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CHAPTER 1

INTRODUCTION

Echocardiography is an important non-invasive diagnostic tool in the clinical
management of congenital heart disease. It altows an early and rapid diagnosis of most
congenital heart anomalies and it is widely used for clinical follow-up.'” In many patients the
anatornical and functional assessment of congenital pathology is sufficient for the planning of
surgical repair and other imaging techniques or cardiac catheterization can be avoided.’
However, an accurate assessment of the pathology is necessary before cardiac surgery is
considered, in order to reduce the time for exploration, to be able tc decide on the most
appropriate surgical repair and to minimise myocardial damage. Furthermore the ongoing
evolution and improvement of surgical technigues demands for more detailed and accurate
diagnostic fcchniques.

Nowadays, echocardiography of patients with congenital heart disease requires
investigators with high skills and experience. Images, especially in grown-up patients, often
have to be acquired in modified echocardiographic views. Furthermore, the anatomy and
spatial refations of pathologic structures can be highly complex especially after primary
surgical repair and a correct diagnosis is frequently made from a mental integration of
sequentiatly obtained two-dimensional images in order to build up a three-dimensional (3D)
objective image.

In the past years there has been a considerable engineering effort to produce a 3D
reconstruction from cardiac ultrasound images.”® While more refined, faster and user friendly

software became available the technique has increasingly been used for testing.”"
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So far, it has been demonstrated that 3D echocardiography is an accurate method for
quantification of ventricular volumes and systolic function as well as for assessment of mitral

and aortic valvular disease.”*"

Some studies have shown its usefulness in assessment of congenital heart disease, particularly

in atrial septal defects."™"” However, systematic application in this field is not completed yet.

The purpose of this study was to investigate the feasibility, accuracy and diagnostic
potential of 3D echocardiography in the common congenital cardiac anomalies in a
preoperative setting.

The accuracy of the diagnosis was evaluated by comparing the pathology with the
intraoperative findings. Ifs additional value over current echocardiographic methods was also

studied.

OUTLINE OF THE THESIS

The segmental approach, commonly used for the anatomical classification, was
applied both in the introductory overview of the applicability of 3D echocardiography in
various congenital heart disease (Chapfer 2) and in the arrangement of the further chapters.'®
Since 3D echocardiography allows “en face™ views of cardiac structures and more
particularly the septa, in Chapter 3 the feasibility and accuracy of this technique in the
assessment of the anatomy of the secundum: atrial septal defect is described. A comparison is
made with 2D echocardiography and intra-operatory findings, Special attention has been paid
in quantifying the size of the defect, in order to identify its potentiai role in catheter-based

device closure of the secundum atrial septal defect, The search of the optimal acquisition
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method for adequate morphological and accurate quantitative assessment of atrial septal
defect is presented in Chapter 4.

On the other hand the feasibility and accuracy of 3D echocardiography in the
identification and classification of ventricular septal defects is described in Chapter 5. The
ventricular septal defects are studied as either an isolated defect or as part of a more complex
congenital anomaly.

The right ventricular funcﬂon is an important factor in the clinical evaluation and
follow-up of a patient with congenital heart disease, Accurate quantification is still difficult
with the actual techniques, due to its peculiar anatomical morphology, and absence of a
“gold-standard”. Since 3D echocardiography allows quantification of left ventricular volumes
without need for geometrical assumptions, we analysed the feasibility and accuracy of this
technique by using three different methods for measuring the right venfricular volume and
ejection fraction. We compare the results with maguetic resonance imaging as the reference
method (Chapter 6),

Another group of lesions encountered during preoperative screening is the obstruction
of the ventricular outflow tract, either left or right, isolated or associated with other
malformations. These may be located at sub-valvular, valvular and supra-valvular level and
may have different shape and extension, In Chapter 7 the feasibility and accuracy of 3D
echocardiography in the assessment of obstructive lesions of both the left and the right
ventricular outflow tracts are described. The clinical potential of the information is discussed.
Among the more complex congenital pathologics, which are associated with some of the
lesions described in previous chapters, we analysed a serie of patients with tetralogy of Falfot
(Chapter 8), The morphological characteristics of surgical interest, such as the ventricular

scptal defect, the overriding of the aortic valve, the obstruction of the right ventricular
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outflow tract and the anomaly of the coronary arteries are analysed with 3D

echocardiography.

Finally in Chapter 9 we evaluate the feasibility, reproducibility and accuracy of 3D
echocardiography for calenlating the aortic valve area in patients with aortic stenosis.
Potential errors resulting from planimetry in suboptimaily selected cross-sectional images are

analysed,
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Atrial

CONGENITAL HEART DISEASE

A. DALUAGATA, |.RT.C RoeLanpT, AJ.J.C. BoGERS

he incidence of congenital heart defects is approximately 0.8%. Diagnosis is usually

made immediately after birth or early in infancy and occasionally later in adulthood.

Congenital cardiovascular anomalies may present as a simple and isolated malforma-
ton or have quite a complex anatomy, Cross-sectional imaging in combination with
Doppler and colour-flow imaging allows the assessment of most congenital defects and
planning of surgical repair.’ Transoesophageal echocardiography is particularly useful
for perioperative assessment.?

Three-dimensional echocardiography is a novel imaging technique, which provides a
reatistic depiction of the underlying pathology? Several studies have demonstrated that
the potential of 3D echocardiography is feasible for the assessment of congenital defects
in both paediatric and adult populations.#® Acquisition of the images is achieved using
either a transthoracic or a transoesophageal rotational approach.*¢

septal defects

The most conumon types of atrial septal defects (ASD} are ASD type II (7% of all con-
genital defects) and type L. Sinus venosus defects and coronary sinus defects are less
COMIMOoIL.

Acquisition for 3D reconstruction can be performed from the subcostal o7 a fore-
shortened apical window using a transthoracic appreach and from a mid-oesophageal
window using transoesophageal echocardiography.

During 3D reconstruction, the ASD type l can be visualised en face from a right or left
atrial viewpeint, as it can be seen from a surgical right or left atriotomy?*® These views
allow display of the location, shape and morphological characteristics of the defect in one
single iinage.” The ASD type 1l may be located centrally or extend more dorsally and
higher in the atrial septum {figure 1). It may be oval, circular or irregular and its margins
may be smooth or indented. The defect usually appears as a simple hole, due to the
absent fusion of the primitive septa. Sometimes remnants of a valvular foramen ovale may
still be present and appear as a fenestration or a flail aneurysmatic membrane (figure 2},
A striking finding of 3D echocardiography is the different morphotogy of the left and
right side of the atrial septal surface.” The surface of the atrial septum on its left side is
rather smooth. On its right side, it is folded and does not lie in one plane. it is a complex
stricture, in which the ASD type 11 is located. In the right atrium, the defect has a close
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Figure 1
En face reconstruction from the right atrium of ASDz2 {arrow) of different location. A =
large central ASD2 (view); B = dorsal ASDz, a rim is present between the defect and the
vena cava superior. RAA = right atrial appendage, TV = tricuspid valve, VCS = vena cava
superior, Ao = aorta, RVOT = right ventricular outflow tract.

Figure 2

A = ASD2 (arrow) partially obliterated by an aneurysmatic membrane (*}; B(fenestrated
ASD2 {arrow). VUS = vena cava superior, RAA = right atrial appendage, TV = tricuspid
valve, C5 = coronary sinus.

Figure 3

ASDz (arrow) as seen fram the left [A) and from the right (B) atrium. The atrial septum
is smooth on its lefl side and folded and more complex on the right, The relationship
with the other atrial structures is well displayed. LV = left ventricle, MV = mitral valve, Ao
= aorta, RVOT = right ventricular outflow tract, TV = tricuspid valve, VCS = vena cava
superior.
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Figure 4
The size and the shape of the ASD2 {arrow) varies during the cardiac cycle, A = it reaches
its maximal size during end-systole; B =its smallest size during mid/end-diastole. RV = right
ventricle, TV = tricuspid valve.

Figure 5

3D imaging in a 7-year-old boy of a device {Cardiaseal} {arrow) implanted for ASD2 trans.
catheter closure, as seen from the right atrium (A) and from the left atrium (B). The four
arms constituting the device and the apposition on the interatrial septur are clearly
visualised, RAA = right atrial appendage, TV = tricuspid valve, Ao = aortic valve, MV =
mitral valve.

relationship with other anatomical structures, as the tricuspid valve, venae cavae, coronary
sinus and aoric wall {figure 3). Another important finding disclosed by 3D echocardiography
is that the ASD type 11 is a dynamic structure, which changes in size during the cardiac
cycle {figure 4); 30 to 70% reduction of its size in mid- to end-systole has been reported **

Three-dimensional echocardiography allows assessment of the shape and measure-
ment of the major dizmeters of the defect in en face views, the amount of rim around it
and the distances to the other structures of the right atrium. Quantification of the defects
with 3D echocardiography has been validated on cardiac specimens and by measurements
during open-heart surgery.”” The measurements also compare well with those of other
diagnostic and imaging techniques such as MRL"™"

The measurement accuracy from 3D echocardiography provides useful information
for planning and decision-making during implantation of catheter-based closure devices
(figure 5). For successful placement, a rim of = smm around the defect should be present™
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Figure 6
Sinus venosus defect (arrow). A = volume-rendered image showing a transverse cross-
section of the defect, located high in the interatrdal septum and closely related to the
vena cava superior; B = en face view of the defect from the right atrium, RA = right atium,
LA = left atrium, VCS = vena cava superior.

Figure 7
Volume-rendered imaging of a dilated coronary sinus (*) in a patient with enlasged right
atrium secondary to tricuspid valve prosthesis insufficiency. A = representation of the
right atrium in a modified transverse cross-section: the large coronary sinus is displayed
along its long axis; B = view facing e corenary sinus (%), LV = left ventricle, RV = right
ventricle, C$ = coronary sinus, TVP = tricuspid valve prosthesis, RA = right atrium, RAA =
-right atrial appendage.

Few data are available on the feasibility and utility of 3D echecardiography for assesstment
of the other types of atrial septal defect. Visualisation of sinus venosus defect and the
anomalous pulmenary vein connection associated with this pathology is difficult by
transthoracic acquisition, due to its dorsal and high location (figure 6). Examples of 3D
reconstruction of inferior vena cava ASD type or coronary sinus type have not been
reported. However, 3D imaging of the mouth of the coronary sinus in the right atrium,
either by transthoracic and transoesophageal echocardiography, is feasible (figure 7).
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Figure 8

:

Partial atrioventricular septal defect {arrow). A = seen from a volume-rendered recon-
structed 4-chamber view; B = looking to the septum from the right side: the defect fies
just above the tricuspid valve leaflets. RA = right atrium, LA = left atrium, RV = right ven-
tricle, LYOT = left ventricutar outffow tract, TV = tricuspid valve, RYOT = right ventricu-
{ar outflow tract,

Figure g

Complete ateioventricular septal defect. A = volume-rendered reconstructed 4 chamber
view: the atrial {arrow) and the ventricular {dotted arrow) component of the defect and
their different orientation in space are cleaely visualised; B = view of the defect as seen
from the right side: the atrial component is farger than the veatricular component; C =
view from below the atrtoventricular valves: the antertor leaftet (#) is bridging the inter-
ventricular septum, RA = right atrivm, IAS = interatrial septum, AVV = atrioveniricular
valve, IVS = interventricular septum, RVOT = right ventricular outflew tract, TV = tricuspid
valve, MV = mitral vaive,
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Atrioventricular septal defects

Atrioventiricular sepial defects comprise a range of malformations that may involve the
atrial sepium, atrioventricular valves and ventricular septum. These defects comprise
ostium primum atrial seplal defect or partial atrioventricular seplal defect and complete
atrioventricular defect. Three-dimensional echocardiography makes it possible to
demonstrate the defecl [rom the right and lefi side of the septal surface, providing infor-
mation on the shape, size and extension of the lesion."

