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Morphological variations of the
interatrial septum and potential
implications in equine cardiology
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The interatrial septum morphology, shaped by the septum primum and secundum fusion, results in
the formation of the fossa ovalis (FO) and its limbus. Incomplete fusion can lead to a patent foramen
ovale (PFO), while complete fusion may produce septal ridges and pouches (SPs), with SPs in humans
linked to ischemic stroke and atrial arrhythmias. In horses, atrial tachycardia and fibrillation often
originate near the FO. This study examines adult equine interatrial septum morphology to enhance
understanding the region and guide electrophysiological interventions for equine cardiac arrhythmias.
Post-mortem examinations of 62 adult equine hearts, assessed the interatrial septum morphology
from both right and left sides, measuring the dimensions of the FO and the craniocaudal length,

and dorsoventral height of the SPs. Histological analysis at selected septal locations evaluated the
wall’s thickness and composition. Significant morphological variations were observed, particularly
the consistent presence of right-sided SP. The septum wall comprises three layers, with the central
layer containing cardiomyocytes in varied orientations, interspersed with fibroadipose tissue,
features potentially contributing to atrial arrhythmias. Understanding the equine interatrial septum
morphology is important for optimizing transseptal puncture outcomes, by facilitating accurate
intracardiac echocardiography interpretation, guiding precise puncture site selection and improving
procedural safety and efficacy.
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The cardiac interatrial septum exhibits considerable variations in appearance across different species including
humans, pigs, and sheep2. Its development involves fusion of the embryonic septum primum and septum
secundum, resulting in the adult configuration seen from within the right atrium as the floor of the fossa
ovalis (FO) and its limbus, respectively**. In some cases, the two walls do not fuse completely, resulting in
communication between the atria, known as a patent foramen ovale (PFO)>*. This typically occurs due to
inadequate closure of the foramen ovale after birth and is often regarded as a normal anatomical variation of
the interatrial septum with minimal clinical significance. It is important to distinguish a PFO from an ostium
secundum atrial septal defect, as they fundamentally differ in their origins and implications. Unlike a PFO,
which develops postnatally, an ostium secundum atrial septum defect is a congenital anomaly characterized
by improper development of the septum primum, leading to a larger structural opening between the atria that
can have serious clinical consequences if left untreated®’. When fusion is complete, the endocardial surface
of the interatrial septum may have a smooth or uneven appearance. A protruding septal ridge may also be
present. Additionally, a fully closed wall can result in the presence of septal pouches (SPs), which are pocket-like
formations that can vary in size and length. Septal pouches may be located on the right, left, or both sides of the
septum, depending on the specific sites and extent of fusion between the septum primum and septum secundum
at birth®.

The presence of SPs has significant clinical implications in humans. For instance, a left-sided SP has been
linked to ischemic stroke due to thrombus formation from stagnant blood flow®. Moreover, the interatrial wall,
especially at the SPs have been implicated in the maintenance of atrial arrhythmias such as atrial tachycardia
and atrial fibrillation by disrupting normal cardiac conduction patterns. This disruption, due to the complex
orientation of myocardial fibers interrupted by fibroadipose tissue, may facilitate re-entrant circuits through
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multiple mechanisms®®. Both adipocytes and fibroblasts introduce spatial obstacles that disrupt normal
electrical wave propagation, leading to conduction blocks, especially at high stimulation frequencies'®!!.
Adipocytes, particularly in epicardial and intramyocardial fat, force zigzag conduction pathways, slowing
conduction velocity and increasing conduction block likelihood, as seen in sheep models'2. Moreover, fibroblasts
influence cardiac conduction by establishing electrotonic loading and elevating the resting membrane potential
of cardiomyocytes. This functional coupling prolongs the refractory period of the cardiomyocytes by slowing
sodium channel recovery, thereby promoting the development of re-entry mechanisms in these areas in multiple
species!>1°,

