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Abstract
Background and Aim: The heart conduction system is responsible for the occurrence of various types of cardiac arrhythmia. 
This study aimed to histologically and morphometrically describe damaged cardiac nodes during acute myocardial infarction 
and to compare them with normal tissues in dogs and horses.

Materials and Methods: This study describes the morphometry of cardiac nodes in five dogs and five elderly horses that 
succumbed to sudden cardiac death (SCD). A computerized morphometric study was conducted to determine the number of 
cells composing the nodes, different shape and size parameters of nodes, and their relationship with degenerative changes 
due to cardiac conditions.

Results: In both species, the sinoatrial node (SAN) was ovoid in shape whereas the atrioventricular node (AVN) was 
pyramidal in shape. The percentage of collagen fibers inside the SAN of dogs (47%) and horses (50%) was found to be 
higher than that of cells. In contrast, the percentage of cells in the AVN of dogs (24%) and horses (16%) was higher than 
that of connective tissues. In the SAN, the area (p = 0.09), maximum diameter (<0.001), and mean diameter (0.003) of P 
cells were larger in dogs than in horses.

Conclusion: Overall, the SAN cells and surrounding cardiomyocytes in dogs and horses as well as the AVN cells in dogs 
that succumbed to SCD decreased in size compared with those in normal hearts.

Keywords: atrioventricular node, dog, horse, myocardial infarction, sinoatrial node.

Introduction

In humans, the most obvious research finding 
on the natural development of coronary heart dis-
ease is the high incidence of sudden cardiac death 
(SCD) [1–3]. The results of pathological studies not 
only supported the prevalence of severe coronary ath-
erosclerosis in SCD but also indicated that 10%–50% 
of victims suffered an asymptomatic acute myocardial 
infarction (AMI) [4] and a higher percentage suffered 
subclinical early myocardial ischemia [5]. Similar 
findings obtained in other species can be attributed to 
the similarities in cardiac function between humans 
and these species, especially dogs [6]. The sinoatrial 
node (SAN) initiates the cardiac electrical impulse, 
which controls the coordinated rhythmic contractions 
of the mammalian heart [7–11]. It initiates heartbeat 

through pacemaker cells, which generate sponta-
neous electrical signals and specialized conduction 
pathways, carrying electrical impulses from the pace-
maker cells to the adjacent atrial tissue [10, 12, 13]. 
Abnormal SAN morphology or function can inappro-
priately accelerate or slow down the heart rate, lead-
ing to fatal cardiac arrhythmia. This condition puts 
humans and animals at risk for heart diseases, such as 
atrial fibrillation (AF) and heart failure (HF), which 
in turn can cause syncope and SCD [1, 14]. Sick sinus 
syndrome (SSS) is a common bradyarrhythmia that 
occurs in both humans and dogs; it is the second most 
common indication for permanent artificial pacemaker 
implantation in canines [15–18]. In clinical practice, 
SSS is often diagnosed based on abnormal SAN activ-
ity on an electrocardiogram, with corresponding clin-
ical signs of low cardiac output (syncope, staggering, 
and weakness) [19]. The main electrocardiographic 
findings in SSS are sinus arrhythmia and bradycardia, 
periods of sinus arrest, and/or paroxysmal atrial tachy-
cardia alternating with bradycardia (commonly called 
bradycardia–tachycardia syndrome) [1].

