked in yellow around the nodal artery (asterisk) in the atrial tissue and on the crest of the muscular portion 

of the interventricular septum (IVS) in the ventricular tissue. The positively stained structures corresponding to the used antibodies were annotated in red. (A) A transverse 

section of the sinoatrial (SA) node containing abundant S100-positive nerves. The RA myocardium was partially replaced by fat and surrounded by thick adipose tissue. 

(B) Numerous S100-positive nerves were detected in the branching atrioventricular (AV) CCS surrounded by sparsely innervated septal myocardium and FFT. Both A and B 

panels show increased overall innervation in the CCS than the surrounding tissue. (C) A longitudinal section of the SA node was surrounded by the RA myocardium and FFT. 

Numerous GAP43-positive nerves were detected in the CCS and RA, but only sporadic in the adipose tissue. (D) Dense neural growth was detected in the AV CCS compared 

to the surrounding tissue. Fibrotic areas were adjacent. The muscular portion of the interventricular septum was slightly fibrotic in the middle part. Stains: A, B – S100 

immunohistochemistry (a marker of overall innervation); C, D – growth-associated protein 43 immunohistochemistry (GAP43, a marker of neural growth). Scale bars: 250 

μm. Abbreviations: En – endocardium, Ep – epicardium, MS – membranous portion of the interventricular septum. 

6
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Fig. 5. Immunohistochemical analysis of the sympathetic and parasympathetic nerve densities of the sinoatrial and atrioventricular conduction system tissue and the sur- 

rounding regions. The nerve densities are presented in μm2 /mm2 and nerves/mm2 . Statistically significant differences among the regions ( P < .05) are labeled by bars and 

their corresponding P -value. The studied regions: CCS – cardiac conduction system, Myo – myocardium, FFT – fibro-fatty tissue, and expansion radiuses of 1 mm and 3 mm 

from the CCS, and their summary (1 + 3 mm). The CCS is marked in yellow around the nodal artery (asterisk) in the atrial tissue and on the crest of the muscular portion 

of the interventricular septum (IVS) in the ventricular tissue. The positively stained structures corresponding to the used antibodies were annotated in red. (A) A transverse 

section of the SA node around the nodal artery was adjacent to the RA and RAA myocardium with an epicardial abundance of the FFT. The sympathetic nerve density was 

similar in all the studied regions. (B) The AV CCS was densely innervated with sympathetic nerves compared to the surrounding tissue and was separated by connective 

tissue from moderately fibrotic ventricular myocardium with lower sympathetic innervation. (C) A longitudinal section of the SA node was with the RA myocardium on the 

endocardial part and FFT on the epicardial part. The area contained only sparse parasympathetic nerves. (D) A transverse section of the AV CCS and surrounding mildly 

fibrotic myocardium with only one parasympathetic nerve detected. No differences in parasympathetic innervation were observed within the atria or ventricles. Stains: 

A, B – tyrosine hydroxylase immunohistochemistry (TH, a marker of sympathetic innervation); C, D – choline acetyltransferase immunohistochemistry (CHAT, a marker of 

parasympathetic innervation). Scale bars: 250 μm. Abbreviations: En – endocardium, Ep – epicardium, RAA – right atrial appendage. 

7
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V CCS ( Fig. 5 C, D). No significant difference in parasympathetic in- 

ervation was found between the SA and AV CCS ( P = .068, P = .144).

ignificantly higher sympathetic innervation was detected in all 

tudied regions within both atrial and ventricular regions includ- 

ng CCS, compared to parasympathetic nerves and ganglia ( P < .05). 

The density of nerves with neural growth, detected by GAP43, 

as 5794.07 ±5955.22 μm2 /mm2 (16.31 ±13.38 n/mm2 ) in the SA 

CS and 2138.69 ±1829.91 μm2 /mm2 (10.11 ±7.74 n/mm2 ) in the AV 

CS ( Fig. 4 C, D). The density of nerves with neural growth was sig-

ificantly higher in the SA CCS compared to the AV CCS ( P = .018,

 = .128). 

.2.2. Surrounding tissue 

The overall nerve density as detected by S100 was significantly 

ncreased in the CCS of both the atrial and ventricular regions 

ompared to the surrounding tissue. Moreover, the ventricular FFT 

howed significantly increased overall innervation than in the my- 

cardium. The overall nerve density was decreasing distally to the 

V CCS ( Fig. 4 A, B). 

