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Abstract

Background: Pulmonary vein (PV) myocardial sleeves (MSs) harbour an arrhythmo-
genic substrate for atrial fibrillation. However, equine-specific data on MS distribu-
tion and wall thickness are limited yet essential for developing ablation strategies. In
humans, posterior interatrial connections can compromise right-sided PV isolation.
Obijectives: To study equine PV MS distribution, quantify ostial/branch diameters,
antral lengths, characterise MS distal edge morphology, measure wall thickness and
explore an interatrial myocardial continuity between the MSs of caudal branches
draining through ostium Il (PV lll) and caudal vena cava (CaVC).

Study Design: Post-mortem, cross-sectional.

Methods: Twenty-three Warmblood hearts underwent left atrial and PV dissection.
All four ostia (I-1V) were opened. From calibrated photographs, ostial and branch
diameters, antral length, MS length and coverage, distal edge morphology (sharp/
blurred), and myocardial thickness were assessed at standardised locations. In 6/23
hearts, a 3 x 1 cm dorsal interatrial septum (IAS) sample including PV lll, and CaVC
MSs was stained with Masson's trichrome and examined for myocardial continuity.
Results: Four principal ostia were present in 20/23 hearts and 5 in 3/23, with vari-
able accessory vein openings. Ostia Il and Il were largest, | smallest. PV |ll showed
full antral MS coverage with branch extensions, whereas MSs in other PVs were
often confined to the antrum. Distal MS edges were often blurred at PV IIl. The MS
thickness was largest at ostia Il and Il and smallest at ostium I. Histology showed that
the dorsal interatrial myocardium was continuous with the PV Il and CaVC MSs.
Main Limitations: Postmortem study, Warmblood cohort, few samples, no
electrophysiology.

Conclusions: Equine PV MS anatomy is ostium-specific in extent, distal edge, and
thickness. These data provide anatomical information relevant to ablation planning
and to future catheter design. Morphological evidence suggests a dorsal interatrial

myocardial continuity through the IAS that warrants electro-anatomical confirmation.
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1 | INTRODUCTION

Atrial fibrillation (AF) is the most clinically relevant arrhythmia in
equine medicine, compromising athletic performance and requiring
targeted therapeutic interventions.x” While medical therapy and
electrical cardioversion remain first-line treatments, catheter ablation
might be a promising curative option.2? In humans, efficacy relies on
the complete electrical isolation of arrhythmogenic tissue, most com-
monly the pulmonary vein (PV) myocardial sleeves (MSs). These MSs
are extensions of the left atrial myocardium into the PVs, which can

F.*° Similar mechanisms might be relevant

serve as a focal source of Al
in horses. Equine PV MSs exhibit several proarrhythmogenic features,
including increased interstitial connective tissue (26.1% vs. 14.5% in
the left atrium), upregulated L-type calcium channel expression, and
lower bipolar voltages (1.2 mV vs. 3.4 mV in atrial tissue). Together
with conduction slowing at the veno-atrial (VA) junction, these fea-
tures provide a substrate for re-entry, and AF initiation and mainte-
nance in horses.***2 Accordingly, PV isolation may be a promising
therapeutic option to treat AF in horses.

Anatomically, equine PVs drain distinct lung regions and merge
into collecting antra that empty into the left atrium through four prin-
cipal ostia.®® Kovacs et al. recently reported ostial diameters and an
overall range of MS length (0.4-4.8 cm),'* but important details
remain undefined in horses, including MS distribution across antra
and first-order branches, distal edge morphology, and regional thick-
ness of the myocardial wall at different sites.

In humans, ablation has evolved from focal, targeting discrete
ectopic sites within the MS to employing circumferential strategies. In
particular, wide antral circumferential ablation (WACA), in which
lesions are created in the left atrium around the PVs, has demon-
strated better long-term PV isolation than when ablation lines are
placed strictly at the venous ostia.'>"'? Direct translation of this
approach to horses is technically challenging because horses have
markedly larger PV ostia, thicker atrial walls, and currently available
catheters are designed for human cardiac dimensions.**?° Recent
technical advances, particularly the development of the transseptal
puncture technique and electro-anatomical mapping, now permit
detailed studies of PV characteristics and targeted left atrial ablation
in horses.?122

In addition to PV anatomy, interatrial connections may also influ-
ence ablation success. In humans, posterior interatrial connections
have been described as muscular continuity between the left and right
myocardium, at the interatrial septum (IAS) near the fossa ovalis and
the right PVs.232% These connections are frequently epicardial, occur
in a minority of patients and when present permit residual conduction
or contribute to ablation failure in patients with AF.2% In horses, PV I
(the PV branches and antrum draining through ostium llI) lies in close

anatomical proximity to the dorsal IAS and the caudal vena cava

(CaVC), making this region a potential site for interatrial muscular con-
tinuity. Characterising these anatomical relationships may therefore
be relevant to understanding possible structural substrates that could
influence atrial conduction patterns.

This study aimed to describe the macroscopic anatomy of equine
PV MSs in detail. Specifically, for each ostium, we measured ostial and
branch diameters, antral length, extent of MS coverage within the
antrum and extension into first-order branches, assessed the distal
edge morphology (clear or blurred) and measured regional MS thick-
ness. These anatomical data are intended to support the refinement
of current ablation techniques and guide the design of catheters spe-
cifically for use in horses. Additionally, we aimed to qualitatively
explore the hypothesis of a dorsal interatrial myocardial continuity in
the region of the IAS, PV IIl, and CaVC, similar to the posterior intera-
trial connection described in humans.