Cardiac conditions are suspected to cause SCD 
or collapse in racehorses [20]. Sudden cardiac death 
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in racehorses resembles SCD in young adult humans 
(below 35-years-old), with the latter frequently occur-
ring during physical activity [21, 22]. In a study on 
racehorses that succumbed to SCD, fibrotic lesions 
were clearly observed in the atrium in the vicinity of 
the SAN. Severe fibrosis in areas adjacent to the node 
compared with normal SAN evidenced a decrease 
in SAN fibers. Histological findings in SCD include 
foci of myocardial fibrosis located in the right atrium, 
interatrial septum, and upper portion of the interven-
tricular septum, including the atrioventricular con-
duction system [23–25]. Humans and dogs have quite 
similar atrioventricular node (AVN) structures [2, 26]. 
Dual AVN conduction is a commonly observed elec-
trophysiological response in both species [27, 28]. 
However, AVN re-entrant tachycardia is the most 
common form of supraventricular tachyarrhythmia 
in humans, whereas it has been reported only once 
in dogs [29–31] for as yet unclear reasons. Whether 
the AVN re-entrant tachycardia circuit is confined to 
the node or involves part of the perinodal atrial tissues 
remains unclear [32]. Studies on surgical and catheter 
ablation support the concept that extranodal atrial tis-
sues are partially involved in the re-entry circuit [33]. 
A complete atrioventricular block occurs when a cardiac 
impulse is completely and permanently interrupted in the 
AVN, atrioventricular bundle (AVB), or branches. The 
atria are normally depolarized by the SAN, but the ven-
tricles are depolarized by subsidiary pacemakers below 
the block area, where the discharge rate of the electrical 
impulse is reduced [34]. Studies have described marked 
pathological changes in horses that succumbed to SCD, 
such as focal myocardial fibrosis and ischemia in the 
atrium as well as in the atrioventricular junction and 
upper interventricular septum, including the AV con-
duction system (AVN, AVB, and left and right bundle 
branches). Furthermore, a fibroblastic response has been 
observed in this connective tissue-rich area [10, 23, 24]. 
Supraventricular arrhythmia is one of the main causes of 
morbidity and mortality among animal species.

This study aimed to histologically and morpho-
metrically describe damaged cardiac nodes during 
AMI and to compare them with normal tissues in 
dogs and horses. Lesions in the cardiac nodes of these 
animal species were also compared with the lesions 
found in humans in existing studies.
Materials and Methods
Ethical approval

Procedures were conducted in accordance with the 
Ethics Committee of the Universidad Cooperativa de 
Colombia (No. 014-2018) and in compliance with Law 
84 of 1989 at the national level, corresponding to the use 
of animals in experimentation and research, Chapter VI 
of the “National Statute for the Protection of Animals.”
Study period and location

This study was conducted between 
November 2021 and November 2022 in the city of 
Bucaramanga, Colombia.

Sample processing
Hearts of 10 male horses (weighing 250–300 kg 

and aged 6–8  years) with a history of heart disease 
were obtained from necropsies performed by clin-
ical veterinarians. In addition, the hearts of 10 male 
dogs (adult medium-sized breed animals weighing 
8–19 kg and aged 10–14 years) with a history of car-
diac pathologies (myxomatous valvular degeneration 
and Grade 3–6 heart murmur), documented by elec-
trocardiography and echocardiography, were obtained 
from necropsies performed by clinical veterinarians. 
The hearts of 10  male horses destined for slaughter 
(weighing 250–300  kg and aged 2.5–3.5  years) and 
the hearts of 10 dogs (adult medium-sized breed ani-
mals weighing 8–19 kg and aged 5–12 years) without 
a history of heart disease were used for comparison 
with the hearts of animals that died from heart disease.
Sinoatrial node

In both horses and dogs, the SAN region was 
sectioned at the junction of the cranial vena cava 
with the right atrium, in which the SAN lies directly 
beneath the sulcus terminalis and the anterior margin 
is near the junction of the right atrial appendage (auri-
cle) with the superior vena cava, which is marked by 
a small epicardial ridge (crista terminalis). The SAN 
was subsequently cut into 5-mm-thick slices.
Atrioventricular node

The AVN is a few millimeters anterior to the 
orifice of the coronary sinus. The node is located 
below the endocardium of the right atrial septum 
and just above the septal junction of the tricuspid 
valve. The AVN region was serially sectioned, and 
the tissue block removed for the study included the 
entire junction of the interatrial and interventricular 
septum. Sections were cut perpendicular to the line 
of junction of the septum, obtaining approximately 
six samples per node. All samples were fixed in 5% 
formaldehyde, labeled with numbers, and embed-
ded in paraffin. The sections were stained with 
Hematoxylin-Eosin and Masson’s trichrome, and 
histological samples were cut into 5-μm-thick sec-
tions using a microtome.
Image analysis and histopathological evaluation
Node morphometry