In equine medicine, atrial arrhythmias, particularly atrial fibrillation, present a challenge and may affect
the performance and cardiovascular health of horses!®!”. Minimally invasive cardiac techniques, such as
transcatheter electrophysiological studies and three-dimensional electro-anatomical mapping, have been
employed to determine the origin of these arrhythmias!®-22. The origin of atrial tachycardia in the right atrium
has been associated with the area of the myocardial sleeves caudal to the FO?°?3, However, to further investigate
the origin of atrial arrythmias in the left atrium, access to this heart chamber is critical. Catheterization of the
left side of the heart typically required a more invasive approach via the carotid artery'. In this context, the
transeptal puncture (TSP) procedure has emerged as a minimally invasive, valuable solution that provides access
to the left atrium by puncturing the interatrial septum at the FO. Recent findings suggest that the pulmonary
veins in horses are a potential source of atrial fibrillation?*?°, highlighting the potential of TSP for in-depth
electrophysiological studies and ablation in the left atrium. Successful experimental TSP has been achieved in
adult horses using both the transhepatic and jugular vein approaches®®?’. The jugular vein approach was shown
to be feasible to implement in catheter-based procedures and is currently being applied in clinical patients®.
However, transient atrial arrhythmias, particularly atrial fibrillation, have been observed during the TSP
procedure?®?’. To advance the TSP technique, a comprehensive understanding of the FO morphology, thickness
of the interatrial septum of the adult horse, and composition of the wall of the interatrial septum is needed.

A Dbetter understanding of the interatrial structures, including their inter-individual variations, wall
composition, and thickness, might provide useful information for advancing intracardiac procedures such as
TSP. Therefore, this study aimed to elucidate the morphological characteristics of the equine interatrial septum.
First, the gross anatomical differences in the interatrial septum among horses were studied and compared to
other species. Recognizing these gross anatomical variations among horses is important for future development
of equine cardiology and cardiac interventions, as it allows for more accurate diagnosis and enhances the
effectiveness of treatments for cardiac diseases in this species. Subsequently, the microscopic properties of
the interatrial wall, with the aim of identifying any arrhythmogenic properties, were investigated. Finally,
wall thickness was measured at different locations in the interatrial septum as this might help in selecting the
puncture location for TSP.

Materials and methods

Study population

Post-mortem examinations were conducted on the hearts of 62 adult horses, comprising 11 obtained from an
abattoir and 51 euthanized for non-cardiac reasons and donated by their owners for research purposes. Informed
consent was obtained from the owners of the 51 horses. As these animals were euthanized for reasons unrelated
to this study, specific details regarding their euthanasia protocols are unavailable. The specimens were collected
over a period of 3 years, and this is study adhered to the ethical guidelines outlined by the Ethical Committee
of the Faculty of Veterinary Medicine, Ghent University, Belgium. Clinical histories of the 51 euthanized horses
showed limited ante-mortem cardiological evaluations, with 10 having normal transthoracic echocardiograms,
1 showing mild mitral valve regurgitation, and the rest lacking records of any cardiac examination. Exercise
histories were unavailable for all horses. Among the 51 euthanized horses, the population consisted of 48
warmblood horses, 1 pony, 1 Friesian, and 1 trotter, comprising 23 mares and 28 stallions or geldings. The horses
within the population were 13 +7 years old (mean +standard deviation). Post-mortem measurements of body
weight ranged between 282 and 700 kg, with an average weight of 513 +91 kg. Information regarding breed, sex,
and weight were unavailable for 11 horses from the abattoir.

