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Three-dimensional and catheter-based intracardiac
echocardiographic characterization of the interatrial septum
in 2 horses with suspicion of a patent foramen ovale
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Abstract

This case report describes the 2-dimensional transthoracic (2D-TTE), 3-dimensional

transthoracic (3D-TTE) and intracardiac echocardiographic (ICE) characterization of

the fossa ovalis region in 2 horses. The first case was presented for poor performance

and showed an anechoic zone in the interatrial septum on 2D-TTE. Based on 3D-TTE

a deepened fossa ovalis could be identified and using ICE the presence of an inter-

atrial shunt could be excluded. The second case was referred for a cardiac murmur

and the presence of turbulent flow in and around the interatrial septum on 2D-TTE

color flow Doppler. The complementary use of 2D-TTE, 3D-TTE, and ICE allowed

detailed characterization of a patent foramen ovale, with evidence of a left-to-right

shunt in a dorsocranial to ventrocaudal direction with limited hemodynamic

implications. These 2 cases underline the feasibility of 3D-TTE and ICE in horses and

especially show the added value of ICE in a clinical setting.
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1 | CASE DESCRIPTION

1.1 | Case 1

A 9-year-old, 670 kg Friesian gelding used for dressage was admitted

at the Equine Cardioteam, Ghent University for evaluation of chronic

exercise intolerance. As a foal, the horse had been hospitalized for

dyspnea. At admission, no abnormalities were identified on physical

examination. Based on the history of exercise-induced tachypnea,

thoracic radiographs, airway endoscopy, a lunging exercise test1

and bronchoalveolar lavage were performed and inflammatory

airway disease was diagnosed. However, to exclude cardiac pathol-

ogy, echocardiography and electrocardiography were performed. On

2-dimensional transthoracic echocardiography (2D-TTE) (Vivid E95,

4VC probe, GE Healthcare, Diegem, Belgium) cardiac dimensions were

within reference ranges2 and no valvular regurgitations were

detected. A round anechoic area representing the part of the fossa

ovalis underneath the limbus was identified, but the fossa ovalis

seemed to be open towards the left atrium (LA) (Figure 1). Some tur-

bulent flow was present in the fossa ovalis, associated with a vibrating

hyperechoic line at the right atrial (RA) side of the septum. However,

color flow Doppler was not conclusive in diagnosing an interatrial

Abbreviations: 2D-TTE, 2-dimensional transthoracic echocardiography; 3D-TTE,

3-dimensional transthoracic echocardiography; APD, atrial premature depolarization; ECG,

electrocardiogram; ICE, intracardiac echocardiography; LA, left atrium; PFO, patent foramen

ovale; RA, right atrium.
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communication, as the turbulent flow could also have been caused by