2 | MATERIALS AND METHODS

21 | Study population

Post-mortem examination was performed on 23 adult Warmblood
equine hearts within 3 h of euthanasia to minimise autolytic changes.
Specimens were obtained from 18 horses euthanised for noncardiac
reasons and donated by their owners for research purposes, and
5 hearts were collected from an abattoir. The study population con-
sisted of 10 mares and 13 stallions or geldings, which varied in age
from 4 to 28 years, with a mean (standard deviation, SD) of 188
years and bodyweight from 424 to 625 kg (550 (51) kg). Information
regarding age, sex, and weight was unavailable for five horses from
the abattoir.

2.2 | Dissection and orientation protocol

Hearts were removed along with the lungs, a long section of the aorta,
and cranial and CaVC. The left and right ventricles were removed by a
circumferential cut approximately 1 cm dorsal to the valvular annuli,
and the right atrium was opened with a longitudinal lateral cut
between the caudal and cranial vena cava, exposing the inner walls
(Figure 1).

The PV ostia (I-1V) were identified from within the left atrium.
First, the shape of each ostium was assessed. When the opening
appeared elongated (i.e., with a visually appreciable long axis), the
direction of the long axis was identified and two coloured pins (white
and black) were placed at the VA junction ends of the axis. In ostia
with a craniocaudal long axis (1, lll), the white pin marked the cranial

and the black pin the caudal margin, whereas in ostia with a
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FIGURE 1 Ventral view of the left
(LA) and right (RA) atria and lung lobes
after ventricular removal by a
circumferential cut approximately 1 cm
dorsal to the valvular annuli. The
pulmonary vein ostia -1V (Ol-OIV) were
exposed and the right atrium was opened
by a longitudinal lateral cut between the
caudal (CaVC) and cranial vena cava
(CrVC). Ostium lll lies adjacent to the
interatrial septum (IAS) and fossa ovalis
(FO), indicated by a white box. The yellow
box outlines the atrial region, displayed in
detail on the right side.

Right
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FIGURE 2 Ostial orientation and dissection workflow. The right side of the images is right and the top is caudal. (A) Ventral view on the left
atrium showing the four ostia (Ol-OIV) and the colour-pin system. White and black pins were placed at the veno-atrial junction and marked each
ostium's half-circumference along the longest axis. In ostia | and Ill, the white pin marked the cranial margin and the black pin the caudal margin,
while in ostia Il and IV, the white and black pins marked the right and left margins, respectively. A blue pin placed at the midpoint between the
white and black pins served as an additional landmark. The red pins indicate the septa between the branches. Pins were digitally superimposed
because this photograph was taken before pin placement. Dashed lines indicate the first incision axes of each ostium. Capital letters (A-O)
indicate the measurement sites of myocardial thickness corresponding to the results in Table 3. (B) Ventral view on the left atrium and lungs after
the initial incisions from the veno-atrial junction were extended into all branches and traced distally through the lung parenchyma, confirming the
drainage territories of the lungs. Lcd V1-V3, left caudal pulmonary veins 1-3; Ler V, left cranial pulmonary vein; Red V1-V4, right caudal

pulmonary veins 1-4; Rcr V, right cranial pulmonary vein.

right-to-left axis (Il, IV), the white pin marked the right and the black
pin the left margin. These pins served as landmarks that bisected the
ostium and were used to measure the ostial half-circumference. A
blue pin was positioned at the VA junction, midway between the
white and black pins to maintain the reference when measuring the
distance between the white and black pins. Red pins marked the septa
within each antrum (Figure 2A).

The PV ostia were dissected in the following order: ostium IlI, II, I,

and IV. At each ostium, an initial longitudinal incision was made from

the VA junction distally into the branch indicated in Figure 2A. Addi-
tional side branches were also opened longitudinally and subsequently
traced distally through the lung parenchyma to identify their drainage
territories (Figure 2B). Complete assessment was possible in 20/23
hearts for ostium |, 22/23 for ostium Il, 23/23 for ostium Ill, and
21/23 for ostium IV. In a small number of early specimens, partial lung
dissection during protocol development limited evaluation of all ostia.
After each cut, calibrated digital photographs (metric scale) were

taken. Once all branches of an ostium were opened, the ostium was
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gently tensioned to remove folds and obtain a flat measurement
plane, without visible deformation of the tissue. No predefined
force was applied. The ostium was then photographed for half-
circumference measurements and diameter calculations. The location
of the openings of the accessory veins was recorded, but the MS
extent within these branches was not studied.

The PV branch labels and abbreviations followed Vandecasteele
et al.'3: Rer V (right cranial PV), Red V1-V4 (right caudal PV branches
1-4), Lcd V1-V3 (left caudal PV branches 1-3), and Lcr V (left cranial
PV). Each PV group, consisting of the antrum and its PV branches was
referred to after the draining ostium: PV I, PV II, PV lll and PV IV.

23 | Measurements

Digital images were calibrated and analysed using ImageJ software
(version 1.53c, National Institutes of Health). A metric ruler was
included in every photograph and placed in the same plane as the
ostial surface to minimise parallax. Images were acquired with
the camera positioned perpendicular to the measurement plane, and
calibration in ImageJ was performed individually for each image prior
to analysis. The ostial half-circumference was traced along the ostial
margin from the white pin to the black pin, passing through the blue
pin, using the segmented (polyline) tool. The ostial diameter was cal-
culated from the half-circumference using the formula: diameter =
(2 x half-circumference) <+ i and is reported as an equivalent circular
diameter. This approach was chosen to provide a standardised com-
parative metric across specimens with variable ostial orientation and
shape. The total antrum length was determined as the linear distance
from the VA junction to the septal reference point (red pin), which
defined the distal end of the common antrum. The diameter of indi-
vidual PV branches, draining into the antrum, was measured by tracing
the full flattened circumference.