Gross anatomy

Hearts were collected and examined post-mortem within 1 hour (33 horses), and for those examined beyond
1 hour (11 horses between 1 and 24 hours and 7 horses between 24 and 48 hours), the hearts kept in situ were
stored in 4 °C to minimize post-mortem changes. To access the right atrium, an incision was made through the
sinus venarum cavarum (facies atrialis), cutting through the lateral wall of the cranial vena cava into the right
atrium and further towards the lateral wall of the caudal vena cava (Fig. 1A). The left atrium was exposed by an
incision starting from the caudal border of the left ventricle and extending dorsally through the left atrium and
pulmonary veins. The surface of the interatrial septum on each atrial side was examined and categorized as either
smooth or uneven. The absence of visible irregularities, creating a consistent, uninterrupted surface, defined
smooth surfaces; conversely, surfaces displaying any depressions or irregularities were classified as uneven. The
presence of a septal ridge, characterized by a distinct fold of protruding tissue on the interatrial septum, was
recorded when observed. After macroscopic identification of the FO on the right side of the interatrial septum,
measurements of the craniocaudal length and dorsoventral height were made caudal to the limbus (Fig. 1B).
The presence of PFO or a SP in the interatrial septum was evaluated using a probe, noting whether it was a
right-sided or left-sided SP. Measurements of craniocaudal length (distance between the opening at the level of
the limbus and fundus of the SP) and dorsoventral height of the SP at its opening were measured using a caliper
(Fig. 1B,C). The orientation of the fundus of the SP was also noted. Each measurement was performed three
times, and the average (rounded to the nearest whole number) was recorded. Photographs of the specimens
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Fig. 1. Right atrial (RA) landmarks after lateral opening of the sinus venarum cavarum (facies atrialis) (A),
right is cranial and top is dorsal. The locations of sample collection for histological evaluation are indicated
with three dashed lines annotated as 1, 2 and 3 each corresponding to a specific level: level 1 (1) was located

1 cm caudal to the limbus, level 2 (2) was positioned at the entrance of the right-sided septal pouch (RSP),

and level 3 (3) was taken at the RSP. B: Measurements of the fossa ovalis (FO) and RSP are shown. The FO
craniocaudal length (white double-headed arrow) and dorsoventral height (black double-headed arrow) were
measured caudally to the limbus. The RSP craniocaudal length (yellow double-headed arrow) and dorsoventral
height (orange double-headed arrow) were also measured. Right is cranial and top is dorsal. C: After a cut on
the craniocaudal axis, the FO and the RSP, covered by the limbus (cross-sectioned), are shown. Right is cranial
and top is right. The length of the RSP is indicated by the yellow double-headed arrow. CaVC caudal vena cava,
CrVC cranial vena cava, CS coronary sinus opening, CT crista terminalis, RA right atrium, RV right ventricle,
TIV tuberculum intervenosum, TV tricuspid valve.

were captured with a 12MP digital camera under standard lighting conditions, and figures were created using
Microsoft PowerPoint, Microsoft 365 (version 2502).

Morphological classifications of the interatrial septum, as per Holda et al., included several distinct categories:
a smooth septum on both sides, devoid of PFO, septal ridges or SP; a PFO forming an interatrial channel; a left
SP characterized by a pouch opening exclusively into the left atrial cavity; a right-sided SP featuring a pouch
opening solely into the right atrial cavity; a double SP with two pouches, each opening into one atrium without
interatrial connection; and a left-sided septal ridge with or without right-sided SP.

Histology

Samples for histological analysis were collected from all hearts that could be collected within the first hour
post-mortem to ensure fresh tissue was used (n= 33). A full-width rectangular sample, measuring 3 cm in
dorsoventral height and 1 cm in craniocaudal length, was obtained from three distinct levels along the interatrial
wall. Level 1 was located 1 cm caudal to the limbus, level 2 was positioned at the limbus, corresponding to the
entrance of the right-sided SP, and level 3 was situated cranial to level 2, at the level of the right-sided SP when
present (Fig. 1A). Following formalin fixation and paraffin embedding, slides of 8 pm thickness were stained
using Masson’s trichrome technique according to the protocol by ITHC world?®. Measurements were performed at
the three positions sampled from the interatrial septum. First, three points on the right endocardial surface were
selected, spaced 3 mm apart. Subsequently, the full thickness of the interatrial septum and muscle layer thickness
were measured at these locations. Considering that the interatrial wall consists of two layers of fibrous connective
tissue surrounding a central muscle layer, the thickness of the connective tissue was determined by subtracting
the thickness of the muscle layer from the total thickness of the interatrial septum. This measurement reflects the
combined thickness of the fibrous layers that encase the muscle.