Partial atrioventricular defect {ostium primum defect) is located immediately adjacent
to the atrioventricular valves (figure 8). A cleft is usually present in the left atrioventricular
valve,

Complete atrioventricutar septal defect includes, in addition to the partial defect, a ven-
tricutar septal defect in the inlet part of the ventricular septum (figure g}.

Frequently the common atrioventricular valves present with a wide variation in chordae
and papillary attachment. The anterior and posterior bridging leaflets ofien leave a clefl
in the left and right atrioventricular valves. Lvidence of a cleft may be difficuit 1o find by
2D echocardiography. Three-dimensienal reconstruction of the atrioventricular valves
from an atrial or a ventricular perspective shows that the left atrioventricular valve is
made up of three leafteis: the nonmally anterior leaflet is divided into an anterior or pos-
lerior portion by a cleft {igure ro).”

Figure 10

Left-sided atrioventricufar valve of a patient with partial atrioventricular septal defect
during diastole as seen from the lefi atrium {A} and frem the left ventricie (B): the septal
leaflet is divided in a superior and in an inferior component by a cleft (arrow). Ao = aorta,
WYOT = left ventricular outflow tract, RVOT = right ventricular outflow tract.

Atrioventricular valve anomalies

Anomalies of the atrioventricular valves are frequently encountered in patients with con-
genital heart disease. They may be isolated or associated to other pathology.

Three-dimensional echocardiography allows a complete evaluation of the vaives.'™7
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Figure 11

Camplex morphology of a common atrioventricular valve in a child with monoatrium,
hypoplastic right ventricle, transposition of the great arteries: looking to the valve from
the ateium it is possible to identify four leaflets. PV = pulmonary valve.

Figure 12

Cleft {¥) of the septal [eaflet of the tricuspid valve. A = in a patient with corrected trans-
position of the great artesies {L-loop). The septal leaflet of the tricuspid valve is rotated
more anteriorly and medially, 8 = in 2 patient with mitral stenosis afready operated for
ASDI closure. Ao = aorta, MV = mitral valve, TV = tricuspid valve, LAA = feft atrial
appendage.
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The atrioventricular valve may be a common atrioventricular valve, which drains both
atrial chambers to two separate ventricles, as in complete atrieventricular defect. or to one
single ventricle, as in univeniricular connection {figure 11). The leaflets immay be dysplastic,
prolapsing or stenotic. There may be a double orifice or a clefl, isolated or associated 1o
an atrioventricular sepial defect (figures 10 and 12).

Dynamic volume-rendering imaging derived froni a ventricular culplane with a view
of the valves gives detailed information on the structure of the mitral valve apparatus.
Abnormal number, length and attachment of chordae or papillary muscle may be present.
The tensor apparatus may arise from both sides of the interventricular septuni (straddling)
(figure 9). The atrioventricular valvular annulus may be commilted to both ventricles,
while the subvalvular apparatus maintains its normal conformation {overriding}.

Ebstein’s anomaly of the tricuspid valve

This pathology is characterised by a downward displacement of the tricuspid valve into
the right ventricle, due to anomalous attachments of the tricuspid leaflets.

Tricuspid valve tissue is dysplastic and a variable portion of the septal and inferior
leaflets adhere to the right ventricular wall some distance away from the atrioventricular
junction. The anterior leaflet, although normally attached to the tricuspid annulus, may
have a sail-like shape with various degrees of interchordal space obliteration and adherence
1o the ventricular wall. The abnormally situated tricuspid orifice produces a portion of the
right ventricle lying between the atrioventricular ring and the origin of the valve, which
is continuous with the right atrial chamber {figure 13)."®

Figure 13

Ebstein's tricuspid valve, A = volume-rendered imaging of the right chambers: the large
right atrium is divided into a section that derives from the ariginal right atrium and in a
so-called ventricularised part. The volume rendering displays a septation between the
two parts that might represent the atrioventricular groove. The atrioventricular valve is
displayed lower In the ventricle and it is possible to appreciate the farge surface of the
free wall teaflet and its chordal attachments to the parietal wall. B = view of the valve from
the right atrivm during diastole: the leaflets are not coaptating and a regurgitant orifice is
visualised (*). RA = right atrium, LA = left atrium, TV = tricuspid valve, RV = sight ventricle,
Ac = aorta, MV = mitral valve,
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Ventricular septal defect

The interventricular septum is a complex curvilinear structure of varied thickness and
spatial erientation categorised in different components. Three-dimensional reconstruction
of the ventricular septal defect (VSD) has shown to be feasible and accurate in vitro and
in vivo studies,'>* A view from the right ventricle defines the location of the defect with
respect to the infet or outlet portion of the ventricle (figure 14), The defect may be covered
completely by the tricuspid valve (inlet} and be visible only during closure of the valve or

Figure 14

Perimembranous ventricular septal defect (arrow). A = seen from the right side: the aortic
valve (%) lies behind it. B = seen from the left side. 8A = right atsium, RV = right ventricle,
Ao = aorta, LA = left atrium, LV = left ventricle.

Figure 15
Chordal attachment of the tricuspid septal teaflet obstructing the VSD (arrow).
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may be adjacent to the tricuspid valve extending into the outlet septum, Perimembiranons
defects are more easily displayed by 3D echocardiograply, using oblique cutplanes. Accessory
tissue derived from the septal tricuspid leaflet and remmnants of the membranous septum
may obstrisct the defect (figure 15).

Furthermore, three-diinensional echocardiography allows accurate measurements of
the maximal and minimal diameters of the VSD,*##* Limitations in visualisation of the
VSD are those of two-dimensional echocardiography and are mainly related to the defect
stze."

Three-dimensional display of the VSD could be of potential value in planning optimal
approaches for defect repair.*** Furthermore, the possibility of measuring the defect
cross-sectional area could provide an allernative and direct methed to calculate shunt
flow by multiplying area by the continuous wave Doppler time-velocily integral.

QOutflow tract anomalies

Obstructive cutflow tract anomalies of both the left and right ventricle may [ie at the sub-
valvular, valvular or supravalvular level. They may eccur contemporarily on multiple levels.
Furthermore they may be associated with more complex congenital heart discase.

Three-dimensional-echocardiography gives an accurate visualisation of the diverse
lesions.’*? After selection of a long-axis cutplane displaying the outflow tract lesion, views
from above and below the lesion can be created. ‘The application of retdering algorithms
improves the comprehension of the lesion in relation to its position in the heart and the
nhear structures,

Subvalvular zortic stenosis may vary from a discrete fibrous ridge to a fibromuscudar shelf
to a collar or tannel-like shape. Views looking at the lesion from above, as in an aortatomy,
deliver information on the shape of the lesion and on its distance from the semilunar
valve. From views facing the obstruction from below, it is possible to evaluate its extension
into the ventricle, to the interventricular septuim and to the ventricular surface of the
anterior mitral leaflet {figure 16).

Figure 16
Discrete subaortic stenosis. A = view from above the valve as in an aortotomy; the
obstruction appears as a circular membrane (%), 8 = view from the left ventricle: the
membrane (%) extends to the inferior surface of the anterior mitral leaflet and to the
interventricular septum. PV = pulmenary valve, RCA = right corenary artery, AML = anterior
mitral leaflet, LV = left ventricle.
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Figure 17
A = congenital aorlic valve stenosis, viewed during systole looking from the aortic raot;
the valve is tricuspid, the right coronary cusp (RCC) and the non-coranary cusp (NCC)
are thickened and immobile, while the left coronary cusps {(LCC) loak dysplastic, but still
mabile; B = bicuspid aortic valve.

Figure 18

Volume-rendered reconstruction of a sub-pulmenary outflow obstruction in a patient
with tetralogy of Failet. The localisation of the infundibular stenosis (%), the extension
and the distance to the pulmonary valve can be we!l appreciated. PV = pulmonary valve,
Ao = aortic valve, TV = tricuspid valve.
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In aortic stenosis, volume-rendering reconstruction of the aortic valve displays the
opening patterns of the valves, movement of the cusps, visualises their surlace and gives a
good delineation of the cusp's edges {figure 17). It has been shown that three-dimensional
images can adequately diagnose a bicuspid aortic valve, leaflet fenestration and vegelations,
However, differentiation between fibrotic and calcified lesions using volunte-rendering
algorithms is operator dependent and better evaluated with anyplane modality.

Supra-aortic stenosis represents a specirum of anomalies that may be localised or diftuse
both in the pulmonary artery as well as in the aorta. Three-dimensional reconstructon
adequately shows the nature of the stenosis, the relationship with the aortic cusps and
eventually their abnormatityg >

Sub-pulmonary stenosis can be reconstructed in any desired cutplane (figure 18).
Volume-rendered images add the depth perception allowing display of the underlying
muscular anatomy of the right ventricle and the relationship with the tricuspid valve.
However, volume-rendered display from above and from below the obstriction is sub-
optimal and difficult to interpret. In our experience, it does not add any more anatomical
information.”?

Stenosis of the pulmonary valve is well portrayed from a cutplane above the valve (figure rg).
Three-diniensional echocardiography creates dynamic horizontal cross-sectiotts of the
pulmonary valves, from which it is possible to evaluate the number of cusps, area or circum-
ference and diameters of the annulus, However, the success rate of these 3D reconstructions
is still limited by intrinsic echocardiographic drawbacks {anterior position of the valve
and the need for high frequency transducer) and the capability to image the leatlets is directly
dependent on their original echodeusity, Moreover, the small size of the pulmonary valve
and pulmonary artery influences the resolution power of the reconstructions,”

Figure 19
Pulmenary valves as seen from above the pulmonary roat, A = stenotic and bicuspid pul-
monary valve displayed during diastele. B = tricuspid valve lying anteriorly and to the
right of the bicuspid aortic valve,

Anomalies of the ventriculo-arterial connection

A spectrum of cardiac malformations can be diagnosed at the ventriculo-arterial connec-
tion. The ventriculo-arterial connection may be concordant, discordant {e.g., transposition
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of the great arteries), double cutlet or single outlet {e.g., common arterial trunk).
Normally, the aorta is in a posterior position to the left of the pulmonary valve, but it can
be found in different positions (figure 20). In transposition of the great arteries, the aorta
may be located anteriorly and right of the pulmonary valve or can be in a side-by-side

position {figures 21 and 22),

Figure 20

Normal position of the great arteries: the pulmonary valves lie anteriorly and to the right
of the aortic valve, Ao = aorlic vaive, PV = pulmonary valve.