In the atrial tissue, sympathetic nerve density was significantly 

ncreased in the myocardium compared to the FFT. The SA node 

as not differently innervated by sympathetic nerves than the sur- 

ounding atrial tissue ( Fig. 5 A). The AV CCS, however, showed a 

ignificant increase in sympathetic innervation compared to the 

urrounding tissue ( Fig. 5 B). Parasympathetic nerve densities were 

ecreased in the CCS and FFT; however, the differences did not 

each statistical significance in either atrial or ventricular regions 

 Fig. 5 C, D). 

The neural growth density was significantly increased in both 

he SA node and atrial myocardium compared to the FFT ( Fig. 4 C).

oncerning the ventricular region, the AV CCS showed significantly 

ncreased neural growth than both the surrounding myocardium 

nd FFT. The neural growth nerve density tended to decrease dis- 

ally to the AV CCS ( Fig. 4 D). 

.3. Collagen, cardiomyocytes, and fat proportions in the cardiac 

onduction system 

The proportion of interstitial collagen in the SA CCS was 

4.96 ±12.12% and the AV CCS was 21.61 ±10.61%. Although the SA 

ode appeared to be more than two times more fibrotic than the 

V CCS tissue, a statistical difference was not reached ( P = .109). The 

roportion of cardiomyocytes within the SA CCS was 38.75 ±11.52% 

nd the AV CCS was 71.87 ±12.89% ( P = .109). The fat proportion

as similar in the atrial and ventricular CCS (6.29 ±1.75% vs. 

.52 ±4.31%, P = 1) ( Fig. 2 ). 

.4. Age correlations with the cardiac conduction system morphology 

Sympathetic nerve densities (r =−0.557, P = .02) and neural 

rowth (r =−0.673, P = .003) decreased with age in the AV CCS. 

nterstitial collagen significantly increased with age only in the 

A node (r = 0.9, P = .037). Concerning the tissue adjacent to the 

CS, overall innervation (r =−0.786, P = .036), lymphatic (r =−0.786, 

 = .036), and overall vasculature (r =−0.886, P = .019) significantly 

ecreased with age in the atrial myocardium. Additionally, sym- 

athetic nerves decreased with age in the whole ventricular 

SA (r =−0.571, P = .017). Overall CD31-positive vessels (r =−0.57, 

 = .017) decreased with age in the ventricular WSA. 

. Discussion 

.1. Main findings 

The current morphologic and morphometric analysis showed 

ifferences in the vasculature, innervation, and collagen in the CCS 
8

nd surrounding myocardial and fibro-fatty tissue in morphologi- 

ally normal human hearts. The most important finding was that 

ymphatic vasculature was increased in the CCS within both atria 

nd ventricles compared to the surrounding tissue, especially the 

yocardium, where the lymphatic vasculature was substantially 

ower. The lymphatic vasculature in the SA CCS was lower in com- 

arison to the AV CCS. The overall vasculature was significantly 

igher in both the atrial and ventricular myocardial tissues than 

n the FFT. Although the CCS and myocardial overall vasculature 

howed a similar pattern of distribution in the atria, the overall 

essel area and density were significantly lower in the AV CCS. 

oth the overall and lymphatic vessel areas decreased with age 

n the atrial myocardium, while only the overall vasculature de- 

reased with age in the ventricular myocardium. 

The overall innervation showed increased density in the atria 

han the ventricles. In addition, both the SA and AV CCS showed 

ncreased overall innervation compared to the surrounding re- 

ions. The sympathetic nerve density was more predominant than 

he parasympathetic nerve density in all the atrial and ventricu- 

ar studied regions. Moreover, the density of sympathetic innerva- 

ion was higher in the AV CCS than in its surrounding FFT. The 

eural growth, detected by GAP43, was increased in the SA and 

V CCS compared to the surrounding tissue. The overall inner- 

ation decreased with age in the atrial myocardium, and sympa- 

hetic innervation and neural growth decreased with age in the AV 

CS. 

Interstitial collagen was around two times higher in the SA CCS 

han in the AV CCS, but not statistically significant. Additionally, 

nterstitial collagen significantly increased with age in the SA node. 

.2. Vasculature 

The blood vasculature in the myocardial tissue is more abun- 

ant as compared to the lymphatic vasculature and both systems 

losely interact [14 , 15] . The blood vasculature was previously stud- 

ed in the human SA and AV nodes with conflicting results that 

he area of CD31-positive vessels was minimal in the CCS tissue 

more than 350 blood vessels in each of the nodes) [1] . This dis-

repancy may be explained by the presence of mainly connective 

issue in the CCS. In our series, nearly all the vessels detected by 

he CD31 immunohistochemistry were blood vessels in the stud- 

ed regions. The overall vasculature in the AV CCS was lower than 

n the ventricular myocardium and higher than in the surround- 

ng FFT. Additionally, the overall vasculature was more abundant in 

he atrial and ventricular myocardium compared to the surround- 

ng FFT. These observations of blood supply diversity could be at- 

ributed to the different energy metabolism in various heart com- 

artments [31] . 