Statistical analysis

Normality of the descriptive variables was evaluated by examining histograms and quantile-quantile (Q-Q)
plots. All data demonstrated normal distribution and are reported as means + standard deviation. Chi-square/
Fisher’s exact tests were used to assess the association between the presence of a left-sided SP and a ridge with
the left endocardial surface characteristics (smooth/uneven). Independent samples t-tests were used to compare
mean depths and widths of the right-sided SP, left-sided SP, FO dimensions, and interatrial wall full thickness
at the three chosen levels between male and female groups. Pearson’s correlation analysis was conducted to
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Fig. 2. A left-sided view on the interatrial septum shows macroscopic variations between horses. (A) Smooth
endocardial surface, seen in the majority of horses; (B) uneven surface; (C) left-sided septal pouch, indicated

with a scalpel holder inside it; and (D) a septal ridge, indicated by the white arrows. Right is caudal and top is
dorsal. PV III, ostium III of the pulmonary veins.

Smooth left surface 26 (42%) | 0 9 (15%) | 2(3%) 2 (3%) 39 (63%)
Uneven left surface 16 (26%) | 0 7(11%) |0 0 23 (37%)
Total number of horses (% of horses) | 42 (68%) | 0 16 (26%) |2 (3%) 2 (3%) 62 (100%)

Table 1. Variations of the interatrial septum in adult horses: occurrence of a right-side septal pouch (RSP),
left-sided septal pouch (LSP), double septal pouch (DSP) and a left-sided (LS) septal ridge, alongside the
characterization of the left interatrial surface as smooth or uneven. The data is presented as the number of
horses in each category, along with the corresponding percentages.

examine linear relationships between age, septal pouch dimensions, fossa ovalis dimensions, and interatrial
wall thicknesses. Assumptions for the chi-square tests were evaluated using expected cell counts. Cohen’s d and
Cramer’s V were calculated to assess effect sizes. A significance level of p < 0.05 was used for all statistical tests.
Statistical analyses were performed using SPSS (SPSS Statistics 25, IBM, Brussels, Belgium).

Results

The surface of the left side of the interatrial septum was predominantly smooth in 39/62 (63%) horses (Fig. 2A)
and uneven in 23/62 (37%) horses (Fig. 2B). A left-sided septal ridge was found in 4/62 (6%) horses (Fig. 2D), in
which the remaining left atrial side of the septum appeared smooth. On the right side of the interatrial septum,
the endocardial surface was smooth over the FO with a prominent limbus observed in all horses. The FO, caudal
to the limbus, appeared oval with a craniocaudal length and dorsoventral height of 20.9 +4.4 mm (range: 12 to
33 mm) and 11.1 £5.1 mm (range: 4 to 26 mm), respectively.

Thorough macroscopic inspection of the atrial septum did not identify a PFO in any of the examined hearts.
A right-sided SP was present in all horses, measuring 12.2 +5.5 mm height at its base (range: 4 to 45 mm)
and was funnel-shaped, extending 19.9 +6.8 mm in cranial direction (range: 6 to 42 mm). A left-sided SP was
observed in 18/62 (29%) horses, of which two hearts also featured a left-sided septal ridge (Fig. 2C). The left-
sided SP was 8.9 +8.3 mm in height at its opening (range: 2 to 26 mm) and extended 6.1 +3.9 mm in the caudal
direction (range: 2 to 15 mm). As a right-sided SP was always present, all cases with a left-sided SP had a double
SP.

The variations of the interatrial septum in adult horses, showing the occurrence of the right-sided SP, left-
sided SP, double SP and left-sided septal ridge, along with the characterization of the left interatrial surface as
either smooth or uneven, are detailed in Table 1. Furthermore, the prevalence of morphological variations in the
interatrial septum of equine compared to those of human, porcine, and ovine hearts is shown in Fig. 3, with data
adapted from Holda et al. (2018)%.
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Fig. 3. Schematic overview of the interatrial septum in the heart. (A) General illustration of the interatrial
septum formed by the fusion of the embryonic septum primum and secundum. (B-I) Different morphological
presentations of the interatrial septum and their comparative prevalence among species: equine (Eq), human
(Hu), porcine (Por), and ovine (Ov). (B) Smooth septum on both the right and left sides; (C) patent foramen
ovale (PFO); (D) single left-sided septal pouch (LSP); (E) single right-sided septal pouch (RSP), the most
common presentation in horses; (F) double septal pouch (DSP); (G) Double sided septal pouch with the
presence of a left-sided septal ridge (LSR); (H) right-sided septal pouch coexisting with a left-sided septal
ridge; (I) left-sided septal ridge. LA, left atrium; RA, right atrium.Adapted from Holda et al., 201812,