MSs were macroscopically identified by their distinct myocardial
colour. For each ostium, the shortest and longest MS lengths (from
the VA junction to the distal MS margin) were measured along the
antrum and were compared to the total antral length to obtain
the minimal and maximal percentage MS coverage of the antrum.
Coverage was classified as full coverage when the entire antrum was
covered by MS, which could be with or without further extension of
MS into one or more first-order branches. Coverage was classified as
incomplete when the MS did not reach the distal end of the antrum,
with no branch involvement, or when only part of the MS reached the
distal end of the antrum. When the MS reached the first-order
branches, the length into the branch was calculated as the minimum
and maximum MS from the VA junction minus the antrum length. The
distal edge morphology of the MS was classified as sharp (clear,
abrupt demarcation between the MS and venous wall) or blurred
(vague, gradual transition area). Representative examples of measure-
ments are illustrated in Figure 3 (ostia | and Il) and Figure 4 (ostia Ill
and V).

The MS thickness was measured in 13/23 hearts at 15 standar-
dised sites as shown in Figure 2A: at the VA junction position of white

and black pins (representing the ostial long axis margins), at the walls
between adjacent ostia, and in some PVs, at the point of the first-
order branches. Not all sites were assessed in every horse, as the ana-
tomical locations for thickness measurement were progressively
expanded during the study.

To reduce observer bias, two blinded investigators independently
re-measured calibrated images from two randomly selected horses.
Measurements included ostial diameter, antrum length, and the short-
est and longest MS length for ostia I-1V. Agreement for continuous
variables was evaluated using Bland-Altman analysis, pooling values

across ostia |-V (n = 8 paired observations per variable).

2.4 | Histology of the dorsal IAS at the level of the
PV lll and CavC

In 6 of the 23 hearts, selected based on tissue availability and intact-
ness of the collected region, a 3 x 1 cm tissue block encompassing
the dorsal IAS, adjacent MS of the caudal branches of PV llI, and
adjacent dorsal wall of the CaVC was fixed in 10% buffered formalin,
paraffin embedded and sectioned at an 8 um slice thickness. Serial
sections were stained with Masson's trichrome staining, and conti-
nuity between structures was assessed qualitatively based on myo-
cardial fibre alignment and the presence or absence of intervening
fibrous tissue. The location of collection of the sample is indicated in
Figure 5A.

2.5 | Statistical analysis

Continuous data were expressed as mean (SD) for normally distrib-
uted data (Shapiro-Wilk) with n > 10. For data that were not normally
distributed or when 5 < n < 10, values were expressed as median
[IQR]. For small groups (n < 5), only the number of cases (n) and range
were reported. Correlations between continuous anatomical variables
were assessed using Pearson's correlation and Spearman's rho for nor-
mally and non-normally distributed data, respectively. These analyses
evaluated relationships between ostial diameter, antral length, short-
est and longest MS length, as well as associations between sex or
bodyweight and PV diameters. All tests were two-tailed, with statisti-
cal significance set at p < 0.05. Variables were paired and analysed
independently by ostium. Correlation analyses were performed using
SPSS (version 25, IBM). No power analysis was performed given the

exploratory nature of this anatomical survey.

3 | RESULTS

3.1 | General anatomy and branching
Four main ostia (I-IV) with consistent drainage territories were
observed in 20/23 horses, while 5 main ostia were observed in

3 hearts. When viewed from inside the left atrium, all ostia were more
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Ostium Ostium view before branch incision

Typical MS coverage of the antrum (coverage type; n/total hearts)

%stium I'e
L LedV3 Rcd V4

Ostiumll

| Incomplete coverage (only antrum); 12/20

Full coverage (with branch extension); 8/20

FIGURE 3 Pulmonary vein (PV) ostia | and Il before (A, D) and after (B, C, E, F) branch incision, with the latter showing typical myocardial
sleeve (MS) coverage of the antrum (including coverage type; n/total hearts) and measurement landmarks. At the veno-atrial (VA) junction, white
and black pins marked each ostium's half-circumference along the longest axis (yellow double arrow), with a blue pin at the midpoint. The red pins
indicate the septa between the branches. The green arrow indicates the antrum length (VA junction to the septum), and the white and grey
arrows indicate the minimum and maximum MS lengths, respectively. Black arrowheads indicate the blurred distal edge of the MS. (A) Two
accessory PVs (Acc Vs) opened into the antrum of ostium |, and branch orifices of the left caudal PV 1 and 2 (Lcd V1 and Lcd V2) are visible.

(B) Ostium | shows incomplete MS coverage of the antrum in 14/20 hearts. (C) Ostium | shows full MS coverage of the antrum, with extension
into both branches in 6/20 hearts. Here, two Acc Vs opened into the antrum. (D) Ostium Il shows the antrum receiving the left caudal PV 3 (Lcd
V3) and right caudal PV 4 (Rcd V4). (E) Ostium Il exhibits incomplete MS coverage confined to the antrum in 12/22 hearts. (F) Ostium Il displays

full MS extension into Lcd V3 and Red V4 (8/22 hearts).

elongated than round. Ostium | had an oblique long axis running from
left cranial to right caudal; ostium Il had a mainly cranial-to-caudal
long axis, and ostia Il and IV had a right-to-left long axis.