Several human and animal studies described the lymphatic 

rainage of the SA node and ventricular CCS [32–36] . The current 

tudy used a similar approach for lymphatic vessel quantification 

s in the previous studies on various human heart compartments 

15] and human heart valves [37] . Here, we present that the lym- 

hatic vessel area and density were higher in both SA and AV CCS 

issues than in the surrounding non-conduction system tissue. Ad- 

itionally, the SA CCS lymphatic vessel density was found to be 

ower compared to the AV CCS, which may be a result of the dif- 

erent lymph flow driving forces between the atria and ventricles. 

s previously reported, the lymphatic system in the atria is less 

xtensive than in the ventricles and the lymphatic growth may be 

ffected by various pathological conditions [15 , 38] . A close rela- 

ionship between the CCS and lymphatic vasculature was demon- 

trated previously suggesting the clinical impact of lymph flow dis- 

urbances on conduction impairment and arrhythmias [3] . A pre- 

ious study suggested that lymphatic flow resistance is higher in 

he atria and lymph flow impairment is more frequent in the atria 
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han in the ventricles. Thus, lymphatic retention was speculated 

o induce supraventricular arrhythmias in certain conditions [39] . 

imilarly, aging, metabolic syndrome, elevated venous pressure, or 

urgical intervention in the heart area might cause lymphatic dys- 

unction leading to the development of atrial fibrillation [4] . Hence, 

urther research should be undertaken to investigate the lymphatic 

nd blood vasculature in the CCS under various pathophysiological 

onditions as it offers potential opportunities for therapeutic inter- 

entions. 

.3. Innervation 

A previous study demonstrated a decreased innervation density 

n the CCS related to aging [5] . These results are in agreement with

he present findings on reduced sympathetic innervation with age 

n the whole ventricular studied area and decreased neural growth 

elated to age in the AV CCS. Age-related changes in CCS are clin- 

cally relevant, given the ion channels remodeling role that is also 

ssociated with heart failure and arrhythmias [40] . 

The innervation in both SA and AV CCS is complex due to 

he overlapping distribution of sympathetic and parasympathetic 

bers, originating from the stellate ganglion and the right vagal 

anglia [2] . The SA and AV CCS are richly innervated by the auto- 

omic nervous system [16] creating direct contact between the au- 

onomic neural tissue and the CCS tissue [5] . Both the morpholog- 

cal proximity and the density of innervation influence the pace- 

aking activity of the heart [1] . In our study, we showed that the

verall innervation was substantially increased in the CCS tissue 

n comparison to the adjacent studied atrial and ventricular re- 

ions, and the atrial tissue contained generally denser innervation 

han the ventricular tissue. Moreover, sympathetic innervation and 

he neural growth were increased in the atrial myocardium com- 

ared to the surrounding FFT, as well as in the AV CCS compared 

o the adjacent areas. These results are in line with previous hu- 

an and animal studies [5 , 21-25] , which reported abundant inner- 

ation of the CCS compared to the adjacent working myocardium. 

how et al. [5] also found a decreasing innervation gradient dis- 

ally from the more densely innervated SA node through the rest 

f the CCS using a semiquantitative assessment of the innervation 

ensity. 

Several reports have shown dense parasympathetic innervation 

f both SA and AV CCS in animal hearts using immunohistochem- 

cal methods [21 , 22 , 25] . On human hearts, however, Kawano et al.

41] showed predominant parasympathetic innervation in the 

tria and sympathetic innervation in the ventricles. Crick et al. 