Histologically, the interatrial septum at all three locations was composed of three distinct layers (Fig. 4). Two
layers of fibrous connective tissue were observed, beneath the right and left endocardial surfaces. The middle layer
featured cardiomyocytes arranged in an undulating (wave-like) pattern. These cells were predominantly aligned
lengthwise in the craniocaudal direction (visible as cross sections under microscopic examination). However,
some cardiomyocytes were observed to have transverse and diagonal orientations (seen in longitudinal and
oblique cuts, respectively). Fibers oriented in different directions were frequently seen to be tightly intertwined.
Cardiomyocytes were frequently surrounded and interspersed with fibroadipose tissue. These histological
features were consistently observed across all the three levels examined along the interatrial septum. The left-
sided septal ridge exhibited a significant amount of adipose tissue surrounding the myocardial cells oriented in
various directions (Fig. 5). Table 2 displays the measurements of interatrial wall thickness, muscle layer thickness,
and proportion of connective tissue layers relative to the total wall thickness at the three examined locations.

Chi-square/Fisher’s exact tests showed no significant association between the presence of a left-sided SP or
a ridge and the smooth or uneven left endocardial surface. Independent samples t-tests (N= 27) revealed that
males had a significantly thicker interatrial wall under the limbus (level 3) compared to females (p= 0.003),
but no significant sex differences were found for other measurements. Pearson’s correlation showed a positive
correlation between right-sided SP depth and width (N= 62, r= 0.520, p< 0.001), and between the right-sided
septal pouch width and fossa ovalis dorsoventral length (N= 62, r= 0.418, p=0.002). Age correlated negatively
with interatrial wall thickness at all three levels (r values ranging from —0.540 to —0.517, p values ranging from
0.011 to 0.012), while the thickness measurements at the three levels were positively correlated with each other
(r values ranging from 0.458 to 0.872, all p< 0.011).
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Left endocardium

Fig. 4. Histological sections of the interatrial septum using Masson’s trichrome staining at levels 1 and 2, as
shown in Fig. 1A. Right is dorsal, and top is towards the right atrium. (A) Level 1, located 1 cm caudal to the
limbus, illustrates the layered structure of the interatrial septum, featuring two subendocardial fibrous layers
(yellow double arrows), with a myocardial layer (black double arrow) between them. (B) Level 2, positioned
at the entrance of the right-sided septal pouch, exhibits a similar structural organization, with clearly defined
fibrous (yellow double arrows) and myocardial (black double arrow) layers. In (A) and (B), the black boxes
indicate the area for (C) and (D), respectively. (C,D) Magnified view of the myocardial layer at levels 1 and 2,
revealing an undulating (wave-like) arrangement of myocardial fibers. In (C) and (D), the black boxes indicate
the area for (E) and (F), respectively. (E-F) A detailed view of the myocardial fibers at Level 1 and Level 2

is shown in longitudinal cut (I) (showing transverse orientation), cross-section (c) (with fibers oriented in a
craniocaudal direction), and oblique cut (o) (with fibers oriented obliquely within the interatrial septum).
Adipose tissue (a) was observed interspersed between the cells in level 1. LA, left atrium; RA, right atrium.

Discussion

The equine interatrial septum presents different morphological variations, primarily featuring a smooth left atrial
septum, right-sided SP, and a prominent limbus. Remarkable variations were observed in the depth of the right
atrial SP and the morphology of the left atrial surface, with and without SPs and septal ridges. These differences
may be attributed to the theory of lifelong remodeling of the interatrial septum described in humans. According
to this theory, constant friction between the flap valve (embryonic primary septum) and the surrounding
interatrial septum causes microinjuries, leading to scar formation and eventual closure of the foramen ovale
channel after birth. When the foramen ovale has a short flap valve, fusion is believed to typically occur early in
life, resulting in a smooth septum. However, in cases where the flap valve is longer, fusion may occur at different
levels (cranial, central, or caudal), resulting in the formation of a right-sided SP, a double SP, or a single left-
sided SP®. Furthermore, similar to observations in humans, significant deposition of subendocardial connective
tissue in the interatrial wall at the level of the right-sided SP in horses supports the hypothesis of flap valve
fusion and subsequent SP formation. In this context, the health status of foals during the early neonatal period
may influence the remodeling process of the interatrial septum. Weak foals with respiratory complications can
develop right-sided hypertension, which may affect the timing and location of the closure of the foramen ovale
over the septum primum and secundum. Persistent pulmonary hypertension in newborn foals often arises from
difficulties in adapting to extrauterine life, leading to the maintenance of fetal circulation accompanied by right-
to-left shunting through the PFO and ductus arteriosus under hypoxia conditions’.