Samples were evaluated using a Leica DMD108 
light microscope (Leica Microsystems, Wetzlar, 
Germany). For morphometric analysis, 220 micro-
graphs of tissue from the SANs and AVNs were taken 
at different magnifications: 4× to measure the node 
parameters and 10× or 20× to measure the cell param-
eters The area, mean density, maximum and mínimum 
diameters, perimeter, roundness, length, and width 
of the nodes were measured at 4× magnification. For 
roundness, a morphometric measurement value far 
from 1 indicates an elongated or irregular contour, 
whereas values close to 1 indicate a rounder cell or 
node.
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Cellular morphometry
Inside each node, we quantified the area, max-

imum and minimum diameters, mean diameter, and 
roundness of P cells, T cells, and peripheral car-
diomyocytes (50 cells were evaluated for each cell 
type and each case). Immunohistochemical stain-
ing with Anti-Human Desmin Clone D33-IR606 
(Dako Corporation. Santa Clara, United States) 
was performed to visualize the desmin intermediate 
myofilaments localized in the node cells. The myo-
filaments were compared with the surrounding car-
diomyocytes. A  computerized morphometric study 
was conducted using Image-Pro Plus 7.1 (Media 
Cybernetics, Silver Spring, MD, USA). After the 
manual selection of each micrograph based on color 
histograms, they were calibrated and the total tis-
sue area (μm2) was obtained. Furthermore, in the 
SAN and AVN, we determined the percentage of the 
components of each node by segmentation (the mor-
phometric program determines the components only 
in percentage), in which red denotes the percentage 
of collagen fibers; green, percentage of cells; and 
yellow, percentage of fundamental substance or adi-
pose tissue.
Statistical analysis

Descriptive statistics, graphical representations, 
and hypothesis testing were conducted using statisti-
cal package for the social sciences (SPSS) 20 (SPSS, 
Chicago, IL, USA) and Microsoft Excel 2013. p < 0.05 
was considered to indicate statistical significance. The 
confidence interval for continuous variables was 95%. 
The Kolmogorov–Smirnov normality test was con-
ducted for each morphometric parameter, and descrip-
tive statistics were calculated also for each parameter. 
To ensure statistical robustness, the Mann–Whitney 

U test was employed for quantitative variables, vari-
ables with non-normal distribution, and comparison 
of cells in the two species. For normal variables, such 
as node parameters, student’s t-test was used. Data 
were expressed as mean ± standard deviation for all 
measured lengths.
Results
Sinoatrial node

The SAN is located at the junction of the cranial 
vena cava and free wall of the right atrium, where it 
lies directly beneath the sulcus terminalis. The arterial 
branch, which irrigates the SAN in dogs, is located at 
the substance of the node in dogs, whereas in horses, 
it is located at one of its poles.

In the infarcted dogs and horses, the SAN presented 
an ovoid shape (Figure-1), with no differences observed 
relative to control cases. A  thin capsule of connective 
tissue was found surrounding the node in all horses. The 
different morphometric parameters measured for the 
SAN of both species are presented in Table-1 [6].

In dogs, the main changes were observed in 
nodal cells (P and T cells) and cardiomyocytes sur-
rounding the node. We observed hypertrophy of 
P cells in infarcted dogs as these cells were larger 
than those in control cases. The P and T cells were 
easily detected as they were paler than the sur-
rounding cardiomyocytes. Adipose tissue replacing 
the fundamental substance and cells was observed 
inside the node (Figures-1a and 2a). Furthermore, 
in 70% of infarcted dogs (Figures-1a and c), we 
observed a decrease in the area occupied by car-
diomyocytes in the periphery of the node, which 
comprised adipose tissue in the atrial myocardium. 
Another important finding was the higher percent-
age of collagen fibers (fibrosis) inside the SAN 

Figure-1: Histology of cardiac nodes in dogs and horses with acute myocardial infarction at 4×. (a) Sinoatrial node (SAN) 
in dogs with hematoxylin-eosin and (c) Masson’s trichrome and (b) in horses with hematoxylin-eosin and (d) Masson’s 
trichrome. Note the infiltration of fatty tissue (arrows) at the periphery and interior of the node in dogs, which replace the 
cardiomyocytes and nodal cells, respectively. Increased fibrous tissue at the periphery of the SAN in horses (arrowheads). 
CM=Cardiomyocytes. 4× magnification.
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(47%) than the percentage of cells inside the node 
(33%), which was not observed in our control cases 
(Table-2 and Figure-2a) [35].