The branching patterns were consistent with previously
described equine PV drainage.'® Ostium I, positioned most to the
left, drained two veins from the left caudal lung lobe (Lcd V1 and
Lcd V2). These typically formed a common antrum (20/20 hearts).
Ostium Il, located most caudally, drained two veins: one from the
left caudal lung lobe (Lcd V3) and one from the right caudal lung
lobe (Rcd V4). These typically converged into a common antrum
(20/22 hearts) or opened separately into the left atrium (2/22).
Ostium Ill, located on the right side and adjacent to the IAS, drained
the common antrum of four veins: one from the right cranial lung
lobe (Rcr V) and three from the right caudal lung lobe (Rcd V1-3).
The Rcr V was typically single (15/23 hearts) but was bifurcated
(7/23) or trifurcated (1/23) in some specimens. The Rcd V1 and
Rcd V2 mainly appeared as two separate branches (21/23 hearts),
while a single trunk (2/23) or three separate branches (2/23)
occurred less often. The Rcd V3 was present as single branch in all

23 hearts. Ostium IV drained the antrum formed by the veins of the
left cranial lung lobe (Lcr V), which typically appeared as two
branches (18/21 hearts) or three branches (3/21 hearts). These typ-
ically formed a common antrum (20/21 hearts) and opened less fre-
quently as two distinct veins directly into the left atrium (1/21
hearts). Accessory PVs were assessed in 22 hearts, and these veins
opened into ostium | (9/22 hearts), ostium Il (5/20 hearts), the left
atrium (4/20 hearts), ostium | and ostium Il (3/22 hearts), or ostium
| and the left atrium (2/22 hearts).

3.2 | Ostial dimensions, MS distribution and
thickness

The ostial and branch diameters are summarised in Table 1. Ostia Il
and Il were the largest whereas ostium | was smallest.

MSs extended into the antrum of all ostia and were macroscopi-
cally identifiable as reddish myocardial extensions distinct from

the pale venous wall. Table 2 reports the antral length, shortest and

519011 SUOWILIOD BATER.D) 3|qeotfdde 3 Aq pousBA0B a6 SO YO ‘98N J0 SaJnI J0j ARIGIT8UIIUO AB]1AM UO (SUOIPUOO-pUE-SWBI 0" AB |1 ATRIq1RuU0//'SdL) SUONIPUOD PUE SUWL | 8L 89 *[9Z0Z/0T/0T] U Aiq118UlIuo A8]1M ‘1U89) ReuIol|qiaseIS AN AQ 60E0L IAB/Z00T OT/10p/ 00" A8 |1 ARG IpUI IO RASG/ STy WO} PAPEO|UMOQ ‘0 ‘90SEZHOZ



IBRAHIM ET AL.

Ostium Ostium view before branch incision

Typical MS coverage of the antrum (coverage type; n/total hearts)

FIGURE 4 Pulmonary vein (PV) ostia lll and IV before (A, C) and after (B, D, E) branch incision, with the latter showing typical myocardial
sleeve (MS) coverage of the antrum (including coverage type; n/total hearts) and measurement landmarks. At the veno-atrial (VA) junction, black
and white pins marked ostium's half-circumference along the longest axis (yellow double arrow), with a blue pin at the midpoint. The red pins
indicate the septa between the branches. The green arrow indicates the antrum length (VA junction to the septum), and the white and grey
arrows indicate the minimum and maximum MS lengths, respectively. Black arrowheads indicate the blurred distal edge of the MS. (A) Ostium Il
is shown pre-incision from within the left atrium, demonstrating its anatomical position immediately adjacent to the interatrial septum (IAS). The
intact ostium shows the orifices of three right caudal pulmonary vein branches (Rcd V1, Red V2, and Red V3) and the right cranial pulmonary vein
(Rer V). (B) Ostium Il shows full MS coverage of the antrum with extension into first-order branches in 23/23 hearts. (C) Ostium IV is shown pre-
incision from within the left atrium, showing the left cranial PV (Lcr V) ostium before opening the three branches (right, middle and left) in this
case. (D) Ostium IV shows incomplete MS coverage, confined to the antrum in 8/20 hearts. (E) Ostium IV shows incomplete MS coverage with

partial extension into the Lcr V in 8/20 hearts.

longest MS lengths, and corresponding minimum and maximum per-
centage coverage of the antral length for each ostium and its principal
branches. PV Il most often showed full antral coverage by the MS,
with frequent extension into the branches. PVs Il and IV generally
showed incomplete MS coverage of the antrum with variable branch
involvement. PV | typically showed a MS confined to the antrum with-
out branch extension. The distal MS edge was more often blurred
than sharp, particularly at PV Il and Ill. Representative examples of
typical antral MS coverage are illustrated in Figure 3 for PV | and PV Il
and in Figure 4 for PV lll and IV. MS thickness at the VA junction dif-
fered by location (Table 3). The thickest myocardial wall was at ostia Il
and lll, and the thinnest was consistently at ostium I.

Bland-Altman analysis demonstrated the following bias
(observer 1 — observer 2) and 95% limits of agreement: ostial diam-
eter (h=8) —0.5mm (-2.8 to 1.8 mm); antrum length (n = 8)
—0.5mm (-2.7 to 1.8 mm); shortest MS length (n =8) 0.9 mm
(—2.7 to 4.5 mm); and longest MS length (n = 8) —0.7 mm (—2.3 to
0.9 mm). Relative to the mean values, interobserver bias <5%, and

limits of agreement corresponded to #10-20%, depending on the
variable.