23] demonstrated in human hearts predominantly parasympa- 

hetic innervation in the SA node and AV node, and predominantly 

ympathetic innervation in the penetrating bundle and the bundle 

ranches. Moreover, higher parasympathetic innervation in the 

entricular CCS compared to the ventricular myocardium was 

reviously reported [26] . A more recent study demonstrated that 

arasympathetic nerves have a significant influence on both atrial 

nd ventricular rate, rhythm, and contractility [42] . Interestingly, 

e found that the sympathetic nerve density was significantly 

ncreased in both SA and AV CCS, myocardium, and FFT compared 

o parasympathetic innervation, which is a totally new finding. We 

id not find differences in parasympathetic innervation among the 

tudied regions. This inconsistency could be explained by limited 

eries sizes, individual factors influencing autonomic innervation, 

r a different methodology (in nerve quantification and different 

ntibodies or clones). Future studies on the cardiac sympathetic 

nd parasympathetic innervation of certain heart areas including 

he CCS are recommended for its impact on cardiac regula- 

ion and involvement in the pathophysiology of several cardiac 

iseases. 
9

.4. Myocardial collagen and fat 

We found out that the SA node contained around two times 

ore collagen than the AV CCS, which may be explained by the 

act that the myocytes are encapsulated in the fibrous connective 

issue in the SA node [1 , 2] . Additionally, a previous study suggested 

hat myocardial collagen accumulation leading to fibrotic remodel- 

ng is associated with aging [43] , which might be connected to the 

ncreased prevalence of atrial fibrillation in the elder. The present 

tudy reported that interstitial collagen in the SA node significantly 

ncreased with age, which is consistent with several studies that 

eported an increase in fibrosis with aging in the SA node [44–49] . 

owever, these findings do not support the previous study of 200 

ormal human hearts, in which collagen content in the SA node 

id not increase with age [7] . Unlike the SA node, we addressed 

hat the interstitial collagen content did not increase with age in 

he AV CCS and this finding supports the previous study [45] . How- 

ver, previous studies have demonstrated an increase in collagen 

ontent with aging in the AV CCS [12 , 47-49] . These inconsistencies 

ay be mainly due to different collagen content measurement ap- 

roaches. 

Myocardium contains a variable amount of fat in physiologic 

onditions [50] . Fatty replacement of the myocardial tissue was 

reviously studied in association with inflammation in arrhythmo- 

enic right ventricular cardiomyopathy and sudden cardiac death 

10 , 51] . The present study demonstrated a similar fat distribution 

attern in both SA and AV CCS (6.3%; 6.5%, respectively) in normal 

dult hearts. A previous study evaluated the proportion of myocar- 

ial fat in the right atrium and right ventricle (4.5%; 7.5%, respec- 

ively) with the highest fat amount found in the right ventricular 

pex samples [52] . Miles et al. [9] reported the fat proportion in 

he intraventricular septum, right and left ventricle (1.5%; 12.3%; 

.7%, respectively), including epicardial and endocardial layers. 

A prior study reported that myocardial fibrosis is more arrhyth- 

ogenic than fatty tissue regarding the percentage of nonconduc- 

ive tissue necessary to induce an arrhythmia [13] . Myocardial col- 

agen and fat accumulation in the CCS might potentially interfere 

ith normal CCS functions and the knowledge of the distribution 

an contribute to the explanation of CCS pathologies and identify- 

ng the cause of death. 

.5. Limitations of the study 

A small number of subjects were included in the study cohort 

nd conclusions may be, therefore, limited. No clinical data were 

vailable about the subjects concerning other diseases and phar- 

acologic therapy, which may have impacted the morphologic pat- 

erns of the studied subjects. No genetic testing was done as the 

ncluded subjects had positive toxicology at the postmortem eval- 

ation. The myocardial collagen, cardiomyocytes, and fat assess- 

ent was limited only to the CCS area and was not performed in 

he surrounding myocardial regions because of extensive artificial 

mpty intramyocardial spaces that would falsely overestimate the 

at distribution and affect reproducibility. 

. Conclusions 

The present morphologic and morphometric study identified 

ifferences in the vasculature, innervation, and collagen distri- 

ution within the human CCS. There was increased collagen 

urrounding the CCS and the interstitial collagen content was 

wice as much higher in the SA CCS than in the AV CCS. Fat was

 normal but minor component of the SA and AV CCS. There were 

ifferences in the vasculature, particularly lymphatic vessels were 

ncreased in the CCS compared to the surrounding myocardium 
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nd connective tissue. There was also an increase in general inner- 

ation and neural growth in the CCS compared to the surrounding 

onnective tissue and myocardium which highlights the central 

ole of innervation in the control of the heartbeat. Sympathetic 

eural dominance was also noted. These differences highlight the 

nique role of the conduction system with increased collagen pro- 

ecting the conduction system from the surrounding myocardium. 

here was increased blood, lymphatic, and nerve supply which 

eans rapid access to blood components and neurotransmitters 

nfluencing the specialized cells of the SA and AV CCS tissue, 

hus controlling the heartbeat. This study sets a morphological 

enchmark for further morphological investigation of arrhythmias. 
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