The infarcted horses had smaller P and T cells 
than those with normal hearts (Figures-3 and 4). In 
these species, we also observed a moderate pres-
ence of fibrosis in the atrial myocardium surround-
ing the SAN (Figure-1b and d). Another important 
finding was the higher percentage of collagen 
fibers (fibrosis) inside the SAN (50%) than the 
percentage of cells inside the node (31%), which 
was not observed in our control cases (Table-2 and 
Figure-2b).

Table-3 presents the different parameters 
measured in nodal cells, such as area, diameter, and 
roundness. No statistically significant differences 
were observed between the morphometric parame-
ters measured in the SAN of both dogs and horses. 
In P cells, the area (p = 0.09), maximum diameter 
(p < 0.001), and mean diameter (p = 0.003) were 
larger in dogs than in horses. These cells were 
rounder in horses than in dogs, with a value closer 
to 1 (p = 0.007). Only the maximum diameter of T 
cells was greater in dogs than in horses (p = 0.02). 
The dogs had more elongated cell shape, with a 
value quite far from 1 (p = 0.19). No significant 
between-species differences were observed in 
cardiomyocytes.
Atrioventricular node

In mammals, the AVN is located subendocardi-
ally in the right half of the interatrial septum. It can 
be seen anterior to the ostium of the coronary sinus 
and above the junction of the septal junction of the 
tricuspid valve. However, the arterial branch of the 
AVN that supplies it could not be identified in dogs 
or horses.

AVN presented a pyramid shape in both spe-
cies. The parameters obtained by morphometry at 
this node in both species are presented in Table-1. 
In infarcted dogs, a decreased percentage of cells 
was observed in compared with control cases (24%), 
and an increase in the percentage of collagen fibers 
(fibrosis) (Table-2 and Figure-2c). An increase in 
the percentage of adipose tissue was observed in the 
periphery of the AVN, located particularly in the car-
diac fibrous skeleton (CFS) (Figures-5a and b). The 
P cells were paler than cardiomyocytes, characterized 
by prominent nucleoli, and appeared hypertrophic. 
Only a few T cells were observed in the analyzed 
nodes (Figure-6).

In infarcted horses, we observed a decrease in 
nodal cells (Figures-5c and d) and an enhanced num-
ber of collagen fibers compared with control cases 
(Table-2 and Figure-2d). These cells appeared hyper-
trophic and were paler than cardiomyocytes. A  sub-
stantial increase in T cells and a decrease in P cells 
were also noted (Figure-7). Table-3 presents the differ-
ent morphometric parameters measured in nodal cells.Ta
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Table-2: Structural components of cardiac nodes expressed as percentages in dog and horse infarcted and normal hearts.

Species Dogs Horses

Node Infarcted 
SAN

Infarcted 
AVN

Normal 
SAN

Normal 
AVN [35]

Infarcted 
SAN

Infarcted 
AVN

Normal 
SAN

Normal 
AVN [35]

% collagen fibers 47 48 34.2 9.75 50 44 43.3 37.24
% fundamental substance 28 22.9 63.98 19 40 6.3 11.2
% cells 33 24 43 26.27 31 16 50.4 51.56
% adipose tissue 20

Figure-3: (a) Sinoatrial node from infarcted dogs stained with Hematoxylin-Eosin and (b) Masson’s trichrome at 40×. 
P cells are indicated by black arrows and T cells by red arrows. Note the presence of adipose tissue inside the node (*). 
CM=Cardiomyocytes. 20× magnification.

ba

Figure-4: (a) Sinoatrial node from infarcted horses stained with hematoxylin-eosin and (b) Masson’s trichrome at 20×. 
P cells are indicated by black arrows and T cells by red arrows. CM=Cardiomyocytes. 20× and 10× magnification.

ba

Figure-2: Morphometric analysis of sinoatrial node (SAN) in (a) dogs and (b) horses and (c) atrioventricular node in dogs and 
(d) horses infarcted at 4×. Note the large number of collagen fibers inside the heart nodes in both species, which is represented 
by red, and the decrease in cells represented by green. Yellow indicates the fundamental substance of the heart nodes, but in 
the SAN of dogs it is replaced by adipose tissue. CM=Cardiomyocytes, CFS: Cardiac fibrous skeleton. 4× magnification.
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Comparing the two species, the area (p = 0.001), 
maximum diameter (p = 0.006), minimum diameter 
(p = 0.001), and perimeter (p = 0.002) of the SAN 
were greater in infarcted horses than in infarcted dogs. 
For the AVN, the length (2.9 ± 1.2  mm) and width 
(1.8 ± 0.7  mm) were greater in horses than in dogs 
(1.1 ± 0.1 mm and 0.6 ± 0.2 mm, respectively) (p = 
0.013 for length and p = 0.009 for width).