3.3 | Histology of the dorsal IAS

In all six examined specimens, sections across the dorsal part of the
IAS at the caudal limb of the fossa ovalis showed a single myocardial
bundle with myofibres oriented in multiple directions. Both the MSs
of the caudal branches of PV lll and CaVC consisted mainly of fibres
in a longitudinal cut (oriented parallel to the long axis direction of
the PV lll). A fibroadipose plane, highlighted by Masson's trichrome,
separated the PV Il and CaVC MSs dorsally. However, both MSs
fused more ventrally into a common myocardial mass within the dor-
sal 1AS. This fusion occurred through gradual changes in myofibre
orientation until both MSs fused together as one bundle, highly sug-
gestive of anatomical muscular continuity between PV Ill and the
CaVC MSs (Figure 5B-E).
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FIGURE 5 Dorsal interatrial septum (IAS) at the caudal limb of the fossa ovalis (FO) demonstrating dorsal separation and ventral fusion of the
myocardial sleeves (MSs) from the caudal branches of pulmonary vein Ill and the caudal vena cava (CaVC). (A) Gross view of the sampling site
after opening the pulmonary vein Il from the veno-atrial junction distally. The dashed box outlines the 3 x 1 cm tissue block including the dorsal
interatrial septum and the MSs of the pulmonary vein Il and CaVC. (B) Histological slide stained with Masson's trichrome showing the dorsal IAS
myocardium in continuity with both pulmonary vein Ill and CaVC MSs. Dorsally the two MSs show a separation by fibroadipose tissue. Black
boxes indicate the areas magnified in (C) and (D). (C) 4 x magnification of the interface demonstrates a fibroadipose plane between the pulmonary
vein lll and CaVC MSs (white arrows). (D) 4 x magnification of the dorsal interatrial wall showing fusion of the CaVC and pulmonary vein lll MSs
into a single myocardial mass at the dorsal interatrial septum. The black box marks the region magnified in (E). (E) 20x magnification of the IAS
highlights fibres in cross-section (c), oblique fibres (o), and adipose tissue (a). LA, left atrium; RA, right atrium; Rcd V3, right caudal pulmonary

vein 3.
TA BLE 1 Pulmc?nary vein ostial and Ostium Diameter (mm)
first-order branch diameters (mm). Values
are expressed as mean (SD) for normally ' 26 (6)
distributed data when n 2 10.

] 42 (6)

I 41(11)

v 29 (7)

Branching at first septum
Left caudal pulmonary vein 1
Left caudal pulmonary vein 2
Left caudal pulmonary vein 3
Right caudal pulmonary vein 4
Right caudal pulmonary vein 3
Right caudal pulmonary vein 2
Right caudal pulmonary vein 1
Right cranial pulmonary vein

Left cranial pulmonary vein

Diameter (mm)
12 (4)

19 (7)

20(7)

21 (7]

19 (3)

15 (4)

94]

13(3)

Note: For non-normally distributed data or when 5 < n < 10, values are given as median [IQR]. Diameters
were derived from half-circumference measurements (diameter = circumference/n) as a standardised
comparative metric; values assume circular geometry and may underestimate maximal dimensions in

ovoid ostia.

BSUS017 SUOLILLOD AIERID 3|qetjdde ay) Ag pausenob afe sapie VO ‘38N JO S3JNI J0J Aiq 1 3U1|UO AB]1A UO (SUONIPUOD-PUE-SULBIALOD" A3 1M ARe.gl1BU1|UO//:SANL) SUONIPUOD PU SLUIS L 81 39S *[9202/0T/0T] uo ARidi8ulUO AB|IM “IUBD XB3UI0NIIGSIBISBAIUN AQ 60E0L [AS/200T OT/10P/LLI0Y" A8 | 1M ARe.q1pUIIUOBASG// ST WO.) PBPROIUMOQ ‘O ‘90EEZY0C



20423306, 0, Downloaded from https://beva.onlinelibrary.wiley.com/doi/10.1002/evj.70309 by Universiteitshibliotheek Gent, Wiley Online Library on [10/10/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

IBRAHIM ET AL.

‘udA Ateuownd |ejueld JySu ‘A 1Y p-T SUldA Azeuownd jepned y3u ‘GA-TA PIY ‘UIDA

Ateuownd [eluesd Y| ‘A 427 ‘E-T SUISA Adeuownd |epned Y| ‘CA-TA P27 ‘pa1iodau aue a3ueld pue (U) S3Sed Jo Jaquinu ay3 Ajuo (g s u) sdnod3 |[ews 104 [YDI] uelpsw se UsAIS aJe sanjeA ‘0T > U > G USYM Jo ejep
paInquIsIp AJ[BWIOU-UOU J04 QT < U USYM ejep pajnqguisip AjjewLiou Joj (QS) ueaw se passaidxa aJe sanjeA ‘(Uomisuely [enpess iq) pain|q Jo (uonisuesy ydnige :s) dieys se pauyisse|d ASojoydiow a3pa [e3sip pue
(W ‘Xew 03 ulw) wnijue ayl puoAaq Yyidus| SNl [e1sIp (|e101/u) UOISUSIXS S|A YIIM $3SI0Y JO Jaquuinu su3 s1iodad 9)qel a3 ‘Saydue.q ulew ay3 JO Ydes 40 "98eIaA0D |eJjUe [|N) INOYUM SSUDURIQ OIUI UOISUDIXD
SIA [el}ed JO (JUSWSA|OAUL YdUed OU) WNJJUe 3y} 03 JUSWSULUOD S|A UM 38e19A0 |esjue 939|dwodul pue (paydeas sayduelq uldA Ateuownd ay3 INOYHIM JO YUM PaIA0D AN} winijue) 98esaA0d YyiSua)

JIn4 :Se paiisse)d ‘SN aY3} Aq patanod YiSus| [edjue pue (Wi ‘Xew 03 uiw) uooun( (YA) [eLIFE-OUSA 3y} Wwody YISus| S|A [e303 ‘(ww) Yy3dua| [esjue spodad a|qes ay3 (A]-]) Wni3so uidA Aseuow|nd yoes Jo4 230N