Figure 21
Malposition of the great arteries in a patient with double-outlet right ventricle and teans-
positicn of the great arteries. View frorm above the valves: the aortic valve is smaller than
the pulmonary valve, is to the right and side by side with the pulmonary valve. Moreover,
from above the pulmonary valve it is possible to appreciate the degree of overriding (> 50%6)
of the interventriculasr septum (arrow). PV « pulmonary valve, Ao = aortic valve,
AVV1/AVV2 = atrioventricular valves.
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Figure 22

Malpesition of the great arteries in two palients with univentricular heart {view from the
outflow tract}). A = the pulmonary valve is located posteriorly ta the aortic valve lying on
the same plane, B = the pulmonary valve is located posteriorly to the aortic valve, which
is lying in a different plane, tn the outflow tract to the pulmonary valve there is a discrete
subacrtic stenosis (arrow}. AV = atrioventricular valve, PV = pulmonary valve, Ao = aorta.

Three-dimensional, volume-rendered imaging from the outflow tract visualises the
location and insertion of the outlet septum in relation to the muscular ventricular septum
{figure 23). Accurate diagnosis is thus particularly important for the surgical management.
Volume-rendered imaging from a cutplane parallel to the aorta, reproducing a surgical
aoriotomy, provides a view of the interventricutar septum beneath and thercfore enables
evaluation the degree of overriding, It makes it possible to distinguish betweet the over-
riding aorta in the tetralogy of Fallot and that of a double-outlet right ventricle, in which
the origin of beth the great arteries arises completely or largely from the right ventride

(figure 24).

Figure 23

Qutflow tract seen from the ventricular viewpoint in a patient with doubfe outlet right
ventricle and transposition of the great arteries in diastole (A) and ir: systole {B): the pul-
meonary valve, in this patient larger than the aortic valve, oversides the interventricular
septum, A muscular ridge (*) separates the semilunar valves, A thick papillary muscle
is inserted on the top of the septum, partially cbliterating the VSD {arrow}. Ao = aorta,
PV = pulmonary valve, IVS = interventricular septum, ppr = papillary muscle.
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Figure 24
Tetralogy of Fallot: a view from above the aortic valve during systole allows appreciation
of the amount of aortic valve overriding the interveatdicular septum, TV = tricuspid
valve, MV = mitral valve, IVS = interventricular seplum,

Limitations and perspectives

Despite the accuracy and the advantages in the representation of simple and complex
congenital heart diseases,”*7 the current 3D echocardiographic technique has some limi-
tations at present, which constrain a widespread and routine use in the clinical setting.

The acquisition of the dataset is relatively long. Tt requires three to five minutes per
rotation on top of the time needed for the routine two-dimensional echocardiogram, and
the patient has to remain still and quiet during the procedure, in order to avoid artifacts,
The latter is difficult, if not impossible, to oblain in children especially when very smatl.
Therefore sedation of the patients becomes essential,

Until recently, three-dimensional transthoracic acquisition in small children was limited
by the absence of a specific prabe. A relatively large carriage device was usually mounted
on the probe, making it cumbersome to position and angulate it properly. Efforts of ultra-
sound companies have produced a new smaller sized probe with an internal mechanical
motor and a high multirange transducer frequency.

Processing and reconstruction are still off-line procedures and time-consuming. In
particular, time required for 3D reconstruction depends on the complexity of the pathology.
It varies from 30 minutes to hours. Profound knowledge of normal and pathological
anatomy and a long leaming curve are indispensable for correct orientation, reconstruction
and final interpretation of the images. Furthermore, the image quality of the 3D recon-
structions strictly depends on the quality of the original 2D data acquired. Drawbacks
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present on 2D echocardiography will persist and sometimes be enhanced in the 3D
reconstructions. Resolution decreases during transfer of the original ultrasound data
from the 2D equipment to the 3D-acquisition system and also is differently distributed
in the 3D dataset. The awareness of these aspects should help in the correct interpretation
of the finral images in order to avoid diagnostic mistakes. Standardization of views would
make reconstructions and interpretation easier for more users

Better display modalities, which make it possible 10 have multiple reconstructions on
one screen, is available on the most recent 3D software. However simulating display for
surgical planning and visualisation of colour-Doppler information would be a considerable
improvement,
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CHAPTER 3

THE SECUNDUM ATRIAL SEPTAL DEFECT
IS ADYNAMIC THREE-DIMENSIONAL ENTITY

Am Heart J 1999;137:1075-81
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Secundum atrial septal defect is a dynamic
three-dimensional entity

A. Dall’Agatz, MD, J. McGhie, MD, M.A. Faams, MD, A H, Cromme-Dljkhuis, MD, PhD, $.I.C. Spltacls, MD, I'hD},
C.5.M. Breburda, MD, PhD, J.R.T.C, Roclandt, MD, PhD, and AJ).C. Bogers, MD, PhD Rolterdan, The Netherlands

Buckg round The aim of this stedy was to evaluate the diagnostic relevance of 3-dimensional {3D} echocardiography in
the assessment of secundum clirial seplum defect [ASD2).

Methods and Results Twanly-three palian!s [age 2 to 58 years) with an ASD2 were studied by transthoracic {n = 9]
or Iransasophageal {n = 14§ echocardiography for the acquisition of a 3D data set before undergoing surgical repair, Gual-
itative (locolion, shape, and structure] and quantitaliva {lorgest and smallest enteroposterior and supercinlerior diomelers)
characieristics ware analyzed end compared with surgical findings. Intraobserver and interobserver variability were
assessed. The gross onatomy of the ASD2, shown by the 3D imoges, was confirmed by the surgeon in 21 of 23 patients, but
the presence of membranous or fenestraled remnants of the valvula feramina ovalis in the defect was net optimolly visual-
ized in 7 polients. Three-dimensionol echocordiography revecled changes in diameler end shope of the ASD2 during the
cardioe eyele. The measured lorgest and smallest anteroposterior diameters and their intraobserver and interobserver agree-
ment were 274 £ 12 mm, r = .95 [P <001}, r= 0.92 {P <001}, and 194 £ @ mm, r=0.96 (P <001}, r=Q.94 (P <
001}, respeclively. The measured largest and smallast superoinferior diometer and their intracbserver and inferobserver
agreemen! were 304 + 26 mm, r = 0.90 (P <.001}, r = 0.97 [P < .001), ond 204 £ 10 mm, r ~ 0.83 {P < .001), r -~ 0.84
(P <.001), respeclively. The correlation coefficient between 2D and 3D echecardiogrophy for the lorgest onferopostericr
and supesoinferior diameler was r = 0.9 {P <.001) and r = 0.68 {P = .05, respectively. The correlation coelficient
berween the maasurements lrom 3D reconstructions and direct surgical measurements was r = 0,20 (P = not significant] and
r=0.57 [P <.05), whereas between 2D and surgery was r = 0.50 {P <.05) ond r = 0.26 {P = not significont].

Conclusions ASD2 has a complex morphology. Threedimensional echocordiography provides better qualitefive and
quentitative information on its dynamic geemelry, locolion, and extensicn os compared with stoadard 20 echocordiography

and might be useful for device selection during catheterbosed closure of ASDZ. {Am Heart J 1999;137:1075-81.)

Sea related Editorial on page 1000,

Atrlal septal defect of the secundum type (ASD2) rep-
resents 79 of all congenltal cardlac anomalies.t Its mor-
phology is varlable with regard to its location, size, and
mmber.A recent classification has reen proposed by
Chan and Godman? Incorporating these criteria,

In the pediatric popufation, the clinical diagnosis of an
ASD2 is readily confirmed by tsaditional precordiat or
transthotacic 2-dimensional cchocardiopraphy (2B°1°1'E),
and a differentlation between the different types of atrial
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septal defects can be made.3 I adults, tie diagnostic acen-
racy of the 2D TIE methed with respect to anatony is not
optimal This may De explalned by the distinee between
the interateial septum and the {mnsduces, with the conse-
quence of missing anatomle detalls. P lrnsesophageal Z-
dimensional echocardiogmply (21 TEE) wlows a more
detailed visualization of the intenetrial seplun and repre-
sents 4 more accurate method for the demonstaition of
botkt tlie anatomle and functional aspects of the ASD2.57-
Morphologic classifications and diagnostic methods
consider the ASD2 as a static defect with 2 dimensions
from which the shint slze nray be calculated #19 Until
recently, suck an approach was adequine with repard to
therapy, which was exclusively suggleal,’! However, the
intreduction of catheterbased technigues for device o-
sure of ASD2 requires sclection of patlents on the basis
of specific edteria sich as the absence of rempants of
the foramen ovale within the ASD2, & onsimal dinneter
of 20 mm, and at [east 3 mm of tssue surrounding the
defect.1? Even with the detalled information derived
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Figure 1

A, Transthoracic color Poppler image showing flow jat through ASD2; A2, with slight tilting of imaging plone,
second flow jel is visualized. B, 3D image visualizing ASD2 s from right ofriotomy: It is cleor that defeci is consti-
wled by 2 holes seporated by museular bridge. TV, Tricuspid volve; RAA, right alrial appendaga.

from 2D'TEE, the therapeutle success with this tech-
nique 15 limited. 215 Thus it has beconie evident that the
information derived from both 2D TTE and FEE—when
this type of treatment is constdered—Is 1imited,

Thus the alm of our study was to evaluate the diag-
nostic rele of 30 echocardiography for morphology,
spadal distribution, and geometry of the ASD2.A com-
parison was ntade with surglcal findings of ASD2.

Methods
Sivdy population

Twentythree patients (50 female and 13 male patieats) with
the clinical dagnosis of isolated ASD2 with [efi-to-right shunt,
confirmed by precordial 20 echocardiography and color flow
imaping (CFT), were studicd before undergolng surglcal coreec-
don.Fifteen patients were adulls (age 22 to 58 years) and 8 were
children (age 2 to 17 years). All patients were in sinus rhythnr.

On 2D echocardlography, a ceatrally located single defect
was seeq in 16 patlents. Membranous or fenestrated remnants
of the valvula foranina ovalls within the defect were found tn
8 patients. In 1 of these, multiple defects were not directly seen
but were suggested by 2 color-flow jeis coming from different
dircctions after slight tilt of the ultrasound beam (Ligure 1,44
and AZ).There were 1o abnarmal venous connectlons,

Echocordiography and data acquisition

Two-dimensional echecardlography and CFE were pedformed
with aToshlba SSH 140-A (Toshiba Corp, Otawara-Shi, Japan) or
HP 1560 (Hewleft Packard, Andover, Mass) echo machine.

Nine pallents were examined the day before sargleal corree-
tlon in the department of echovardiopraphy sl 14 patieats just
before surgery under generl ancsthesia in the opeiting theater,

FIE was performed in subcostal or apical f-chamber posi-
ttons in 9 patdents with the vse of a 3.5-Milz probe TIE was
performed from a mid-csophageal level in the ather 14
patlents with the use of a 5-MHz multiplane probe (Varto-
plaae, Qldelft, DI, The Nethedands) s adulis and a 5-Milz
prototype multiptane probe with -8 clements (Minimulti, O1d-
elft, Delft, The Netherlands) in children.