In subsequent cell analysis, the area and diame-
ter (maximum, minimum, and mean) of the P cells, T 
cells, and cardiomyocytes were significantly greater 
in horses than in dogs (all p < 0.001). The P cells were 
rounder in dogs than in horses (p = 0.001), and the 
T cells were more elongated in horses than in dogs 
(p < 0.001).

Figure-6: (a) Atrioventricular node from infarcted dogs stained with Hematoxylin-Eosin and (b) Masson’s trichrome at 
40×. P cells are indicated by black arrows: note the prominent nucleoli in some of these cells. T cells are indicated by red 
arrows. CM=Cardiomyocytes; CFS=Cardiac fibrous skeleton. 20× magnification.
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Figure-7: (a) Atrioventricular node of infarcted horse stained with Hematoxylin-Eosin and (b) Masson’s trichrome at 20×. 
P cells are indicated by red arrows and T cells are indicated by black arrows. Note the large size of the cells, the decrease 
in P cells, and the increase in collagen fibers within the node. 20× magnification.
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Figure-5: (a) Histology of infarcted atrioventricular node (AVN) from dogs stained with Hematoxylin-Eosin at 10× and 
(b) Masson’s trichrome at 4× and (c) AVN from horses stained with Hematoxylin-Eosin and (d) Masson’s trichrome at 4×. 
Note the adipose tissue infiltrating the cardiac fibrous skeleton (CFS) and periphery of the node, replacing cardiomocytes 
(CM) in dogs (arrows). 4× magnification.
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Immunohistochemistry
We employed desmin staining to easily identify 

SAN and AVN cells in infarcted dogs. We found that 
nodal cells exhibited high reactivity to immunohisto-
chemical staining, but no differences were observed 
with cardiomyocytes, which reacted in the same manner 
(Figures-8a and b). In infarcted horses, nodal cells exhib-
ited high desmin positivity in both nodes; however, in the 
SAN, no difference was observed with cardiomyocytes, 
whereas in the AVN, nodal cell positivity was higher 
than that in working cardiac cells (Figures-8c and d).
Imaging findings

Tachycardia and different degrees of heart mur-
mur were detected in infarcted dogs in this study, with 

the presence of peaked P waves on the electrocardio-
gram, indicating a type of supraventricular arrhythmia 
(paroxysmal atrial tachycardia). Furthermore, differ-
ent grades of left atriomegaly were found on the imag-
ing tests. Generalized cardiomegaly and cardiosternal 
contact of the entire right ventricular surface were also 
observed on radiography. These findings are compat-
ible with changes in the electrical conduction system, 
as observed in our study’s histological and morpho-
metric evaluation (Figure-9).
Discussion

Given the critical role the SAN and AVN play 
in activating and coordinating cardiac contraction as 

Figure-9: Cardiac alterations in diagnostic images compatible with changes in the electrical system in dogs. (a) Sinoatrial 
node with fatty infiltrate inside (arrow) at 20×. (b) X-ray showing the presence of cardiomegaly (arrow). (c) Echocardiogram 
with dilatation of the left atrium (arrow). (d) Electrocardiogram showing the presence of peaked P waves (arrows).
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Figure-8: Identification of sinoatrial node (SAN) cells in (a) dogs and (c) horses and (b) atrioventricular node (AVN) 
cells in dogs and (d) horses by desmin immunohistochemical staining in infarcted animals at 10×. Note the difficulty in 
distinguishing nodal cells from cardiomyocytes in hearts that have suffered myocardial infarction in SAN from both species 
and in AVN from dogs, observing a higher intensity difference between nodal cells (arrows) and cardiomyocytes (CM). 
CFS=Cardiac fibrous skeleton. 10× and 4× magnification.
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well as their involvement in inducing arrhythmias, 
this study aimed to describe the histological and 
morphometrical alterations in cardiac nodes after 
AMI in both horses and dogs. The ovoid shape of 
SAN has been described in dogs with nodal heart 
disease and animals without a history of heart dis-
ease [36, 37].