12/11(q) el
12/0T (9) (oT) 0T 03 (5T-0) T¢/ET A [ST] 65 W ‘1Z/8 Z9 01 [0€g] vE ‘TT/8 1¢/S (T vzor(L)er (8) 0z Al
0z/8 ()
0zZ/TT (S) (6) ¥T 03 (6) L 0¢/st AN
0z/v1 (q)
0z/9 (5) (T1) €2 01 (6) ST 0z/91 TAPY
€2/ST ()
€2/8(9) (£)8Z 01 ()0 €¢/81 CA PN
€Z/v1 (q)
€2/6(9) (8)81 01(5) 9 €e/ee EA P €¢/0 €2/0 €¢/eT (0T) T 03 (8) OE (9) ez 1]
ze/s ()
TT/LT(9) [9T] 0 01 [6] 6T cc/8 A P
ce/6(9) [9¢]
TT/ET (9) [Pl TT 01 [2T] £ ce/8 EA P (06-55) uw ‘zz/2 Z8 01 (07) 8v ‘zT/TT ce/8 (eET)0E 03 (TT) 2T (1) L2 I
0z/ST (a)
0z/S (s) lelet oy ] v 0z/9 TA P
0z/ST (q) )
0Z/S (5) (¥T-6) 03 (TT-T) 0z/s TA P 0Z/0 5903 (L2) O ‘0C/¥T 0z/9 (0T) 6T 03 (8) 2T (6)oT I
(1e303/u) (q) painiq wnijue (1e303/u) sayduelq  sayoduelg (y18u3) Jo % ulw (418u3)] Jo % Xew 0}  (|eo1/u) |In4 (ww ‘xew (ww) Yy8us| wnnsQ
pue (s) dieys se 03 [e1sip Y38ud| SN 03Ul UoISuaIXa S utejn ‘{|e101/u) sayoueiq ujw {|e30}/u) wnsue 03 uiw) uondunl YA wniuy

uiaped adpa |eysig

0jul SpudXa Ajjered

ay3 03 pauyuo)

939]dwodu|

SIN Aq 98e49A00 wnauy

wouy pBu3| SIA (€101

*A8ojoydiow 23pa [BISIP UM SaydueIq UIRA AJeuownd ulew pue wnJjue sy} 0jul Jualxa (SIA|) 9A3[S [eIpJedoAlN  Z 3714V L



IBRAHIM ET AL

TABLE 3
in some branches, as indicated by locations A-O in Figure 2A.

Ostium Measurement site
| A: VA junction (at ostium | incision)
A': Lcd V1 ostium (at the ostium | incision)
B: White pin
C: Black pin
1] D: VA junction (at ostium Il incision)
D’: Led V3 ostium, (at ostium Il incision)
E: White pin: wall between ostium Il and IlI
F: Black pin: wall between ostium | and Il
G: Blue pin: all between ostium Il and IV
1] H: VA junction (at ostium Il incision)
H’: Red V3 ostium (at ostium Il incision)
I: White pin
J: Black pin
K: Septum between Rcd V3 and Red V2
L: Septum between Rcd V2 and Rer V
v M: VA junction (at ostium IV incision)

N: White pin: wall between ostium Ill and IV

O: Black pin

Equine myocardial thickness, measured at the pulmonary vein veno-atrial (VA) junction and at the myocardial sleeve of the ostium

Number of horses;

MS thickness (mm) range (min-max, mm)
4.0[0.3] 9;4.0-4.6
- 3;1.0-2.0
4.0[0.8] 6; 3.0-4.0
3.0[0.8] 6; 3.0-4.0
6.0 [0.7] 9; 3.0-9.0
- 2;1.0-2.0
8.0[1.5] 7;,7.0-12.0
4.0[0.0] 7;3.0-4.0
4.0[1.0] 7,4.0-5.0
6.9 (0.9) 11; 5.6-8.0
2.6(0.8) 11;1.0-3.3
8.0[1.5] 7,7.0-9.0
8.0[1.0] 8;7.0-9.0
2.6(04) 13;2.0-3.1
2.2(1.0) 13; 1.0-4.0
5.2 [0.5] 10; 5.0-6.0
6.0 [1.0] 5;6.0-7.0
7.0[1.0] 7;6.0-7.0

Note: Data are presented for up to 13 horses, with the actual number of cases included at each site indicated in the table. Values are expressed as mean
(SD) for normally distributed data when n = 10. For non-normally distributed data or when 5 < n < 10, values are given as median [IQR]. For small groups
(n < 5), only the number of cases (n) and range are reported. Lcd V1, left caudal pulmonary vein 1; Lcd V3, left caudal pulmonary vein 3; Red V2, right
caudal pulmonary vein 2; Red V3, right caudal pulmonary vein 3; Rcd V4, right caudal pulmonary vein 4; Rcr V, right cranial pulmonary vein.

3.4 | Associations between variables

No significant association was found between sex or bodyweight and
PV ostial diameter in the Warmblood study sample. Correlation analy-
sis showed that ostial diameter was not associated with antral length
or MS length at any ostium (all r/p < 0.25, p > 0.05). At ostium lIl,
antral length positively correlated with both shortest (r=0.85,
p < 0.001) and longest MS length (r = 0.63, p = 0.001), while other
ostia showed no association. Within each ostium, shortest and longest
MS lengths were positively correlated (r/p = 0.75-0.83, all p < 0.001),

indicating organised sleeve distribution.