flow entering from the caudal vena cava (Figure 2). Three-dimensional

transthoracic echocardiography (3D-TTE) (Vivid E95, 4VC probe, GE

Healthcare, Diegem, Belgium; settings: 1.7 MHz/3.3 MHz, 34 frames

per second [FPS], 21.8 cm imaging depth, single-beat acquisition) of

the region of the fossa ovalis was acquired as follows: starting from

the 4-chamber view on 2D-TTE, the probe was angled slightly more

caudally to visualize the fossa ovalis, after which the region of the

fossa ovalis was selected to create a focused 3D volume. During post-

processing, the 3D volume was rotated so that the top on screen was

dorsal and left on screen was caudal, thus creating an en-face view of

the fossa ovalis when looking from within the right atrium. This

showed a deepened fossa ovalis (Figure 3A and Video S1, Supporting

Information). Because of the limited spatial resolution of the image,

and considering that voxel drop-out on 3D-TTE is also commonly

found in normal horses (Figure 3B,C), it remained unclear if there was

a communication between the atria. Intracardiac echocardiography

(ICE) was performed to exclude an interatrial communication with

increased certainty. After sedation, the caudal part of the right jugular

vein region was clipped and surgically prepared. A 9 French introducer

sheath (Intro-Flex, Edward Lifesciences, Irvine, California) was placed,

allowing the introduction of the 8 French steerable ICE catheter

(phased-array, 5.0-10.0 MHz, ACUSON AcuNav ultrasound catheter,

Biosense Webster, Johnson and Johnson, Diegem, Belgium). After

connection with the ultrasound device (Vivid IQ, GE Healthcare,

Diegem, Belgium), the ICE catheter was advanced with the probe fac-

ing ventrally until the RA, tricuspid valve and RA appendage came into

view (settings: 8.0 MHz, 32 FPS, 12 cm imaging depth). In order to

advance the ICE probe to the fossa ovalis region, the prominent inter-

venous tubercle was passed by following the curvature of the tuber-

cle, with subsequent gentle retroflexion of the catheter around the

tubercle. Caudal to the intervenous tubercle, the catheter was

straightened and the fossa ovalis was brought into view through

90� counterclockwise rotation of the ICE catheter (Figure 4). Gentle

clockwise and counterclockwise rotation (total range of 120�) allowed

detailed inspection from the most ventral to the most dorsal part of

the fossa ovalis, respectively. The examination showed that the fossa

ovalis was closed. Using intracardiac color flow Doppler, a communi-

cation could be excluded with increased certainty (Video S2). The

electrocardiogram (ECG), with modified base-apex electrode-

positioning (Televet 100, Engel Engineering Services GmbH, Offen-

bach an Main, Germany), revealed 269 atrial premature depolariza-

tions (APD) during 2D-TTE and 3D-TTE, and 273 APDs during ICE.

Cardiac troponin I concentrations were normal (ref. <0.06 ng/mL).

A cardiac origin was excluded as the cause of the clinical signs, and

treatment for inflammatory airway disease was instigated, and included

corticosteroid treatment (0.03 mg/kg BW dexamethasone IV for

2 days, followed by 1 mg/kg BW prednisolone PO for 21 days,

followed by 1 mg/kg BW prednisolone every other day for 10 days),

oral clenbuterol (0.8 μg/kg BW BID for 4 weeks), inhaled salbutamol

(1 μg/kg BW every 4 hours for 10 days) and measures to reduce

environmental dust. One year later, the management of the exercise

intolerance remained challenging. The horse was retired and no further

examinations concerning the exercise intolerance were performed.

1.2 | Case 2

A 4-year-old 567 kg French Warmblood gelding in training for show

jumping was referred for evaluation of a suspected interatrial commu-

nication. A holosystolic murmur had been detected during a period of

colic a year before, and confirmed upon 2 successive cardiac ausculta-

tions. There was no available information about cardiac auscultation

beforehand. Echocardiography by the referring veterinarian revealed

moderate mitral regurgitation, mild aortic regurgitation and turbulent

flow in and around the interatrial septum. In addition, right ventricular

dilation and decreased left ventricular systolic function were detected.

The horse was referred for further evaluation.

Physical examination at admission revealed no abnormalities,

except for a grade 4/6 holosystolic plateau-type murmur and a grade

2/6 holodiastolic decrescendo murmur on the left side, and a grade

2/6 holosystolic plateau-type murmur on the right side. At rest (ECG

duration of 1 hour during 2D- and 3D-TTE), only 1 APD was present

and no ECG abnormalities were seen during a lunging exercise test.

On 2D-TTE,2 slight dilation of the left and right ventricle were seen,

as well as a slightly decreased left ventricular ejection fraction (64%),

moderate mitral regurgitation and mild aortic regurgitation. An

anechoic zone of 1.5 cm diameter was present in the interatrial sep-

tum (Figure 5A) with abnormal turbulent flow on color flow Doppler.