After {inding the optimal acoustic swindow, from which the
tefect could be visualized and cncompassed n the conteal vol-
ume, 3D zcquisition was performed, imerfacing the 20 equip-
ment Lo a steering logle system {Echoscan 3.0, Tontlee GinbH,
Munich, Germany), The trnsducer was rolaied by a sicp muotor
mpunted on the ultmsowl probe. From a steudy position, 99
electrocanflogmphlc and respimtory gated cardiac cross sec-
tions were acquired every 2 degirees and immedfately stored in
the computee memory. The tare reguired te calibrate, to com-
plete 1 ratatlonal aequisition, atd to store the data vacded from
5 to 8 minutes. Afterward, the data were processed offdine, 1%

Reconstruclion of 3D data sels

Reconstruction was doae offline by 2 ubseevers, indepen-
dently. From the volumetric data scis, compulergenerated
dynamic 20 images of the AS132 were obtained with the usc of
an anypfane mode.t6The cut planes were taken in 2 fongitudl-
nal pfanc through the antedor dght vertricalar free weall, i
cuspid valve oriftee, and right atslal free wall to face the atrial
septum from the rght stde and a longitedinal plane throvuph
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Figure 2

Three-dimensional raconstruction of ASD2 with enyplans mode and volume rendering. A, Yolumstric data set from
which cul planes con be selecfed: @ and b, longitudinaf cut planes through right and left heart, facing ariel septum
frem right and left sides, respectively. B and €, Computer-generated dynamic 2D images representing en face views
of right and left sides of inlezatrial seplum. D and E, 3D images obtained from previous cut planes alter application
of valuma rendering olgerithms showing anatomic structures with depth perceplion. RY, Right ventricle; TV, Iricuspid
velve; RA, right atrivm; LV, left veniricle; MV, miteal valva; LA, lalt atrium; €S, coronary sinus, *Alria! septal delect,

the [eft ventricle and the left atddum to face the septum from
the left side. Rendering algorithms, threshold, and opacity
were applied on the original gray-scale information within the
volumetric dztz set, The hackgroumd was separated from the
whject in order to reconstouct the surface of the cardiac struc-
tures. 6 Thus a display with depth perception was created
(Figure 2).The time requlred for reconstruction varled from 20
0 30 minutes.

Data analysis from 3D images

Data analysis was performed separately by the 2 observers.
Trom the rendered display Images, the site (central, dorsal,
high), shape (round, oval), morphategle chamcteristics (fenes-
trated, retmnants of foramen ovaled, and the relatton of the
ASD2 with anatomlic structures Including ardcuspid valve, caval
veins, coranary sinus, and the aorta were evaloated,

The size of the defect was measured from en face views of
the atrial septal defects: the smallest and the largest dlameter
in the inferosuperior (alang the caval veins direction) and in
the posteroanterior axes were measured (Figuce 3). Measure-
ments were taken from the echo reflection representing the
clm of the ASDZ, aad, because the different surface polats of a
3B reconstruction are not fn 1 plane and depth s always
taken into account, only distances with the lowest esror r2nge
were considered. Threshokl and opacity values used during
reconstriection were anngtated by botl obseryers.

Surgicol assessment

During surgery, the location, shape, and structural character-
Istics were recorded, With the heart T diastodic arrest, the size
of the defect was measured along the anteroposterior and
superoinferior directions.

The 30 Images were revlewed after surgery by the attend-
ing surgeon.

Stafistical methods

Echocardiographic measurements weie done at least in trip-
licate and were expressed as mezn + $0.The percentage of
reduction between the Jargest and smallest diameters was cal-
cultted. Measurement vadability for Intraobserver and interob-
server and comparison of 30, 20, and sungical dat swere poe
formed with the vse of Hnear regression and anatysis of
agreement according to Bland-Altman, 17 A value of 77 < .05
was considered signiftcant.

Results

The morphology of the ASD2 was visualized an the
38 finages Inakl 23 paticnts, and imaging quality was
goodt in 21 of 23 patients. In 2 patients the defect was
only parilally displayed.

‘Theceimensionat echocardiography confirmed that



38 CHAPTER 3

Figure 3

Large ASD2 ssen from right side, Three-dimensional image was recenstructad with transtharacic acquisition. Mea-
suremenls along smallest and largest diametars ore laken. During cardiac cycla, it is possible lo appreciate varia-
fion of ils size. RV, Right ventricle; TV, tricuspid valve; AP, antoroposterior; $1, supsrainfarior.

g pAp I

i e

i"’:"g

Largest AP Smallest AP Largest SI Snallest 51
mean diff + D r mean diff£SD  r mean diff 2 5D r mean diff £ 5D r
Intraobserver 0.07 £0.39 095t 000£026 090! 0.04£070 0961 0024070 0.83!
Interobserver 006+ 0.47 o2t 0041032 0971 009+0.33 694! 020049 084l
2Dvs 3D -2.23£8.6 0.69* A - 246194 048* MNA -
3D vs surgery 5.8%+13.5 0.20 MNA - 2.82+137 0.57* MA -
2D vs suigery 370492 0.50* NA - 652+8.5 026 A -

AP, gateroposterior diometer; St supesoinferior diomater; 5, conelation coeffictent; df, dfference; 20, 2-dimensional echocordiogrophy; 30. 3 dimensional echocord ography;
HA, notandlyzed.
‘P < .05, 1P <,000,

the anatomy of the attial defect is more complex on the septating the ASD2 (Figure 1),and in the other case the
right side than on the [eft and that the ASD2 does not 30 imnage enabled us 10 completely define the rin of the
ke In a flat plane but in a folded arca, defect, which was ot clear on the 2D study (Figure 4).
On 3D echocardiograpliy, 16 of the ASD2 were con- There was o agreement alout the location of the ASI?2
trally located and 7 were extending dorsally. in 1 as intempreted with 3D echocardiogrmphy compared with
patient, a flapplag membranc was visualized in the the surglcal findhsgs in 2 (978) of 23 patients. On 3D
defect. In 4 padents, some fine mobile structures were echocardiogmphy, the relation of the ASD2 with the tri-
identified. Two other ASD2 were fenestrated All patients cuspid valve could be assessedd in 21 (31%) of 23 patlents
underwent surgery with primary suture correction. with the superior caval vein in 14 (G198 of 23, with the
When the 3D lmages were compared with the sueglcal inferior cavad vetn in 1 (425)0f 23 patients, and with the
findings in 12 (5296) of 23 patients, the anatomy was con- coronary sthus in 12 (5233 of 23 (Tigure ).
firmed by the attending swrgeon. In 7 (3075) of 23 Ont 3D echocardiography, it was possible to measure
patients, 30 inages did not cleardy visialize CF paaiemts) or hotly the Tarpest and the smadlest tiinerers o 20 of 23
did not visualize at afl (3 paticnts) the presence of mem- pattents, The measwred largest and snrllese anteropuos:
branous tssue with or without fenestrations. Comparison terlor diameters and their intraobserver and interob-
with surgical findings revealed that the 3D images pro- server apgreement were 27 & 12 nn, r = 095 (P <
vided additional morphologle information In comparisosn 001,y =0.92 (7 <.00D),and 19 £ 9 mm, » = 0.96 (P
with thie 2D data about the anatemy of the defect in 2 < 001, r = 0.94 (P < 001), respectively. In this regard,
{976 of 23 paticsts. In one of these, it was immediately ne difference was found in adequacy for reconsteuc-

possible to identify the presence of a muscular bridge tion hetween the data collected with TFE o TEE (1FE
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9 of 9 vs TEE 12 of 14, P = not significant (NS}, The
measured largest and smallest superoinferior diame-
ters i their introbserver and Interohserver agree-
mel were 30 1 26 mm, = 090 (P < 001y, r = 0.97
(P <001, and 20 £ [0 mm, » = 0.83 (P < 00D, ¥ =
0.84 (£ < .001), respectively.dgain, no difference was
found in adequacy for reconstruction between the
et collected with’MTE or TEE (CITE @ of 9 v TEE 1
of 14, = NS).

The fasgest diameter in any divection wits 220 mm in
18 of thie 2D cchocardivgmms and in 16 of (he 3D
reconstructions (I'TE 9 of 9, THE 7 of 14). From the 3D
recansiructions, 16 cases showed a rint of <5 mm in
areits around the defect (TTE 7 of Y, TEE 9 of 16).

The 3B Images displayed in motion showed that
throughout the cardiac eycle, there was a change In size
and in shape of the defect (Figure 3). There was a reduc-
tion of 30% in the anteroposterior diameter and 26% in
the superotnferior diameter during the cardiac cycle.

The corcelation coefficlents of the measurements
between 2D echocardiography and 3D echocardiogn-
phy were r = 069 (P < 001} and r= 0.68 (P < .05),
respectively, in the anteroposterior and superoinflerior
directions; the correlation coefficients hetween the 2D
measurcments and surgical fndings were = 0.20 (P =
NS) and » = 0.57 (P < .05); the corrclation coefficlents
between the 21 measurenents and surgery were ¢ =
0.50 (F < .05y and r = 0.26 (P = NS) (Tuble D).

Discussion

Caomplete assessment of the morphology and size of
an ASD2 with the use of conventional echocardiogra-
phy remnins difficull in the pesspective of device clo-
sure, which requires 31¥ information. 124345 [ has been
shown that 3D echocacdiography ailows evaluation of
atrial septal defects and its spatial oricntation by provid-
ing unique views.1820 Haoweves, validation by morplto-
logic or surgical lnspection is needed. Tn vitro studles
indicate that the technigue provides accunite data on
the size of the defects.2!

The current study assesses the nrorphology and func-
tion of ASD2 with 31 echacardiography and valldates
its resulls with surgery. A first important result is that on
3B echocardiography, the ASD2 <foes not appeir to be a
simple hole berween the 2 atefa. It is & distinct entity,
which varies in shape and extension {n the atelal sep-
ey The anatomy of the atrial defect is more comples
on the ripht side than on the fefi A striking Anding of
30 echocardiography was that an ASDZ does not lie in a
flat plane but in a foltled arca, prohably as a result of the
embryologlc process of fuslon of the prinitive sepea.2?
In additlon, wn lmportant finding was the dynamlc
aspect during thie cardiac cycle of the ASP2, a charcter-
istic of whici the interventional cardlologist should be
awarc of during device selection and implantation.
Three-Uimensional echocardiogeaphy displayed the

Figure 4

Reconstraclad 3D image obtoinad with TEE of ASD2 saen from
right cirium, Shaps, sizs, focalion, and relation with surround-
ing anclomic slructuras are visuolized. Ao, Aorta; S¥G, supe-
rior vena ¢avo; TY, Iricuspid valve; C§, corenary sinus; ASD,
airdal seplaf defect.

ASD2 in the view seen during surgical or anatomic
inspeciion, allowing more adequate appreciation in its
spatlal distribution the relation of the ASD2Z with other
structures, such as the aorta or the corenary sinus or
the superlor vena cava. It is importint 10 reallze that
device clasure forces the truly 3D ASD2 into a 2D struc-
ture hecanse the rims of the defect must folow the
closing mechanism of the device.