The morphometric parameters measured in the 
SAN, such as diameter, area, perimeter, density, and 
roundness, were greater in this study of animals that 
died of myocardial infarction than in a previous study 
by Gómez-Torres et al. [6] of dogs without a history 
of cardiac events. The difference in parameters was 
caused by a decrease in the noble parenchyma and 
the growth of connective tissue (fibrosis) inside the 
node. We observed a significant increase in collagen 
fibers and adipose tissue in infarcted dogs, replacing 
fundamental substance and cells, which was unusual 
and not observed in healthy hearts. Such an increase in 
collagen fibers (fibrosis) can lead to SAN dysfunction.

Morphologic and functional abnormalities in the 
SAN can cause the heart rate to increase or decrease, 
resulting in fatal cardiac arrhythmias. The abnormal-
ities in the SAN also increases the risk of AF or HF, 
which can cause syncope and SCD [1, 15]. Another 
cause of this SAN malfunction is SSS, which is defined 
by symptomatic dysfunction of this node with an inad-
equate atrial rate for physiological requirements [38]. 
Sick sinus syndrome has been reported in humans and 
dogs [18, 37] and is the second most common indica-
tion for permanent artificial pacemaker implantation 
in canines [15, 16]. It is caused by abnormalities in 
SAN automaticity and/or sinoatrial conduction, which 
can be multifactorial [38]. The most common cause of 
intrinsic changes in the SAN is age-related, idiopathic 
degenerative fibrosis of the nodal tissue [39]. This is 
consistent with our findings, as the increase in colla-
gen fibers (fibrosis) observed may be related to SSS 
in the dogs that died of myocardial infarction at an 
advanced age in this study.

The presence of arrhythmias common to dogs 
and humans has been reported in SSS, where the 
presence of tachybradycardia, bradycardia, prolonged 
atrial pauses, and SAN exit and re-entry blocks was 
reported in dogs experimental models of myocardial 
infarction [40, 41]. These SAN alterations indicate 
the similarity that exists between the two species and 
highlights the importance of our results, which can 
thus be applied to human medicine.

In dogs with SSS, extensive SAN destruction 
has been reported, characterized by decreasing num-
bers of nodal cells replaced by adipose or fibroadi-
pose tissue and interrupted contiguity between the 
node and atrial myocardium [37, 42]. These findings 
are consistent with ours, indicating that adipose tis-
sue was found inside the node replacing fundamental 
substance and cells. Another finding was interstitial 
myocardial fibrosis with loss of muscle fibers in both 
atria [37, 42], but this was not observed in our study.

In addition to other intrinsic cellular features, 
the increased presence of collagen fibers in the hearts 
of larger species has been suggested to play a role 
in decreasing heart rate. Between 20% and 30% of 
collagen fibers have been reported inside the SAN 
of healthy dogs [43], along similar lines to the 34% 
found in healthy dogs in our study; in healthy humans, 
this percentage is reportedly between 35% and 55%, 
indicating a lower heart rate than in dogs [43]. This 
shows that the percentage of collagen fibers signifi-
cantly increased in our current study of animals with 
myocardial infarction, potentially leading to elec-
trical conduction alteration through the node. This 
could also occur in humans due to the similarities 
with the dog.

In humans and experimental dogs, HF and AMI 
have been shown to worsen fibrosis in the SAN [40, 43], 
which disrupts the coupling between the conduction 
cells of the SAN and affects their function, leading 
to bradycardia, conduction blocks, and re-entry tachy-
cardia5]. We demonstrated the worsened fibrosis in 
our study in dogs and horses when comparing these 
cases with healthy animal hearts, showing the poten-
tial damage in the electrical conduction system.

Moderate to marked fibrosis, replacement of 
cardiomyocytes by fatty tissue, and vasculariza-
tion of the conduction system fibers have also been 
described in humans with AMI, mainly affecting the 
proximal segments of the branches of the AVB, AVN, 
and SAN [5]. This is consistent with the findings 
of our study (predominantly in dogs and to a lesser 
extent in horses).