4 | DISCUSSION

This study provides an ostium-specific macroscopic characterisation
of equine PV MSs and establishes a structural framework relevant for
future electrophysiological studies and development of catheter abla-
tion strategies for horses. While previous studies established the pres-
ence of MSs and their overall length,*** our study additionally
quantified the MS length, antral coverage, and regional thickness vari-
ations for each ostium.

Four principal ostia were identified in most hearts, each with

lobe-specific drainage. In some horses, accessory veins opened into

the left atrium, consistent with prior equine anatomical descriptions.*
The mean ostial diameters in our study (I-1V: 2.6, 4.2, 4.1 and 2.9 cm)
were generally similar to post-mortem values reported by Kovacs
et al. (I-IV: 3.02, 3.27, 3.34 and 1.81 cm),** and in vivo electro-
anatomical reconstruction values reported by Kjeldsen et al. using a
mainly impedance-based mapping system (I-IV: 3.1, 4.2, 5.1 and
3.5 cm).2* Our ostium Il measurement matched the in vivo mean
and exceeded the post-mortem values. Ostia Il and IV were smaller
than the in vivo mean but larger than in the post-mortem study, and
ostium | was smaller compared to both other studies. These differ-
ences likely reflect the methodology used. In vivo mapping delineates
the PV ostia under physiological loading and may overestimate dimen-
sions due to catheter-induced wall displacement and impedance
effects, whereas post-mortem measurements depend on how the tis-
sue is handled. Despite this, all studies agree on rank order, with ostia
Il and Ill being the largest and | and IV being smaller, which supports
the validity of our measurements while providing anatomical refer-
ence data that may be useful for future procedural planning.

Human patients with AF show increased PV ostial diameters and
greater total PV ostial volumes.?%?” Our study included horses with-
out documented cardiovascular disease; however, subclinical cardiac
pathology could not be excluded and arrhythmogenic remodelling
may enlarge the PV ostia. Whereas in humans, males typically have

larger PV ostia than females,?® we did not identify an association
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between sex or bodyweight and ostial diameter, and no association
was found between bodyweight and PV diameter, consistent with
previous equine studies.'* This might be related to the small sample
size of our study.

PV MSs were macroscopically identified as distinct, reddish myo-
cardial cuffs, visually separable from the paler venous wall. This
appearance is consistent with sleeve-bearing regions described in the
cranial and caudal equine vena cava,?’ and with grossly identifiable
PV MSs in humans.3® MSs were present at all PV ostia but varied
systematically with location. PV Ill most often exhibited full antral
coverage with long MSs (30 (5) mm to 42 (10) mm) extending into
first-order branches, indicating a larger amount of excitable substrate
analogous to the superior PVs in human patients.>°2 The antral size
positively correlated with sleeve extent at PV lll, a relationship not
observed in PV |, Il and IV. In contrast, PV | typically had a small diam-
eter and short MS (12 (9) mm to 19 (9) mm), confined to the antrum,
suggesting a smaller amount of arrhythmogenic tissue. These findings
suggest that veins with extensive MS coverage may represent ana-
tomically relevant targets for ablation in horses, a hypothesis that
requires functional validation. The distal edge morphology of the MS
may further inform ablation targets. Sharp endings likely represent
abrupt demarcation between myocardial and venous tissue, poten-
tially creating discrete electrical boundaries, whereas blurred endings
may reflect the gradual tapering of the MS, with fibre thinning, reor-
ientation, and transition into connective and adipose tissues. In dogs,
such regions show slow, heterogeneous conduction, fractionated elec-
trograms, and multiple breakthrough sites within the MS, consistent
with local micro-re-entry.3® Our data highlight the predominance of
blurred endings of MSs at PV lIl, reinforcing the potential arrhythmo-
genic importance. However, without histological analysis and func-
tional confirmation of these regions, this remains a hypothesis that
requires validation in future tissue and mapping studies.

The large equine PV ostial diameters and thicker myocardial walls
at the VA junction compared to those in humans create constraints for
ablation procedures. In humans, WACA provides more durable isolation
than strictly ostial approaches.” However, in horses, creating a com-
plete circumferential lesion is challenging because point-by-point abla-
tion is time-consuming?® and the myocardium at the VA junction is
thick. In this study, the myocardial wall thickness at the VA junction was
the thickest around ostia Il and Ill. Ostium Il was consistently over
5.6 mm and reached up to 12 mm at the wall between ostia Il and Ill.
Durable ablation requires transmural (full thickness) lesions, and thicker
atrial tissue is known to be associated with a higher risk of acute recon-
nection after ablation in humans.?” In vitro equine studies have shown
that optimal radiofrequency settings of 40 W for 60 s achieve mean
(SD) lesion depths of 4.8 (1.6) mm,>**°> which might be below the local
equine myocardial wall thickness measured at ostium Il and Ill in the
present study. These anatomical findings suggest that achieving trans-
mural lesions at these sites may be technically challenging and optimisa-
tion of energy settings or alternative energy modalities such as laser
ablation®® will require functional validation.

Energy delivery tools also pose limitations. Point-by-point radio-

frequency around a large equine ostium is time consuming and

technically demanding. Single-shot ablation systems (e.g., balloon-
based or multielectrode systems) offer an alternative approach by
delivering simultaneous circumferential lesions in a single application,
potentially reducing procedural time and improving lesion uniformity
compared with point-by-point ablation.3”’ =% However, current human
devices are size-limited relative to equine anatomy. In this study, ostia
Il 'and lll exceeded 40 mm in diameter, which is larger than the maxi-
mum array size of the current single-shot systems. Currently available
pulsed-field ablation catheters are offered in two diameters (31 and
35 mm),*® and contemporary cryoballoon systems are limited to fixed
balloon diameters of 23 or 28 mm.** Myocardial wall thickness is
another limiting factor. Pulsed-field ablation on pig hearts produces a
lesion depth of a maximum of 5.8-8.2 mm depending on the energy
settings,*? which may be insufficient to achieve transmural lesions at
equine ostia Il and Ill. Achieving durable PV isolation requires valida-
tion but will likely require large-diameter ablation tools and higher
energy delivery combined with careful power reduction in thin-walled
regions to avoid perforation.