Three-dimensional echocardiography allowed mea-
surement of both diameters of the ASD2 on one single
image with good intmabserver and Interobserver vari-
abibily coreclation. However, what appears from our data
is that 3D echo overestimates the 2D echo data, Fhis
could be explained as an effect of the applicating of the
rendering algorithms. Measurements are taken from one
voxel to the other, giving a distance In space, and there-
fore a depth factor i3 intreduced In the measurements.
Moreover,in our study, there was hardly a correlation
hetween the 313 data and the surgical measurements and
there was an overestimation of the supercinferior diame-
ier by surgery in comparlson with the anteroposterfor
diameter. The same observations were found also
hetween the 20 data and the surgical measurements.
These results can be explained by the differences in
physlologic concition (eg, different cardiac loading con-
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ditfons and heart rate) in which the two nicasure-
ments are taken. During operation, the heart Is In dias-
tollc argest, empty, and easy (o strewch.'Fhis Is exagger-
ated by the surgleal selection of the paticnts, all of
them having defects not considered suitable for device
clostire, mostly because of the large size of the defect,
In diastolic arrest, a Jarger defect may resul in larger
nieasurements. This may cxplain why, In our serles,
quantitative correlation beiween surgery and 3D
echocardiography, obtained front filled atrla, resolves
in poor results, A recent study by Franke et al2?
showed a more adequate correlation between niaxi-
mal diameter at surgery and on 3D echocardivgraphy,
However, in thelr serles, in only 12 of 17 patients the
atrial septal defects were sized during surgery and
only the largest dlamelers were compared. Remark-
abty, thelr absolute figures show deflnltively smaller
sizes of the ASD2, possibly as a result of difference In
the technique of measurement.2¢ Also, Lange et al2?
found a good correlation betsveen 3D echo data and
surgery. However, in this study, measurcments were
taken in a fibrilating heart, resulting in malntenance
of cardiac tene as well as loss of differences between
systolic and dlastolic dimensiuns.23

Limitations of the study

Three-dimenslonal data sets derive from a complex
assembly of scquentially acquired 2D images. 16 There-
fore, optimal 3D Images depend on the quality and
informaticn Included i the 20'TTE or TEE data scls,
‘This Is especially true for thin structures such as the
Eusiachlan valve,the Chlari network, or a fentestrated or
a flapping remnant of the valvula foramina ovalls. After
3D reconstruciion, these structuees are sometimes lost
cither because of Inadeqguate resolution of the 213 and
3b echo or because of their fast mtotion. It Is not always
possible (o dispiay in the 3D images the relation of the
ASD2 with the anatomie structuees of the right atcium,
such as the caval veins and the coronary sinus. These
structures can only be visualized swhen acqulired during
3D rotation and therefore In our study, they were
mostly obtalned from TEE studies.

Furthermore, a high and dorsat locatlon of the defect
technically hampers a complete multipfane rotatien
around the region of Interest, leading 1o incomplete
3D reconstruction. Moreover,in thils study 30D data
were contpared with data obtained during suigery.
Surglcal measurements, as mentioned above, are
affected by various vardables Gs different physiologic
conditlons, accuracy of measurentents). Therefore
surgery may not be a gold standard method for accu-
rate sizing of the funciional ASD2, Currently, Imaging
and sizing of the ASD2 for routine assessment Is done
by 2D echocardlography, whereas catheterlzation is
used for therapeutic reasons. These techniques are not
devold of Hntatlons.

Conclusions

Thece-dimensioral echocardiogmphy truly appreciates
the ASD2 as a dynamic 3B entity, It enables us to mea-
sure dlanteters throughout the cardiae cycle and gives a
vidually real representation of its cardiac pathology. it
glves to the clinicians new insights on this entity, which
should help in deciston making for alternative thermpeu-
tic strategles. At present, 313 echocardiography may have
additional clinfeal vilue in appropriziely sclecting
patients for catheter-based closure of the defect.

However, for optimal and widespeead use of 3D
echocardiogaaphy, techndcal improvement, such as
Nigher resofution afier acguisition and fastcr compulters
atlowing onfine reconstructions, ire mandatory.
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ABSTRACT

Background, The prolonged acquisition time of the basic images for three-dimensional
echocardiographic (3DE) reconstruction currently limits its routine use in clinical practice
particularly for perioperative assessment of patients undergoing cardiac surgery.

Objectives. Our aim was to define the largest 3DE rotational acquisition interval that still
allows both qualitative and accurate quantitative assessment of patients with a secundum
atrial septal defect (ASD2), in order to shorten the acquisition time,

Methods. Twelve patients with ASD2 underwent 3DE and images were acquired with 2°
rotational intervals. Images were processed to create data sets containing images at 2°, 4°, 8°
and [6° intervals by excluding interjacent images. The volume rendered ASD2 “en face”
view was reconstructed and its suitability for the morphological assessment (location, shape
and structure) was scored by two experienced observers. From the dynamic data set the view
with the largest ASD?2 size was selected and the defect size [area, superior-inferior (1) and
anterior-posterior (1.2) diameters] were measured. Measurements obtained from “en face”
views reconstructed from data sets with original images at 4°, 8° and 16° were compared with
those obtained at 2°,

Results, Volume rendered ASD2 “en face” views obtained from 3DE data sets with original
images up to 8° interpolation intervals were of adeguate quality for morphological
assessment, At 16° intervals, 5 data sets were not interpretable, The mean + SD of ASD2 area
measurement were (4.9+5, 4,945, 5.145.2 and 6.4+7.2 cm?), of L1 were (2.2%1, 2.241, 2.241
and 2.3+1.4 cm) and of L2 were (2.5£1.5, 2.5+1.6, 2.6+1.6 and 2.9+1.2 cm) for data sets
obtained at 2° 4°, 8% and 16° intervals respectively, There were very close limits of
agreement between ASD measurements obtained at 2° and the same measurements obtained
at 4° [20.6 (p=0.3), £0.2 (p=0.7) and £0.2 {(p=0.4)] and with measurements obtained at 8°

[20.4 (p=0.1), £0.2 (p=0.6) and 10.4 (p=0.1)] for ASD area, L1 and L2 respeciively. There
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were wider limits of agreement between ASD2 measurements obtained from 3DE data sets
reconstructed at 2° and 16° rotational intervals [(£2.0 (p=0.4), £0.6 {5=0.7) and +0.8 (p=0.1)]

for area, L1 and L2 respectively,

In addition, measurements obtained from 3DE data sets reconstructed with original images at

2°, 4° and 8° had smaller interobserver variability than those obtained at 16° rotational

intervals,

Cenclusions, Reconstruction of “en face” views of an ASD2 from 3DE data sets with original
images at 8° intervals is possible and allows both qualitative and accurate quantitative
assessment. Therefore, 3DE acquisition at 8° intervals is sufficient for the reconstruction of
adequate volume rendered views of cardiac defects, considerably reducing the acquisition

time and making 3DE more practical as a routine method.
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INTRODUCTION

In patients with secundum atrial septal defects (ASD2), understanding of the spatial
relationships of atrial septum is becoming increasingly important with the development of
percutaneous transcatheter closure of ASD2.'? Complete visualization of the limbus
surrounding the defect and of adjacent structures is mandatory for closure of the defect with a
device.! In addition, ASD2 varies in shape and extension with the inter-atrial septum with
more anatomical complexity in the right side than the lefi side. ®

Conventional two-dimensional echocardiography (2DE) provides adeguate
information for diagnosis, however its ability to depict the anatomic relationships is difficult
or even impossible to determine.

Three-dimensional echocardiography (3DE) allows to create an unlimited number of
cutting planes through the heart, independently from the window of acquisiticn, and unigue
“en face” views, It is therefore helpful in better assessment of congenital heart discase and in
planning surgical procedures. In patients with ASD2 undergoing transcatheter closure, 3DE
provides important dynantic information to the operator for device selection and planning for
implantation procedure. ** In addition, 3DE allows to reconstruct the anatomical and surgical
“en face” view that provides adequate spatial and anatomical information with the
surrounding structures like the aorta, coronary sinus and superior vena cava. *

3DE has been validated in vitro * and in vivo ® studies to provide optimal qualitative
and accurate quantitative data for the size of ASD2. However, prolonged 3DE acquisition and
reconstruction time currently restricts its routine use in clinical cardiology, particularly in

special scenarios as for perioperative assessments of cardiac patients.

Therefore, this study was designed to define a faster method for 3DE acquisition and

{0 evaluate its accuracy for reconstructing volume rendered ASD2 “en face” view. In
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addition, the suitabilify of the reconstructed views for morphological and quantitative

assessiment of the defects was studied.

Subjects and Methods

IDE was performed in 12 consecutive patients with the clinical diagnosis of isolated
ASD2 without abnormal venous connection. Al patients had left to right shunt as confirmed
by 2DE and color flow imaging. Patients included 5 males and 7 females (age 27 £ 16 years,
ranging from 22 to 41 years). Informed verbal consent was obtained from each patient after a

detailed explanation of the procedure. All patients were in sinus rhythm with a mean heart

rate of 78 + 9 bpm.

3IDE examination

3DE requires 3 steps: image acquisition, image processing and image analysis.

(A) Image acquisition

3DE was acquired with the transthoracic approach (TTE) in 6 patients from apical 4-
chamber or subcostal position and with transesophageal approach (TEE) in the other 6
patients from a mid-esophageal level, 3DE acquisition was performed with & commercially
available ultrasound unit {Toshiba Sonolayer SSH-140A, Otawara-Shi, Japan) for both TTE
(3.75 MHz transducer frequency) and for TEE (5 MHz transducer frequency). The transducer
was rofated by a step motor mounied on the ultrasound probe and coupled with a 3DE
processing computer (Echo-scan 3.0, TomTec GmbH, Munich, Genmany) for data
acquisition. """ After finding the optimal acoustic window, from which the ASD2 couid be
visualized and encompassed in the conical volume, the echocardiographic iimages were

collected in a rotational format at 2° intervals from 0° to 178°, gated to proper R-R intervals
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of ECG and thoracic impedance of expiration. The time required to calibrate, to complete one

rotational acquisition and fo store the data varied from 5 to 8 minutes.

{B) Image Processing

The acquired data were processed and analyzed off line on a 3DE work station (TomTec
4.1, GmbH, Munich, Germany). Images selected at intervals of 2°, 4°, 8° and 16° from the
original data set were readjusied in their correct spatial and temporal sequence, digitally
reformatted and processed to obtain 4 different data sets (Fig.1). Gaps between the images

were interpolated using a "trilinear cylindric interpolation” algorithm, "

Figure 1.This figure shows the ASD2 volume rendered “en face” view reconstructed from 3DE data sefs
obtained at 2°, 4°, 8° and 16° rotational intervals (A to D, respectively). Volwme rendered ASD2 “en face”
views obtained from 3DE data sets up to 8% (A, B and C) rotational intervals were of adequate quality for
diagnosis, morphological and quantitative assessment. While, image obtained at 16° intervals (D) was not

interpretable.
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(C) Image Analysis

Two independent observers performed data analysis of data sets obtained at 2°, 4°, 8° and
16° of rotational intervals. From each data set, dynamic “en face” views of the atrial septum
were computed with the use of anyplane method.® Rendering algorithms, threshold and
opacity were applied on the original gray scale information within the 3D data set in order to
obtain images with a depth perception (Fig.2).
Each “en face” 3D image was scored by subjective estimation for its suitability for qualitative
assessment of ASD?2 (location, shape and relation to the surrounding structures).
In addition, after choosing the frame with the largest ASD2 size, the largest diameter in the
infero-superior {(along the caval veins direction) (L1) and in the antero-posterior {from the
posterior atrial wall along the tricuspid valve) (L2) directions and the ASD2 area were
measured by each observer for each data set (Fig.2). Measurements were taken from the echo

reflection representing the rim of the ASD2,

Figure 2. Panel A shows the reference image obtained from the 3DE data set from which ASD2 “en _face” view

is obtained for volume rendered reconstruction, Panel B shows the principle of ASD2 quantitative

measurements of area, infero-superior (L1} and postero-anterior (L.2) diameters performed on the 3DE volume

rendered “en face” view.
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Statistical analysis

All values of the ASD2 arca, L1 and L2 measurements were expressed as mean + 8D,
Interobserver variability was calculated as the standard error of the estimate (SEE). Limits of
agreement were computed using Altman and Bland method” in order to compare
measurements of ASD2 area, L1 and L2 obtained from 3DE data sets at 4°, 8° and 16°
rotational intervals with values obtained from 3DE data sets at 2° rotational intervals. A
paired t-fest was performed and significance was stated at the 0.05 probability level.