The anechoic zone revealed to be in the region of the fossa ovalis on

simultaneous multiplane imaging (Figure 5B). Continuous wave Dopp-

ler revealed a systolic left-to-right flow with a maximum velocity of

2.03 m/s (pressure gradient of 16 mmHg). Pulmonary-to-systemic

flow ratio (Qp : Qs), based on pulsed-wave Doppler of the pulmonary3

and aortic flow,4 was 1.8:1. Agitated saline administration did not

show right-to-left shunting and negative contrast, which can often be

F IGURE 1 Case 1: Right parasternal long-axis (4-chamber) view
focused on the left atrium showing an anechoic area in the interatrial
septum that appears to connect to the left atrium (green arrow). IAS,
interatrial septum; LA, left atrium; LV, left ventricle; RA, right atrium;
RV, right ventricle
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detected with a left-to-right shunt, could not be identified. Using 3D-

TTE (Vivid E95, 4VC probe; settings: 1.7 MHz/3.3 MHz, 22 FPS,

23 cm imaging depth, single-beat acquisition; image acquisition and

postprocessing similar to Case 1), the interatrial communication could

be identified as a patent foramen ovale (PFO), characterized by the

presence of an intact septum primum and secundum but lack of func-

tional closure of the ostium secundum (Figure 6). The PFO had a diam-

eter of 1.5 cm at the LA side and of 2.2 cm at the RA side, measured

on 2D tomographic orthogonal slices of the 3D volume. Using 3D

color flow Doppler, the left-to-right flow trajectory, starting dors-

ocranially at the left side of the PFO and running in a ventrocaudal

direction to the right side of the PFO, could be visualized (Video S3),

despite the fact that the final image resolution was lower compared

to the 2D-TTE image. In the sedated horse, ICE examination was per-

formed to acquire more detail of the interatrial septum (settings:

6.0 MHz, 57 FPS, 16.0 cm imaging depth). Preparation was performed

as described in the previous case. First, the most dorsal part of the

PFO region was visualized through +/�150� counterclockwise rota-

tion, recognized by the bifurcation of ostium III of the pulmonary

veins which is located dorsal to the interatrial septum.5 By slow clock-

wise rotation over 120�, thus scanning the PFO from dorsocranial to

ventrocaudal, it could be clarified that the PFO opening was situated

dorsocranially, deep underneath the limbus, and resulted in a continu-

ous (systolic and diastolic) flow running in ventrocaudal direction

entering the RA. The presence of an intact septum primum and

secundum could be visualized in detail, thus differentiating from an

atrial septal defect (Figure 7 and Videos S4 and S5). One-dimensional

measurement of the defect based on ICE yielded similar results as the

multidimensional 3D-TTE measurement. During ICE examination,

29 APDs were present.

It was concluded that the left-sided systolic murmur was caused

by the mitral regurgitation and the diastolic murmur by the aortic

regurgitation. The right-sided systolic murmur was probably caused

by the interatrial left-to-right shunt. Theoretically, moderate mitral

regurgitation might have resulted in increased LA systolic pressure6

and shunt volume, which could have contributed to right ventricular

dilation, but invasive pressure measurements were not performed.

Occluder implantation was considered but not performed: as the PFO

opening was located deep underneath the limbus full deployment of

the occluder could be hampered and the risk for device dislodgement

would be increased. Furthermore, flow through the PFO was limited

and only left-to-right. No explanation was found for the mildly

decreased left ventricular ejection fraction, however this value was

borderline and therefore presumably clinically irrelevant. The horse

was allowed to continue competition and a follow-up examination

within 1 year showed no increase in PFO size, stable valvular regurgi-

tations and similar ventricular size and function. The horse was

allowed to continue training and competition, with yearly follow-up.