In addition to ostial diameter and wall thickness constraints, ana-
tomical variations such as the opening of PV branches directly into
the left atrium without formation of a common antrum should also be
considered for planning ablation. This scenario was observed in a
minority of cases, specifically in two hearts at ostium Il and 1 heart at
ostium IV. Ablation of such an anatomical configuration would require
using two circles of point-by-point ablation or smaller-sized balloon
catheters compared to other ostia. These anatomical variations fur-
ther underscore the importance of developing individualised ablation
strategies tailored to each horse's unique vascular anatomy.

In this study, we also identified an anatomical substrate that
may affect ablation durability beyond the PVs themselves. Histologi-
cal analysis showed that while the MSs of the caudal branches of PV
IIl and the CaVC were separated dorsally by fibroadipose tissue, they
fused more ventrally into a common myocardial mass within the dor-
sal IAS. This suggests a sleeve-to-sleeve fusion, without a single con-
tinuous MS connecting the vessels. In humans, posterior interatrial
muscular connections near the fossa ovalis, close to the right PVs
can permit residual conduction and can compromise PV isolation.?®
This mechanism may also be relevant in horses. The CaVC is a
known re-entry hotspot in horses,*>~*> and the adult equine IAS at
the fossa ovalis and septal pouches contains a muscular core with
variable fibrous and adipose content that may itself be arrhythmo-
genic.*® Together, these features suggest that the MS fusion within
the dorsal IAS observed in this study may provide a structural sub-
strate capable of supporting macro-re-entry or provide a bypass
pathway after attempts to isolate PV Ill. Although this remains spec-
ulative, future isolation strategies for ostium Ill in horses should
include testing for conduction between the PV Il and the CaVC after
ablation, verifying the block across the IAS, and tailoring the lesion
depth and width to the local thickness (6.9 (0.9) mm). Prospective
electro-anatomical mapping with pacing manoeuvres, ideally com-
bined with connexin immunohistochemistry, is warranted to validate
the functional significance of this indirect septal pathway and opti-

mise ablation efficacy.
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This study has several limitations. The work was conducted on
post-mortem tissue, and although dissections were performed within
the first 3 h of euthanasia, subtle changes in tissue dimensions may
have occurred, meaning that the absolute values may not fully reflect
the in vivo anatomy. Additionally, our sample size was limited to
23 horses, with some missing data. A larger sample size would better
capture the range and frequency of anatomical variations in the popu-
lation. This study only included Warmblood horses, and breed-related
differences cannot be excluded. Importantly, all hearts were obtained
from horses without known cardiovascular disease, and no horses
with AF were included. Structural remodelling associated with AF may
alter PV size and MS characteristics; therefore, extrapolation of the
present findings to horses with clinical AF requires dedicated investi-
gation. Additionally, the lack of histological confirmation limits the
correlation between gross appearance and microscopic myocardial
content, especially when evaluating distal edge morphology. The ostial
diameter was calculated from half-circumference assuming circular
geometry. Because many ostia were ovoid, the reported values repre-
sent equivalent circular diameters rather than true long- or short-axis
anatomical dimensions and may have underestimated true maximal
dimensions. Photographs were obtained after gentle manual tension-
ing to flatten the ostia. As the applied force was not standardised,
minor measurement variability related to tissue handling cannot be
excluded. The MS length and thickness were measured macroscopi-
cally from photographs. Very thin distal strands may have been
missed. MS thickness was measured at specific points to provide an
idea of the thickness distribution around the VA junction of each
ostium; however, this approach cannot fully capture spatial heteroge-
neity. Furthermore, accessory ostia were recorded but not quantified
for MS extent. Interobserver agreement was assessed only for contin-
uous measurements and in two horses, limiting the precision of reli-
ability estimates. Categorical variables were not formally subjected to
interobserver statistical testing. Finally, this was an anatomical and
histological study, and functional electrophysiology correlates were
beyond the scope of this study but are critical for future translational
work. Future studies should combine MS histology with high-
resolution electro-anatomical mapping in horses with and without
arrhythmias to directly relate myocardial structure to conduction

behaviour and arrhythmia susceptibility.

5 | CONCLUSION

PV MSs were present at all four ostia but demonstrated systematic
ostium-specific variations in extent, morphology, and thickness. PV llI
exhibits the most extensive MS architecture: a long MS with full antral
coverage, frequent branch extension, predominantly blurred distal
edges, and a thick wall at the VA junction. These anatomical features
suggest increased structural complexity and may justify prioritisation
of this region during ablation procedures, pending functional valida-
tion. However, the substantial myocardial thickness at PV Il may
complicate the achievement of durable transmural block. The

observed myocardial continuity between PV Il and the CaVC

provides anatomical evidence of a potential structural substrate that
warrants electrophysiological investigation. In contrast, PV | had a
shorter MS confined to the antrum and a thinner wall than other
ostia, likely suggesting comparatively lower arrhythmogenic sub-
strate and a region where isolation may be more achievable with
standard catheter techniques. Compared with humans, horses have
much larger PV ostial diameters and thicker myocardial walls, under-
scoring anatomical considerations relevant for the development and

optimisation of equine ablation strategies.
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