Pearson’s correlation coefficients were used.

RESULTS

3DE data acquisition was possible in all patients recruited in this study.

Visual scoring of volume rendering “en face” views

Visual estimation of volume rendered ASD2 “en firce” views obtained from 3DE data
sets up to 8° rotational intervals were of adequate quality for diagnosis, morphological and
quantitative assessment. Images obtained at 16° rotational intervals included 5 data sets with

inadequate quality for interpretation.

Comparison between ASD2 measurements by 3DE af 4°, 8 ®and 16° rotational intervals
and values obtained from 3DE data set at 2° rotational intervals

Mean £ SD of ASD2 arca, L1 and L2 obtained from 3DE data sets at 2°, 4°, 8°and 16°
rotational intervals are presented in Table 1. There was excellent correlation, close limits of

agreements and non-significant differences between measurements of ASD2 area, L1 and L2
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obtained from 3DE at 4°and 8° rotational intervals and that measured from images obtained at
2° of interpolation intervals (Table 2). While ASD2 measurements obtained from images
reconstructed at 16° rotational intervals had very wide limits of agreement with values

obtained from images reconstructed at 2° rotational intervals (Table 2).

Mean £ SD 2° 4° 8° 16°

Area (cm?) 4.9:+5.0 49+5.0 51152 6.4+7.2
1.1 (em) 22+1.0 22+ 1.0 22+1.0 23+14
L2 (cm) 25%1.5 2516 26+1.6 29+2.1

Table 1. Mean + SD of ASD2 area, infero-superor {(L1) and antero-posterior (£2) diameters measured from

3DE volume rendered “en face” view reconstrucied from data sets obtained at 2°, 4°, 8° and 16° rotational

idervals.

Observer variability of ASD2 measurements at different rotational intervals
Interobserver variability for caleulating ASD2 area, L1 and L2 from 3DE “en face”

volume rendered view at 2°, 4°, 8 and 16° rotational intervals were calculated and presented

as the standard error of the estimate {SEE) between the two observers (Table 2, Fig3).

Interobserver measurements of ASD2 area, L1 and L2 obtained from images reconstructed at

16° of rotational intervals had very large SEE (Fig.3).
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2° 4 8° 16°
Aren | LI L2 | Area ]| LI L2 | Area| LI L2 | Aren | LI L2
Fp - - - 0.3 9.7 0.4 0.1 0.6 0.1 0.4 0.7 0.1
agr. - . - 0.6 | 102 | 0.2 | #04 [ 302 | 204 | X2 | +0.6 0.8
r - - - 099 | 098 | 699 | 099 | 099 | 0.99 | 0.98 [ 0.98 0.98
SEE | 004 } 002 | 002 | 0.05 | 004 { 004 { 0051 0.04 | G.03 | 03 | 0.03 0.05

Tabhle 2. Comparison between ASD2 area, infere-superior (L1} and antero-posterior (L2} diameters obiained

from 3DE data sets reconstructed from images selected at 2°, 4°, §° and 16° rotational intervals (agr=limits of

agreement, p=significance, —correlation coefiicient, SEE=standard error of estimate)
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Figure 3. Interobserver variability (SEE) measurements of ASD2 area, infero-superior {L.1) and antero-posterior

(1.2) diameters obtained from volume-rendered “en face” views reconstructed from 3DE data sets at 2°, 4°, 8°

and 16° of rotational intervals
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DISCUSSION

Complefe assessment including morphology, size and shape of an ASD2 using 2DE
remains difficult in the perspective of device closure, which requires spatial sfructure
information. ™ '* 3DE allows evaluation of ASD2 and its spatial orientation by providing the
surgical “en face” views ** and more particularly for ensuring an adequate limbus arcund the

defect before placement of the device, '

The results of this study demonstrated that volume rendered “en face” views with
images acquired at 8° rotational intervals are still adequate for the diagnosis as well as for
assessments of the size, shape and encircling limbic tissue rims of an ASD2. This implies that
the data acquisition time may be reduced in average from 5 minutes to 1 minute, as only 23
instead of 90 basic 2D images are required and further reducing both the image processing

and analysis time.

Measurements of area, infero-superior and antero-posterior diameters of ASD2 from
“en face” views using data sets with basic 2D imaging at 8° rotational intervals has close
limits of agreement, non-significant difference and excellent correlation with values obtained

from “en face” views reconstructed from data sets acquired at 2° rotational infervals,

Study limitation and Clinical Implications

Vohlime rendered 3DE, using sequentially collected images, produces reproducible
data sets of the heart and is therefore an ideal technique for follow-up studies of cardiac
patients. Rotational 3DE data acquisition at 2° requires 90 cutting planes of the heart with
each containing images of a whole cardiac cycle. With ECG and respiratory gating, the

acquisition usually requires approximately 5 minutes, This is not only a limitation for the
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routing use of this technique, but also increases the possibility of patient or operator induced
artifacts that may lead to inaccurate or unreadable data.

Since the introduction of 3DE, efforts has been direcied to find a simple, rapid and
accurate protocol that would facilitate its routine use in clinical practice. The results of this
study demonstrate that 3DE rotational acquisition at 8 can considerably shorten the
acquisition time with adequate image quality for morphological and quanfitative assessment.
The reconstructed 3DE volume rendering view is derived from the sequentially acquired 2DE
images. 3DE images depend on the original quality and information obtained from 2DE
images. ® In this study none of the patients had multiple or complicated ASD2 (fenestrated or
flapping remnant of the foramina ovalis), which is one of the most important exclusion
criteria for transcatheter device closure, Moreover, it is known that, despite a preliminary
screening with 2DE to individuate patients suitable for transcatheter closure, pre-operative
TEE is highly recommended in order to avoid misdiagnosis of the ASD2 structure. In our
study only a smalt group {12 patients) were studied during routine TTE or TEE examination,
Therefore, there is still a need to study the suitability of 3DE, both TTE and TEE, using 8°

rotational intervals in patients with multiple or complicated ASD2.

Conclusions

3DE data sets reconstructed with images selected at 8° intervals from data sets
obtained at 2° rotational acquisition interval allowed the reconstruction of ASD2 volume
rendered “en face” view with adequate quality for both morphological and quantitative
assessment. This would reduce the acquisition time with enough accuracy for clinical

decision making and therefore make 3DE more practical as a routine method.
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Three-Dimensionual Echocardiography Enhances the
Assessment of Venfricular Septal Defect?
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Funcliuna] and morphologic assessment of ventric-
ular septal defect (VSD) is routinely done with
2-dimensional (2-D) and color Doppler echocardiog-
raphy.'-* Usually, this provides adequate information
to decide on surgical repair.57 Nevertheless, the anat-
omy of the V8D is complex®? and cannot be presented
by actual imaging techniques in a single plane.'® Fur-
thermore, advances jn cardiac surgical procedures in-
creasingly demaund support of highly accurate imaging
techniques. Three-dimensional (3-D} echocardiogea-
phy has been proposed as & new technique able to
simulate the intraoperative visualization of cardiac
structures and to imprové the understanding of the
anatomy of congenital ltead discase.t? An experimen-
tal study conducied on animais has shown that 3-D
echocardiography is feasible for VSD analysis,12
However, until now, studies on patients for the assess-
ment of VSD with 3-D echecardiography are scanty
and not validated by intraoperative findings.13¢ To
define the clinical use of 3-D echocardiography, we
evaluated whether 3-D echocardiography can accu-
rately identify and characterize the morphology of the
V8D and assess its geometry and size in palients
undergoing surgery.

Thirty patients (16 males and |4 females) with
diagnosis on routine 2-D echocardiography of VSD
were studied, The mean age was 6 & I3 years (range
20 days to 61 years). Three patients were adults (age
18 to 61 years} and 27 were children (age 20 days to
6 years}). Body surface area was (.72 + 0,6 m? (range
(.22 to 2.1}. In 12 patients, the VSD was isolated, In
I'1 patients the YSD was associated with tetralogy of
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Fallot and in 3 with pulmonary atresia. In 1 patient the
VSD was associated with double-outlet right ventricle
and Gansposition of the great arteries, amd in another
patient with simple iransposition of the great arleries,
Inn the remaining 2 patients the VSD was a residual
defect after correction of a complete atrioventricular
V3D,

Complete diagnostic transthorucic examination
(2-D echocardiography, puised Doppler wave, and
color flow mapping) for clinical assessment was per-
formed wsing HP 1500 (Hewlelt-Packard, Andover,
Massachuselts) echocardiographic equipment. Multi-
ple cross sections imaging the V8D were taken from
afl windows, following a standard procedure.f The
3-D echocardiographic acquisition was performed
with a Toshiba §SH [40-A (Toshiba, Otawara-Shi,
Japan) or HP 1506, of which the video output was
interfaced (o the Echo scan 3.0 (Tom'Tec, Municl,
Germany) 3-D reconstnuction system. Twenty patienls
were studied by the transthoracic and 10 by the frans-
esophageal approach, Transesophageal echocardiop-
raphy was performed only in children using the Mini-
multi probe {Oldelft, Delt, The Netherlands), which
contains 48 {ransmilling elemerts and operates at a
frequency of 5 MHz. Transthoracic echocardiography
was petlormed with a 3.5-MEz probe. All children
were studied under general anesthesia just before sur-
gery or cardiac catheterization. The 3 adult patients
were studied in the Departinent of Echocardiography.
Acquisition was performed with rotational scanning at
2° intervals for Y0 steps, applying electrovardiography
and respiratory gating,'® During rotation, the VSD
was kept in the center of the scan sector and care was
taken that other cardiac structures like the tricuspid
valve and the aortic valve were also encompassed for
further spatial orientation and morphologic definition
of the VSD.

The data were processed off-line and presented as
a conical volumetric data set.™ The 3-D data sels were
reconstructed and analyzed independently by 2 ob-



62

CHAPTER 5

FIGURE 1. Perimembranous venfricular sePhi defect foullel] farrow). A, view of
the defect from the right aspecl. The locakion of the defect in relation lo the fricus.
pid vatve ond the outflow tract is shown, 8, view of the defect rom the Jeft as-
pect. The locotion of the defect in relation to the vorta and the mitral valve is
shown. Ao = gortic valve; LA = lefi atrium; 1V = left ventricle; PPM = posterior

papillary muscle; RA = right atrium; RV = right venricle.