The prevalence of morphological features in the interatrial septum in horses differs notably from those
observed in humans, pigs, and sheep. In contrast to these species, where a smooth septum, a PFO, and a single
left-sided SP without a right-sided counterpart are common, none of these interatrial septum presentations
were found in equine hearts in this study. The occurrence of PFO in adult horses is uncommon, although one
case has been previously reported in a living adult horse?. All examined equine hearts had a right-sided SP, and
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Fig. 5. Histological sections of the interatrial septum using Masson’s trichrome staining at level 3, as shown

in Fig. 1A. The right side is dorsal, and the top is oriented towards the right atrium. (A,B) Level 3, located at
the right-sided septal pouch (RSP), shows the RSP in a cross section bordered by the limbus and interatrial
septum. (A) Distinct undulating pattern of myocardial tissue is observed. The black box indicates the area
magnified in (C). (B) A left-sided septal ridge is present (yellow arrows), with the black box indicating the

area magnified in (D). (C) Magnified view of the myocardial layer from (A) showing a significant amount

of adipose tissue (a). (D) A close-up of the left-sided septal ridge reveals a large amount of adipose tissue
around and between the myocardial fibers. In (C) and (D), the black boxes indicate the area for (E) and (F),
respectively. (E) A detailed view of the myocardial fibers in (C) shows them in cross-section (c), oriented in the
craniocaudal direction, which is the most common orientation. (F) A detailed view of the myocardial fibers
from (D) highlights the intertwining of fibers in cross-section (c) (craniocaudal direction) and fibers in oblique
cut (0) (oblique orientation within the interatrial septum). An abundance of adipose tissue was also observed.
LA, left atrium.

Level 1: 1 cm caudal to the limbus 40+1.2 1.8+0.7 2.1+08 53%
Level 2: at the limbus/opening of the right-sided septal pouch | 3.7 £1.3 1.0+0.4 26+1.1 71%
Level 3: at the right-sided septal pouch 37+14 0.8 £0.5 29+12 78%

Table 2. Mean =+ standard deviation of the interatrial wall thickness measurements obtained histologically in
33 horses at three specific locations: level 1 (1 cm caudal to the limbus), level 2 (at the limbus/opening of the
right-sided septal pouch), and level 3 (at the right-sided septal pouch). Measurements comprised the thickness
of the interatrial wall (mm), muscle layer thickness (mm), and connective tissue thickness, which were
reported as both absolute values (mm) and percentage of full thickness.

simultaneously a left-sided SP in the minority of cases (29%), indicating a double SP configuration. In contrast,
a right-sided SP is rare in humans (5.5%), and was found only in conjunction with a left-sided SP. Ovine hearts
did not present a right-sided and left-sided SP simultaneously, whereas porcine hearts completely lacked a left-
sided SP. The right-sided SP is consistently larger than the left-sided SP in horses, whereas the opposite has been
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documented in humans®. The distinct interatrial septal morphology observed in horses, likely stems from a
complex interplay of developmental and hemodynamic factors. Unlike the defined secondary foramen typical
in humans, pigs and sheep, the equine septum primum develops into an elongated, perforated ‘tunnel®°. This
difference may originate from developmental variations in vena cavae and pulmonary vein positioning, which,
in horses, resembles more closely the development in swine, and may impact septum formation. Postnatally,
unique hemodynamic forces, shaped by the equine unguligrade posture and laterally compressed thorax, which
likely result in altered blood flow patterns and pressure distributions within the right atrium compared to the
orthograde humans and the more dorsoventrally compressed pigs and sheep, likely further influence septal
morphology, affecting septal pouch formation'.