F IGURE 2 Case 1: Two-dimensional transthoracic echocardiography: Right parasternal long-axis (4-chamber) view in diastole focused on the
fossa ovalis (green arrow). Color flow Doppler of the region showed turbulent flow from the caudal vena cava, which made it challenging to
determine the presence of a shunt. FO, fossa ovalis; LA, left atrium; LV, left ventricle; MV, mitral valve; RA, right atrium; RV, right ventricle
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2 | DISCUSSION

This case report describes the use of a combination of echocardio-

graphic modalities to characterize morphological variations of the

interatrial septum and estimate their clinical relevance. Two-

dimensional TTE has the advantage of providing a comprehensive

qualitative and quantitative assessment of cardiac dimensions, struc-

ture and function. However, correlating the 2D image with the cardiac

anatomy remains challenging, especially when examining morphologi-

cal abnormalities. The recent advent of real-time 3D-TTE in equine

cardiology solves this issue, as instead of a 2D slice, a 3D volume is

acquired using a matrix-array transducer, thus gaining insight into the

3D conformation of cardiac structures. Clinical use of 3D-TTE has

been reported for the evaluation of the aortic valve and an atrial

septal defect.7,8 Left atrial volumetric assessment by 3D-TTE is also

gaining attention for use in horses.9 A disadvantage is that 3D-TTE

suffers from the trade-off of spatial and temporal resolution. Tempo-

ral resolution can be increased by acquisition over multiple beats but

this might result in stitching artifacts because of horse, breathing and

probe movement. Multibeat acquisition cannot be used in case

of arrhythmias, such as atrial fibrillation or second degree atrioventric-

ular block.9,10 Depending on the resulting 3D image quality, post-

processing might be needed for image optimization and is software-

dependent. In our cases, this was limited to changing gain-settings,

viewing angle and increasing brightness and contrast. A prerequisite

for qualitative 3D imaging is sufficient 2D image quality, which can be

challenging to obtain in broad-chested or overweight horses.11 Trans-

thoracic echocardiography also has the disadvantage of being limited

F IGURE 3 Case 1: (A) Right parasternal long-axis view acquired with 3-dimensional echocardiography optimized for the region of the fossa
ovalis (right) with corresponding orthogonal 2-dimensional sections (left), and the orientation of the 2D images in relation to the 3D volume
(center top figure). View from within the right atrium looking at the interatrial septum; left is caudal, top is dorsal. A deep fossa ovalis can be seen,
with drop-out of voxels in the deepest part of the fossa (green arrow). Images taken in a horse with a normal interatrial septum: (B) Two-
dimensional transthoracic echocardiographic right parasternal long-axis (4-chamber) view and (C) right parasternal short-axis view acquired with
3-dimensional echocardiography optimized for the region of the fossa ovalis (right) with corresponding orthogonal 2D sections (left), and the
orientation of the 2D images in relation to the 3D volume (center top figure). View from within the right atrium looking at the interatrial septum;
left is caudal, top is dorsal. Also in this horse, an anechoic zone, but without apparent connection to the left atrium, in visible on the 4-chamber
view (green arrow) and drop-out of voxels in the region of the fossa ovalis can be seen on 3D echocardiography (green arrow). AO, aorta; CaVC,
caudal vena cava; CrVC, cranial vena cava; FO, fossa ovalis; LA, left atrium; LV, left ventricle; Os III, ostium III of the pulmonary veins; RA, right
atrium; RV, right ventricle; TI, tuberculum intervenosum
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by the intercostal spaces and lung field and only low frequencies can