Comparing SAN nodal cells in our group’s 
previous study by Gómez-Torre et al. [6] on hearts 
from dogs without a history of heart disease, with 
P cells from infarcted dogs, we found smaller areas 
and diameters in animals that succumbed to SCD. 
Furthermore, the P cells in cases that succumbed 
to SCD were rounder than those in normal nodes. 
In the same cases, the T cells had lower morpho-
metric parameters than those from normal nodes. 
This condition in SAN cells can lead to any type of 
supraventricular arrhythmia. Analysis of the cardio-
myocytes surrounding the node revealed decreases 
in the morphometric parameters to half the values 
described in normal hearts, affecting the continuity 
of the electrical impulse through the atrial myocar-
dium, which leads to abnormal depolarization of the 
cardiomyocytes.

The alterations observed in our study, also 
described by different authors as aforementioned, 
are consistent with the imaging and clinical diagnos-
tic findings in the dogs we evaluated. The presence 
of peaked P waves, which resulted in paroxysmal 
atrial tachycardia, was observed on electrocardiogra-
phy, in addition to dilated left atria diagnosed through 
echocardiography and cardiomegaly via X-ray. The 
patients in this study exhibited tachycardia and mur-
murs of different degrees based on semiological 
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evaluation during consultation. As observed in our 
various histological and morphometric evaluations, 
changes in cardiac node cell size, increased collagen 
fibers inside or at the periphery of the nodes, and car-
diomyocyte replacement by fibrous or fatty tissue, all 
point to a correlation between changes in the electrical 
conduction system and results obtained using diag-
nostic imaging methods.

We observed ovoid-shaped SAN in horse hearts 
without apparent heart disease, similar to our findings 
in horses that succumbed to SCD due to AMI. A small 
capsule of connective tissue was detected around 
many of the nodes evaluated in this study, but this cap-
sule was not observed in normal nodes.

This study found that the morphometric param-
eters (length, axes, diameters, perimeter, and radii) 
measured in the SAN of horses affected by AMI were 
higher than those in the nodes of healthy horses. These 
differences, which can trigger node malfunction, are 
potentially caused by an increase in the percentage 
of collagen fibers (fibrosis) inside the node, which is 
consistent with our findings in dogs.

Sick sinus syndrome can also occur in horses, but 
the incidence is lower than those in humans and dogs; 
one case of SSS in horse that occurred after collapsing 
during exercise was managed with a dual-chamber rate 
pacemaker [44]. Physiological bradyarrhythmias are 
common events in horses [45]. Physiological changes 
in the electrical impulse in the SAN can cause varying 
degrees of sinus arrhythmia, sinus pauses, and sinus 
outflow block. These cardiac rhythm disturbances are 
less common than AVN changes in horses [25, 46].

In horses that succumbed to SCD, marked patho-
logical changes such as myocardial fibrosis, inflam-
mation, and ischemia in the atrium at the periphery 
of the SAN have been reported [23, 24]. We observed 
moderate fibrosis at the periphery of the node, which 
is consistent with the results of the aforementioned 
studies.

In this study, SAN cells and cardiomyocytes in 
horses exhibited significantly lower morphometric 
parameters (area and diameters) than those in our 
previous study by Gómez-Torres et al. [6] on normal 
hearts. Altogether, this points to SAN rhythm failure 
abnormalities as the potential cause of SCD in these 
animals.

The different morphometric parameters mea-
sured in the AVN of dogs in this study (major axis, 
maximum diameter, perimeter, maximum radius, 
length, and width) had lower values than those in our 
previous study by Torres et al. [6] on hearts without a 
history of heart disease. This demonstrates the damage 
produced at this node and the adverse implications for 
electrical impulse transmission in the atrioventricular 
zone, potentially resulting in ventricular arrhythmias 
due to failure in the physiological pause of the rhythm 
at this level.

Studies on atrioventricular conduction block in 
dogs have identified injuries to the upper border of 

the interventricular septum and CFS, with degener-
ation and fibrosis of the atrioventricular conduction 
fibers [47]. This degenerated CFS tissue is replaced 
by fibrous or fibroadipose tissue, as also occurs in the 
periphery and interior of the AVN, although the con-
nection between the AVB and the atrial muscle is pre-
served [34]. In this study, we found that adipose tissue 
replaced the CFS tissue, which is consistent with the 
findings of Ward et al.[19].