FIGURE 2. Morphologic aspects of the veniricular septal defect farrow] associated
with pulmonory otresia, seen from the right {Af and from the left (8] surface, PV =
pufmonary volve; other abbreviafions as in Figure 1,

serveis (AD, IMcG). From the volumelric data set, cul
planes were selecled using anyplane mode lo visualize
the ventricular septum on ifs teft and right surface and
in & longitudinal cross section. A gray level threshold
was applied on the computer-generated 2-D cut planes
to separate the object from the background. Thus, 3-D
dynamic images with depth perception were crealed,
A third observer (AC-D) analyzed the YSD on 2-D
cchocardiography.

The location of the VSD (perimembranous, mus-
cular, inlet, outlet), the relation to the tricuspid valve
(tethering of the tricuspid valve leaflet, presence of
abnormal chordae), and to the aortic valve (degree of
overriding) and its size were analyzed on both 2-D and
3-D echocardiographic images. On the 3-D recon-
struction, the anteroposterior and superoinferior diam-
eters were measured, whereas on 2-D echocardiogra-
phy only the diameter derived from a 4-chamber view
(comespoending {o the aateroposterior direclion) was
measured. The largest anteroposterior diameter of the
VSD measured on 3-D images was compased with the
largest anteroposterior diameter derived from 2-D
echocardiography, Morphologic accuracy was as-
sessed postoperatively by presenting the dynamic 3-D
reconstructions of the VSD to the allending surgeon
and correlating the data to the annotated intravperative
description,

Measurements are expressed as mean * SD. Intra-
and interobserver variability and comparison belween
3-D and 2-D data were analyzed by linear regression

“% and Bland-Altman analysis of agree-
ment.’® A p value <0.05 was consid-
ered significant,

LA )

The 3-D duta sels were adequale for
reconstruction in 28 of 30 paticnls. In
the ofher 2 patients, a wrong gain set-
- ting and the presence of @ large rofa-
i tional artifact in the dataset hampered
the quality of the final reconstruction.
Seventy-ninc 3-1D reconstructions, dis-
playing the V3D from the right and the
left aspect, from above the acrlic valve
and along its longitudinal cross section,
were used for analysis, Twenty-four of
28 patients had a single perimenbra-
nous VSD with extension to the outlet
septum, sitoated just below the aottic
valve (Figures | and 2). In t of these
patienls there was an associated aneu-
rysm of the sinus of Valsalva. Two
patients had an infet VSI3, | a doubly
committed VSD. In | patient multiple
VSDs were visulized: 2 were muscular
defects and | a perittembranous outlet
defect, In 2 paticnts the tricuspid valve
leaffet was tethering the defect and in 6
patients abnormal chordae from the 1ri-
cuspid valve were attached 1o the ven-
tricular septurn and crossing the defect
area (Figure 3). From 28 adequate hor-
izonlal 3-D cross sections above the
aortic valve, overriding of approximately 50% was
seen in 12 patients and of >50% in | patient (Figure
4).

There was complele agreement on morphology of
the VSD between 3-D and 2-D echocardiography.
However, 3-D reconstructions were of additional
value compared with 2-I» echocardiography in 6 of 28
patients (2156}, Views of the right side of the VSD
displayed the presence of abnormal chordae crossing
the defect in 3 patients (Figure 3), the amount of
tricuspid valve surrounding the defect in 2 other pa-
tents, and the number of V3Ds in another patient
better than 2-D echocardiography. Three-D echocar-
diography did not give beiler visualization of the
doubly committed VSD and of tle VSD in relation to
the Valsalva aneurysm. This was most probably due to
the small size of the defects and the difficully in
obtaining an optimal 3-D acquisition. Twemy-seven
of 28 patients underwent strgical correction. The
VSD was visualized through the right airfum and the
tricuspid valve and closed in all cases with & Gore-Tex
patch (Flagstaff, Arizona). The agreement on anatomy
between 3-D reconstructions and intraoperative find-
ings was compiete in all patients.

Twenty-iwo facing views of the VSIY were recon-
structed and used for diameter measurement. The an-
teroposterior diameter was |3 £ 8 mm (intraobserver
agreement r = 0.9, p <0.001; interobserver agreement
r = 0.9, p <0001}, the superoinferior dimueter was
18 £ 6 nun (intraobserver agreement ¢ = 0.7, p
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FIGURE 3. Yolume rendered imuge of the right ventricle {RY) dis-
ploying the rii;hl aspedl of the ventricular se?ruf defect forrow]
onrrubnorrnu chordae from the mricuspid valve crossing the de-
fect, Abbreviotions as in Figure 1.

ened, immobile, and tethering the VSD, thereby lini:
iling visualizalion of the VSD. Three-D echocardiog:
raphy offers the possibifity of overcoming this limita-
tion, exposing the defect completely by electronically
deleting the leallet or by creating a new cut plane in
which the trcuspid feaflet is not present.

Shunt size is a critical factor in management deci-
sions. We are aware that shunt size does not neces-
sarily correlate with the anatomic size of the defect.
Nevertheless the dimensions of a defect play a role in
the hemodynamic status of a patient with VSD. The
most refiable way to size the defect is usually to
measure its diameter either by 2-D color flow imaging
or at cineangiography.f71% However, sizing can be
difficult when the VSD is associaled with another
lesion, such as coarctation or putmonary stenosis. In
this study, we demonstrate that 3-D echocardiography
can be considered a technique for accu-
rate and reliable sizing. On 3-D recon-
structed images, it was possible to eval-
uate the exact shape and orientation of
the VSD in 1 single plane and conse-
quently 1o measure its 2 largest diame-
ters in both directions. Sizing the V8D
on 3-D echocardiography has been
shown to have good infra- and interob-
server reproducibility.

In summary, this study shows thal
3.1 cchocardiography can be consid-
ered a valuable disgnostic fool, which
may accuralely identify the location,
size, and spatial relation of a VSD.

FIGURE 4, Horizontol cross seclion through the aortic valve from which it fs possi-
ble 1o estimole the degree of overriding coru farrow). A, sorlic valve overrtdes

the ventriculer seplum {IV5) by <50%; 8, in a patient with letre]
averriding aorta is ahout 50%. MV = milral valve; TV = fﬁcu:pi?

<0.001; interobserver agreement r = 0.9, p <0.001).
The Targest 3-D anteroposierior diameter was com-
pared with the cormesponding 2-1 anteroposterior di-
ameter (11.8 = 4 mm). The comelation coefficient
between the measurements was r = 0.6 (p <0.03).
n this study we evaluated the accuracy and the
potential of 3-D echocardiograpliy in the preoperative
assessment of V5D, We showed that 3-D echocardi-
ography presents an accurate view of the anatomy of
the VSI2. The creation of eut planes, which display the
VS from its right aspeet, reproduce the surgical
viewpoinl of a right ventricufolomy. From these im-
ages il is possible to define the morphologie nature of
the margins of the defect, ils shape, and the direction
in which the defect extends into the ventricular sep-
tuan. Other anatomic structures such as the tricuspid
valve leaflet, the right ventricuiur outflow (ract, and
the aortic valve can be displayed in their realistic
spatial distribution. More than 2-1 echocardiography,
3-D views facilitate more complete visualization of
chordae supporting the tricuspid valve leaflet crossing
the defect, The tricuspid valve is somctimes thick-

y of Fallot the
valve,

1. Cheatham JF, Lasen LA, Guigesell HP. Ventticular
septat defect in infancy: deteclion with mo-dimensional
echocaidivgraphy, Am J Cordiol 1981;47:85-89.

2, Bietman FZ, Felliws X, Williams RG, Psospective iden-
tificativn of ventricutar septal delests in jnfancy using sub-
aiphoid two-dimenstonal echocardiography. Cireufation 1980,62:807- 851,

3. Muiphy DI, Ludemirsky A, 1fuhla IC. Continnous-wave Doppler in childeen
with ventricular septal defect; noninvasive estimation of interventricular pressure
gradient Am J Cardio] 1986,57:428-432,

4, Ludomirsky A, Hutwa J, Vick W EE Murphy D), Danford [7A, Momow WR.
Color Doppler delection of multiple ventcicular sepzal defects, Circutarion 1986;
T2

5, Sutherdand GR, Smyltie )11, Cogitvie [, Kectun DR. Color flow imaging in the
diagnosis of multiple ventricular sepiaf defects. Br Heart 7 198%,62:43-49,

4. Sutherland G, Gedman M), Smulthom JE, Guiterras P, Anderson RH, Hunter
S. Wensdcular septal defect. Two-dimensional evbocandiographic and morpho-
{ogical comelations. Br Heart J 198247:316-328.

7. Iohnson TB, Decek AF, Thompsen RF, Kline CH, Swindle MM, Anderson
RH. Fehocardivgraphic and anatemmic corelation of yveatticolar septal defect
mwrpholugy in fewbom Yucalan pigs. Am Flears J 1993125 0671072,

8, Andervon BRI, Wilcox B Eie surgival atateny of senrricofat sepral delects
wysoiatod with wveriding valvar vritices. J Cand Sueeg 19958000 - 142,

9. Andersen RH, Wilcox BR. The surgical anatomy of ventriculzr septal defect.
J Card Surg 1992,7:17-34.

t0. Hagler (M, Edwards WD, Seward JB, Tajik Al Standandized nomenclature
of the ventricular septum and ventricular septal defects, with applications for
two-dimensional echocandiography. Muye Clie Proc 1985:60:741-752.

11, Schwanz 8L, Cao ©, Azevedo 4, Fandian NG. Simutation of intracperative
visualfeation of candiac structures and study of dynamic suigical znatomy with
real time three-dimensiunal echocardivgraphy. Am J Cardiol 149473501567,
12, Rivera JM, 5iu 8C, Handschumacher MDY, Lethor IP, Guerrero JE., Ylzhskes
OI, Mitchell )13, Weyman AE, King MEE, levine RA. Three-dimensional
recomsluction of venfricular septal defeats: validazion studies and in vivo feasi-
bility, J Am Coll Cantiol 197§;23:201-203.

B3, Salusti A, Sphiacls 8, McGhie 1, Vleiter W, Roclandi JRTC. Transtheravic
three-dimenstonal echocandiography in adult paticnts with congenital ieart dis-
case. S dm Coll Cardrof §995;26:759 -147,



o4

CHAPTER 5

14. Yogel M, Ho SY, Huhlmeyer K, Anderson RM. Assessment of congenital
heart defects by dynamic three-dimensional echocardiography: metfiods of data
acquisilion and ¢linical potential. Acta Paediatr 1995:410(supp)):34-39.

15. Roelandt JRTC, Safustr] A, Viettesr WA, Nosir ¥, Hrulning N. Precordia)
maultipfane echocardiography for dynamic anyplane, paraplane and three-dimen-
stonat imaging of the hearl. Thoraxcentre J 1994,6/5:6-15.

14. Bland JBf, Altman [HG, Stalistical methods for ssessing agreement between
iwo methods of chinical measuremeat. Lancer 1986;1:307-310.