Although the clinical significance of SPs remains unclear, a left-sided SP in humans is often associated
with blood stasis, which can lead to thrombus formation and occult ischemic stroke***1-. However, the
prevalence of a left-sided SP was higher in autopsied hearts compared to in vivo diagnosis using transesophageal
ultrasound®® or multi-slice computed tomography. This suggests that some left-sided SPs in humans may be
hemodynamically inactive or that the sensitivity of the diagnostic techniques is too low®. Despite the large
difference in heart size, the left-sided SP in horses was less deep (6.1 £3.9 mm) than that reported in humans
(8.4 £5.1 mm deep), which might limit the risk for thrombus formation. The right-sided SP, which is usually
longer, can accommodate larger volumes of blood. However, its potential association with blood stasis remains
unclear and equine specific coagulation mechanisms might play a role. Additionally, whether the presence of
muscular tissue within the wall of the pouch contributes to the removal of blood from the SP lumen remains
to be determined. Furthermore, the consistent presence of a right-sided SP in horses, might influence right
atrial pressure buffering, particularly during exercise, and potentially impact cardiac output. However, given the
significant variability in pouch dimensions observed among horses, the magnitude of these functional effects
is likely to vary considerably, emphasizing the need for further investigation to precisely quantify the impact of
these anatomical variations on cardiac function.

A left-sided SP have been linked to a higher risk of atrial fibrillation in humans, potentially because of scar
tissue formation resulting from gradual SP closure, which is believed to be proarrhythmogenic®. Similarly, the
more elongated right-sided SP found in horses in this study may contribute to a higher prevalence of atrial
fibrillation, as seen in humans with longer SPs, potentially due to the increase in atrial wall area and altered atrial
conduction®”. Horses often develop atrial arrhythmias such as atrial tachycardia and atrial fibrillation. In some
cases, therapeutic intervention may be required using electro-anatomical mapping and radiofrequency catheter
ablation to treat these conditions'®. In cases of atrial tachycardia, 3D electro-anatomical mapping has identified
local re-entry circuits often located in the medial wall of the caudal vena cava'®*"?2. Myocardial sleeves from
the caudal vena cava, caudally to the FO, and from the pulmonary veins exhibit morphological characteristics
suggestive of their potential role in sustaining atrial tachycardia and atrial fibrillation?>%. This is similar to the
involvement of myocardial sleeves in the pulmonary veins of humans in perpetuating atrial fibrillation*-*!.
Additionally, in human hearts, a connection of muscular bundles between myocardial sleeves in the pulmonary
veins and the FO has been described, facilitating the propagation of electrical impulses originating from
myocardial sleeves®. The interatrial septum at the FO and the right-sided SP in horses in this study showed
a substantial presence of muscle tissue and morphological characteristics similar to those of the caudal vena
cava. Factors such as complex myocardial fiber orientation and interruptions by fibroadipose tissue have been
associated with delayed cardiac conduction and play a role in the pathogenesis of atrial fibrillation in humans and
ovines®*2. These features suggest that the FO region may also serve as a substrate for atrial arrhythmias in horses.
To determine how this region contributes to conduction abnormalities, connexin immunohistochemistry within
the SP wall, similar to that performed in equine pulmonary veins*}, would reveal whether it actively participates
in electrical impulse propagation or acts as a passive structure. Given the established link between connexin
dysfunction and atrial fibrillation in humans, a high density of connexin 43 would suggest active conduction,
while a sparse or disrupted distribution could indicate potential arrhythmogenic substrates*-4°.