A previous study by Lo et al. [32] on AVN 
re-entrant tachycardia reported oval nodes and AVN 
size of 2.4  mm × 1.9  mm, but fibrosis was absent. 
However, in our study of SCD, we observed a pyra-
mid-shaped AVN.

Observing the behavior of nodal cells and sur-
rounding cardiomyocytes in the AVN of dogs that 
succumbed to SCD, we found a significant decrease 
(almost 50%) in the values of the measured parame-
ters in nodal cells and cardiomyocytes compared with 
those in dog hearts without clinical history of car-
diac events in our previous study by Gómez-Torres 
et al. [6]. This suggests that in animals with some type 
of cardiac pathology, electrical conduction is affected 
at the atrioventricular level, predisposing them to ven-
tricular arrhythmias.

In a study of the cardiopathology of SCD in 
horses, marked pathological changes such as fibrosis 
were observed at the atrioventricular junction, in the 
upper portion of the interventricular septum, includ-
ing the AV conduction system [23, 24]. These find-
ings agree with the findings of this study, although the 
degree of fibrosis observed was moderate, particularly 
around the AVN.

The morphometric parameters evaluated (area, 
axes, diameters, perimeter, radii, length, and width) 
in the AVN of horses that succumbed to SCD signifi-
cantly increased compared with those in our previous 
study by Gómez-Torres et al. [6] on normal hearts. 
This suggests that node hypertrophy is associated 
with, cardiac events and verification through node 
component evaluation by segmentation showed a dra-
matic increase in the percentage of connective tissue 
(fibrosis), as did cell evaluation as described below.

In horses, the causes of persistent pathologi-
cal AVN dysfunction were toxic agents, inflamma-
tion, fibrous or neoplastic infiltration, and congenital 
anomalies [30, 48–50].

In the AVN, the values of the morphometric 
parameters (area and diameters) of P and T cells in 
horses that succumbed to SCD were much greater than 
those in our previous study by Gómez-Torres et al. [6] 
on normal hearts. We observed T cell proliferation 
and P cell reduction, which could significantly inhibit 
electrical impulse transmission through the node. This 
interrupts the physiological pause performed by the 
AVN to allow the impulse to pass to the ventricles, 
which could lead to ventricular arrhythmias.

A greater presence of intermediate filaments 
has been observed in conduction system cells than 
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in cardiomyocytes, mainly due to the presence of 
desmin, which is distributed throughout the entire 
cytoplasm of conduction cells, unlike in cardiomyo-
cytes where it only occurs in certain specific points 
(intercalated and Z disks). This enables accurate 
identification of conduction system cells in normal 
hearts [35, 51, 52]. In this study of dogs and horses 
that succumbed to SCD, the use of desmin was not 
effective in identifying the cells of the heart nodes, 
as this immunohistochemical stain failed to exhibit 
differences between nodal cells and cardiomyocytes 
in the heart nodes of dogs or in the SAN of horses. 
Higher positivity for desmin was observed only in 
AVN cells of horses.
Conclusion

In both dogs and horses, we observed a decrease 
in the number and size of P and T cells and an increase 
in the percentage of collagen fibers in the nodes of 
hearts with diseases. We noted a higher number of adi-
pocytes both inside and outside the cardiac nodes in 
dogs than in horses.

The correlation between the pathological find-
ings from diagnostic imaging and the alterations 
detected in the cardiac nodes in our study strength-
ens the hypothesis that damage is generated in the 
conduction system after myocardial infarction. Such 
a correlation also supports use as models in human 
cardiology.

This study is useful as a model for physiopatho-
logical and pharmacological experimentation due to 
the great similarities between the animal models and 
humans in terms of the configuration and function of 
the conduction system as well as the pathologies that 
affect it.

Given the great difficulty in obtaining samples 
from the referred species and the lack of authoriza-
tion from the owners for the use of organs in research, 
we suggest that this issue be evaluated in other 
researches. Information about the morphohistological 
characteristics of the cardiac nodes in these species 
was improved, constituting a good contribution to 
comparative anatomy.
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