be used for sufficient imaging depth, resulting in lower spatial

resolution.11,12

These restrictions are overcome by ICE. This minimally invasive

imaging technique is performed using a phased-array ultrasound

probe mounted on the tip of a 8-12.5 French steerable catheter pro-

viding a 2D or 3D image with up to 16 cm imaging depth (depending

on the manufacturer). Functionalities such as color Doppler, tissue

Doppler, 2D speckle tracking and integration with a 3D mapping sys-

tem are increasingly available. Via a venous introducer, the ICE probe

can be navigated towards the heart using mechanical steering and

rotation.13,14 Hence, the technique does not suffer from body confor-

mation and provides detailed imaging with high resolution.15 How-

ever, this can make interpretation challenging and contributes to the

steep learning curve. Additional disadvantages include movement of

the catheter during image acquisition, induction of transient arrhyth-

mias, cost of the catheter and need for a minimally invasive venous

entry.15 In human medicine, ICE is commonly used in interventional

cardiology for adequate guidance of, for example, endocardial abla-

tion, transseptal puncture for LA access, or percutaneous intracardiac

defect closure.15,16 In dogs, ICE is mainly applied in experimental

settings,17-19 with only a few clinical reports.20,21 The use of ICE in

horses remains anecdotal.22-24

In our 2 cases, the complementary use of 3D-TTE and ICE, in

addition to the standard 2D-TTE, provided deeper insight into the

interatrial septal morphology. In Case 1, 3D-TTE allowed for better

understanding of the conformation of the fossa ovalis, but an atrial

communication could not be excluded because of voxel dropout

which is a common issue in 3D-TTE.10 Because of incoming turbulent

blood flow from the caudal vena cava, which is commonly found in

the normal horse,25 color flow Doppler was not conclusive. Using ICE,

the anomalous morphology of the region of the fossa ovalis could be

imaged in detail without interference of body conformation, and a

communication could be excluded. In Case 2, 3D-TTE was additionally

useful to better assess defect size, as the measurements can be per-

formed independently of probe alignment in relation to the lesion.26

Using ICE, the transthoracic findings could be confirmed with

increased detail and device closure possibilities could be assessed. In

both cases, except for transient APDs, ICE could be performed with-

out any complications.

A PFO results from incomplete closure of the foramen ovale after

birth and should therefore not be regarded as a congenital defect and

F IGURE 4 Case 1: Intracardiac echocardiography of the region of
the fossa ovalis; left is caudodorsal, top is right lateral. A deep fossa
ovalis (green arrow) can be seen, with no visible connection to the left
atrium. FO, fossa ovalis; LA, left atrium; RA, right atrium

F IGURE 5 Case 2: (A) Right
parasternal long-axis (4-chamber)
view focused on the left atrium
showing an anechoic area in the
interatrial septum (green arrows)
with (B) orthogonal cross-section
of the 4-chamber view at the
level of the yellow dotted line,
indicating that the location of the
anechoic area is situated in the
region of the fossa ovalis
revealing a patent foramen
ovale. *, limbus; IAS, interatrial
septum; LA, left atrium; LV, left
ventricle; Os III, ostium III of the
pulmonary veins; PFO, patent
foramen ovale; RA, right atrium;
RV, right ventricle
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be distinguished from an atrial septal defect, which arises from a mal-

formation of the interatrial septum during fetal development.27-30 In

order to be able to differentiate both interatrial communications in

the context of potential genetic predisposition, thorough understand-

ing of the atrial septation process is necessary. The first component of

the interatrial septum, the septum primum, grows from the atrial roof

towards the endocardial cushions, leaving an interatrial communica-

tion between the septum primum and the endocardial cushions known

as the ostium primum. Fenestrations arise in the caudal part of the sep-

tum primum in order to create the ostium secundum, while the septum

primum and endocardial cushions fuse, thus closing the ostium primum.

Ingrowth of the atrial tissue on the RA side of the septum primum, that

is, the septum secundum, allows right-to-left interatrial communication

through the ostium secundum, while the septum primum acts as a

1-way valve of the ostium secundum to inhibit left-to-right shunting.

This way, fetal oxygenated blood is led directly to the fetal tissues,

instead of detouring past the nonfunctional lungs.8,28,29,31 In the dif-

ferent types of atrial septal defects, 1 or more septal components are

absent or malformed, recognized by an abrupt interruption in the

interatrial septum with evidence of interatrial communication on color

F IGURE 6 Case 2: Right
parasternal long-axis view with
3-dimensional echocardiography
optimized for the region of the
fossa ovalis (right) with
corresponding orthogonal
2-dimensional sections (left), and
the orientation of the 2D images
in relation to the 3D volume