The interatrial wall thickness showed and strong positive correlation between thickness measurements
across the three levels as well as a statistically significant negative correlation with age, indicating potential
age-dependent attenuation of the septum. Furthermore, the FO and SPs in the equine heart revealed a complex
structure comprising a muscle tissue layer enclosed between two layers of connective tissue, along with the
presence of adipose tissue, exhibiting similar layers and tissue composition as described in the human heart®.
Notably, the thickness of the connective tissue was greater in the interatrial wall in the right-sided SP than at
the entrance of the limbus or 1 cm caudal to the limbus. The data indicates that the percentage of connective
tissue relative to the total wall thickness increases from caudal to cranial positions, reaching 78% in the right-
sided SP. This variation in tissue composition may have implications for the TSP. The higher proportion of
connective tissue, especially deeper in the right-sided SP, may present hurdles during TSP, making it more
difficult to puncture compared to more muscular regions such as the interatrial wall at 1 cm caudal to the
limbus. Transseptal puncture in the right-sided SP is currently avoided in horses as this would increase the
risk for accidental aortic puncture and because it is more difficult to reach from a jugular vein approach?’.
The presence of myocardial tissue within the FO likely explains the induction of arrhythmias during TSP?%%7.
Furthermore, in contrast to the relatively thin interatrial septum observed in human patients and porcine
models, the equine interatrial septum is considerably thicker, containing fibroadipose tissue which attenuates
the transmural delivery of radiofrequency energy. Consequently, unintended perforation resulting from current
ablation techniques used in horses is considered rather unlikely. Caution should be taken when ablating within
a SP, as the reduced flow within the pouch may increase the likelihood of excessive heating, potentially resulting
in steam pop or coagulum formation®’.

Although our study provides valuable insights into the morphological variations of the equine interatrial
septum, there are several limitations to consider. The inclusion of predominantly warmblood horses in our study
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sample limits the generalizability of our findings to other breeds. Moreover, although the euthanized horses
were euthanized for non-cardiovascular reasons, comprehensive clinical histories, including ante-mortem
cardiac evaluations and exercise records, were unavailable for the horses in this study. While this lack of detailed
history could potentially obscure the influence of pre-existing cardiovascular conditions or physical activity on
interatrial septal morphology, it is important to note that key cardiac conditions prevalent in humans, such as
coronary artery disease and hypertension, are extremely rare in horses. Furthermore, we did not incorporate
external body measurements, such as height at the withers or body length, to investigate potential correlations
with the size and shape of atrial structures, although body weight was recorded. In addition, the use of post-
mortem hearts may introduce artifacts that are not present in live animals, and histological analysis was limited
to a subset of fresh hearts. The accuracy of histological measurements may also be compromised by tissue
shrinkage during processing, which typically averages approximately 34%*S. Therefore, the absolute thickness
values reported in this study likely underestimate the actual dimensions of the interatrial wall. The shrinkage of
the muscle is also considered to be greater than that of the connective tissue, which influences the proportion
of connective tissue occupied compared with the full thickness. Moreover, our study focused exclusively on
morphological characteristics; therefore, correlations between in vivo interventional and electrophysiological
aspects were not explored. Future studies incorporating echocardiographic imaging, particularly 3D and
intracardiac echocardiography, as well as electrophysiological mapping would help correlate morphological
findings with functional properties and the clinical implications of interatrial septal variations, particularly
concerning procedural planning, and role in arrhythmogenesis, ultimately leading to better outcomes.

Atrial SPs and septal ridges are natural anatomical variations of the interatrial septum. Understanding
these structural nuances, as revealed by this study, may potentially enhance intracardiac echocardiographic
interpretation during equine TSP. This could lead to more precise puncture site selection by allowing clinicians
to avoid thicker or ridge areas, facilitating procedural planning, and potentially justify pre-operative TSP in
predicted challenging cases, improving overall efficiency. Furthermore, anatomical knowledge of this area is
important for the interpretation of ultrasound images when assessing the potential presence of PFO.

Conclusion

Our study highlights the significant differences in equine interatrial septum morphology compared to other
species, such as humans, pigs, and sheep, alongside clear variations within the equine population, particularly
with a high prevalence of right-sided SP with a prominent limbus. Although the clinical significance of SPs in
horses remains unclear, histological features with proarrhythmogenic properties have been found within the
interatrial wall of the FO and SPs, suggesting the potential contribution of these structures to atrial arrhythmias.
Opverall, understanding equine interatrial septum morphology is important for accurate imaging assessment and
decision making during minimally invasive cardiac procedures particularly TSP, where precise identification
of septal pouch locations, dimensions, and ridges via intracardiac echocardiography would allow clinicians to
select optimal puncture sites, minimizing complications and enhancing procedural safety and efficacy.

Data availability

Data supporting the findings of this study are available from the corresponding author upon reasonable request.
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