(center top figure). View from
within the right atrium looking at
the interatrial septum; left is
caudal, top is dorsal. A patent
foramen ovale (green arrow) with
connection to the left atrium
could be suspected. CaVC, caudal
vena cava; CrVC, cranial vena
cava; Os III, ostium III of the
pulmonary veins; PFO, patent
foramen ovale; RA, right atrium; TI,
tuberculum intervenosum

F IGURE 7 Case 2:
Intracardiac echocardiography of
the region of the fossa ovalis
without (left panel) and with color
flow Doppler (right panel); left is
caudal, top is right lateral. The
thinnest part of the fossa ovalis,
the septum primum (�), and the
muscular ridge of the septum
secundum, the limbus (*), could be
visualized in detail. Patency of the
fossa ovalis could be identified
(green arrows) and a shunt was
confirmed by color flow Doppler.
*, limbus; � septum primum; LA,
left atrium; PFO, patent foramen
ovale; RA, right atrium
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flow Doppler. In contrast, all septal components are present in a PFO

but anatomical and functional closure does not take place. Ech-

ocardiographically this is recognized by the presence of both an intact

septum primum (ie, the thinnest part of the fossa ovalis) and secundum

(recognized by the muscular ridge that forms the limbus) and persis-

tence of communication through the ostium secundum, as was seen on

3D-TTE and ICE in Case 2. Functional closure should happen in the

first 48 hours because of increasing LA pressure, and anatomical clo-

sure should ensue in the following weeks.32 Elevated RA pressures

and pulmonary hypertension, for example, caused by pulmonary dis-

ease, interfere with this physiological process and can eventually

result in delayed closure or persistence of communication.25 How-

ever, no data were available on the medical history of the horse as a

foal in Case 2. Whether the neonatal dyspnea, which is known to

cause elevation of RA pressures, might have influenced the fossa

ovalis closure process in Case 1, remains unknown.

In the absence of cryptogenic stroke or other cardiac abnormali-

ties, PFO is regarded as a normal anatomical variation in humans, with

a prevalence of around 25%.27 To the authors' knowledge, no reports

exist describing the ante mortem diagnosis nor the clinical importance

of a PFO in the adult horse. Atrial left-to-right shunts cause right-

sided volume overload and lead to increased pulmonary artery flow

and therefore increased pulmonary venous return, which can result in

left-sided volume overload.8,25,33 Left-to-right shunts are regarded as

important if the pulmonary-to-systemic flow ratio is higher than

1.8 : 1.25 Therefore, the hemodynamic effect of the shunt was within

functional limits in Case 2. However, reliability of transthoracic echo-

cardiographic flow measurements is limited in horses because of the

angle-dependency of the measurements and the inaccuracies in the

determination of the vessel diameter and flow areas.25,34 Right-to-left

shunts on the other hand cause arterial hypoxemia and general tissue

hypoxia25 and carry the risk of passage of undiluted intravenous medi-

cation or accidental intravenous air bubble injection into the arterial

circulation.35 In Case 2, a left-to-right shunt became evident on 2D-

TTE, 3D-TTE, and ICE color flow Doppler and no right-to-left commu-

nication could be shown using agitated saline. In selected cases of

cryptogenic stroke in human medicine, PFO closure is considered and

mainly performed with percutaneous occluder devices.36 In dogs, no

reports of PFO closure exist to the authors' knowledge; however,

transcatheter closure of atrial septal defects is performed occasion-

ally.37,38 Percutaneous occluder implantation has been reported in

horses for treatment of aorto-cardiac fistula,39,40 but indications, fea-

sibility, and clinical outcome for closure of PFOs and atrial septal

defects are still to be investigated.

In conclusion, these cases show the added value of 3D-TTE and

ICE to routine 2D-TTE for the evaluation of the fossa ovalis and identi-

fication of a PFO. Especially the use of ICE proved to be promising in

a clinical setting and has the potential to characterize cardiac anatomy

and to guide interventional procedures.
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