F7. Stanf DS, Huha JC, Meranta, p, Jlankins HE, Yoon GY. Twodimensional

echovardiographic determination of ventricutar septal defect size: cormelation
willi autopsy. Am Heart J 193%;1E7:1333-1136.

18, Ruppzecht T, Hofbeck M, Singer 11, Hums D, Deeg KH. Bensen L.
Determination of the anatomical tize of ventticular septal defects on the bacic of
hemodynamic data and non invasive asscssment of pulmonziy 10 systemic
vascular resistance ratio RpMs by Doppler-cehocardiography. Cather Cardivyare
Dlagn 193H1;22:93-93,

9. Fukazawz M, Honda §, Fukushige 1, Sunagawa FE, Yacwi H, Ueda K. To what
extent does the sze of a ventricular septal delet cutrelate with hemodynamie
data derived from candiae eathelerizsting? fir Hears 7 198T58:19 -2




3DE RIGHT VENTRICULAR VOLUME 65

CHAPTER 6
BIPLANE, OMNIPLANE AND PARAPLANE
ECHOCARDIOGRAPHIC ANALYSIS FOR

ACCURATE RIGHT VENTRICULAR VOLUME MEASUREMENT:
A COMPARISON WITH MAGNETIC RESONANCE IMAGING

Youssef FM Nosir, Maarten H Lequin, Anita Dall’Agata,

Jaroslaw D Kasprzak, Jos RTC Roelandt

With technical assistance of Ron T vanDombirg, Wim B Vietter and René Frowiin

From the Thoraxcenter, Division of Cardiclogy, Erasmus University Medical Center,

Rotierdam, The Netherfands

Submitted






3DE RIGHT YVENTRICULAR YOLUME 67

ABSTRACT
Objectives. We studied both the feasibility and accuracy of right ventricuiar volume (RVV)
measurements by three-dimensional echocardiography (3DE) using magnetic resonance
imaging (MRI) as the reference method.
Buckground, RVV measurement, which has important diagnostic and prognostic value in
most cardiac conditions, remains a challenge in clinical practice because of the RV complex
shape. By obviating geometric assumptions, 3DE would offer an accurate method,
Methods. 12 patients were examined {2 patients with an atrial septal defect (type II), § with
ischaemic heart discase and 2 normals}. Precordial acquisition of RV cross-sections to obfain
datasets containing the RV was performed at 2-degree rotational intervals with ECG and
respiratory gating algorithm. MRI measurements of end-diastolic (ED} and end-systolic (ES)
RVV and ejection fraction (EF) were computed by Simpson’s rule at 9-mum slice intervals.
RVV and EF were calculated from 3DE data sets by (a) biplane modified Simpson’s method
(BMS), (b) omniplane method (OMN) with long axis views obtained at 22.5° of rotational
intervals and by (¢} Simpson’s methed (3DS) with § paraliel equidistant RV short axis views,
The endocardiat border was traced manuatly in all methods.
Results. The meantSD of ED- and ES-RVV (ml) and EF (%) from MRI were (143470 and
85440 and 40+11), from BMS were (14074, 84445 and 414:12), from OMN were (141474
and 87+46 -and 38+11} and those from 3DS were (141+£72 and 86+44 and 40412)
respectively. There were no significant differences between measurements of RVV and EF
obtained from MRI and the 3DE methods. However, there were closer limits of agreement
between MRI measurements and both OMN and 3DS methods (18, +18 and +6.6) and (%16,
+16 and £6.6) than with BMS (24, 421 and +11.8) for ED- and ES RVV and EF

respectively. Inter-observer variability measurements of RVV and EF obfained from the 3DE
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methods were not significantly different. The interobserver standard error of the estimate
(SEE) for ED-RVV, ES-RVV and EF were (7.3, 6.2 and 3.4), (5.1, 3.5 and 2.3) and (4.9, 3.6
and 2.2) for BMS, OMN and 3DS respectively.

Conclusions, Precordial rotational acquisition for 3DE RV reconstruction is feasible.
Simpson’s method and ommiplane analysis provides more accurate and reproducible

measurements of RVV and EF than the modified Simpson’s method.
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INTRODUCTION

Measurement of right ventricular volume (RVV) is challenging because of its complex
shape and irregular trabecularised walls. In patients with RV pressure or volume overload
conditions, significant shape changes occur.

With quantitative angiography RVV is measured from two perpendicular projections
using area length method or Simpson's rule.”” The recording of two perpendicular views by cross-
sectional echocardiography is difficult and ofien impossible. To date only limited data are
available with echocardiographic techniques.®!!

Three-dimensional echocardiography (3DE) is a recent imethod that allows the
calculation of volumes without the need of geometric assumptions and is therefore an ideal
method for RVV calculation, In vitre and in vivo studies have shown that RVV could be
accurately calculated by 3DE.” " However, these studies are limited and there is stiil a need
for further validation of 3DE RVV measurements.

Therefore, we studied the feasibility and accuracy of 3DE for calculating RVV with

comparison o magnetic resonance imaging.

SUBJECTS and METHODS

Study population,

IDE was performed after magnetic resonance imaging in 12 patients, including 8 with
ischaemic heart disease, 2 with an atrial septal defect {type 1I) and 2 norinals. Patients included

[0 men; ranging in age from 22 fo 45 years with a mean of 31 £ 7.5 years.

Informed verbal consent was obtained from each subject afier the procedure was fully

explained,
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Maguetic resonance imaging

Magnetic resonance imaging (MRI) was performed at 0.5 T (Gyroscan T5-11 Philips
Medical Systems, The Netherlands), Axial coronal and sagittal spin-echo views were
performed for localization followed by multislice multiphase ECG-iriggered T1 weighted fast
field echo {repetition time = 800-1200 ms, echo time = 22ms, flip angle = 70°, field of view
240 x 300 mm, slice thickness 9 mm, inter slice gap 0.9 mm, imaging matrix (90 x 128)}.
Heart phase interval was 32-39 ms and the number of heart phases 14-32 (median 21),

In every subject the window level and width were selected for the optimal contrast
between the refatively hypointense ventricular wall and the relatively hyperintense blood in
the ventricular cavity, A short axis view was performed with a coronal and a sagittal survey.
On the best images the short axis slices were positioned perpendicular to the interventricular
septum.” (Fig.1)

RVV measurements were performed off-line on a workstation (Gyroview HR), End-
diastole was defined as the time frame with maximal RVV and end-systole was defined as the
time frame with minimal RVV. End-diastolic and end-systolic RVV, stroke volume and
gjection fraction (EF) were calculated by manuai endocardial tracing of the short axis series

spanning the RV from the apex to the base.

Three-dimensional Echocardiograply

Echocardiographic studies were performed in the 45-degree left recumbent position. A
commercially available 3,75 MIIz sector scanning transducer (Toshiba Sonolayer SSH-140A
system) was used. The basic images for 3DE reconstruction of the RV were acquired by

precordial rotational scanning at 2° intervals with ECG and respiratory gating (Echo-scan,

16,17

TomTec GmbH, Munich, Germany).
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The operator has to find the central axis around which the imaging plane is rotated to
encompass the whole RV cavity. Therefore, in order to locate the transducer position where
the RV is maximally visualized, an apical 4-chamber view was first obtained. With this view
the central scan axis was aligned with the line connecting the left ventricular apex and the
mitral valve, From this position the scan axis is shifted medially in a paratlel way until it
passes through the tricuspid valve. Then the transducer is slightly rotated to maximally open
the RV cavity and to include the RV apex. 90 sequential cut planes are acquired from 0 to
178°, each during a complete cardiac cycle (Fig.2) and images are formatted in their correct
rotational sequence according to their ECG phase in conical data sets. To fifl the gaps
between the images a "trilinear cylindric interpolation” algorithm is used." The end-diastolic
{the first frame before tricuspid valve closure) and the end-systelic (the first frame before
tricuspid valve opening) phases are selected before starting the processing procedure for

subsequent analysis.

Figurel. Example of equidistant short-axis slices of the right ventricle with magnetic resonance analysis
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4 5 6

Figure 2, This figure shows the principle of precordial three-dimensional echocardiographic acquisition of the right

ventricle at 2° rotational intervals with ECG and respiratory gating technique, From the data set images from | to 6
shows the sequence of right ventricular images obtained at 35° of rotational intervals. Figure 6 is a mitror image of

figure 1. LA = left atrhun, LV = left ventricle, RA = right atrium and RV =right ventricle.

Image analysis

On every conical data set, the best RV long axis view was selected and RVV and EF

ware calculated by the three following methods:

(A} Biplane modified Simpson’s method (BMS)

The best RV 4-chamber view was selected in end-diastolic and end-systolic data sets and
the algorithm gives its orthogonal view. RVV and EF were caleulated by manual endocardial
tracing of the two orthogonal long axis views at end-diastole and end-systoie. {(Fig.3)

Two experienced observers (YFMN and ADA) blinded to each other’s results

performed 3DE measurements of RVV and EF. In addition, for each method the two
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observers scored for the suitability of the 3DE data for endocardial border identification and

manual tracing.

4

Figure 3. The principle of right ventricular volume measurement by biplane modified Simpson's method. Right
ventricular volume is calculated through manual endocardial tracing of the right ventricular cavity at 4-chamber view

{lower right} and its computer derived orthogonal view (upper right).

(B} Omniplane method (OMN)

The reference RV long axis view was selected from the end-diastolic and end-systolic
data set (as in the paraplane analysis). With the ommiplane analysis, the system gives 8 long axis
views at 22.5° of rotation around the defined best RV long axis. RVV and EF were calculated

by manual endocardial tracing of the reflected 8 long axis views af end-diastole and end-systole.

(Fig.4)
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GV (B)

Figure 4. This figure shows the principle of right ventricufar volume measurements using the omniplane method.
From the three-dimensional echocardiopraphic data set the reference image is selected with the best right ventricular
long axis at 4-chamber view. Around the vertical right ventricular central axis of the reference image, the system
gives 8 long axis view at 22.5° of rotational intervals. Panel A shows the segmentation of right ventricular reference
cross section around its central axis, to give rise to the 8 fong axis views {panel B). Right ventricular volume is

calculated by manual endocardial fracing of the 8 right veniricular long axis views at end-diastole and end-systole

(panzl B},

(C) Paraplane (Simpson's) method (3DS)

From the data set the image with the longest RV long axis was selected. With the
paraplane analysis we generate a series of 8 parallel equidistant short axis slices from the
apex to tricuspid annulus. The endocardial borders of these short axis slices at end-diastole

and end-systole were manually traced and RVV and EF were calculated by Simpson's rule, *°

(Fig.5)
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(A) (B}

Figure 5. The principle of right ventricular volume measurements wsing Simpson's rule. The right ventricle is
sliced by the paraplane analysis into § equidistant parallel short axis slices that spanning the right ventricular
cavity from the apex to tricuspid annulus (panel A). The surface area of each cross-section is measured by
planimetry and the volume of each slice is calenlated by adding the voxels included in the raced area. Adding

up the volume of all slices I to 6} provide the volume measurement of right ventricle at end-diastole and end-

systole.

Stafistical analysis,

RVYV and EF measurements from magnetic resonance himaging and the 3DE methods
were performed independently and expressed as meantSD, Interobserver variability of the
3DE methods was calculated and expressed as the standard error of the estimate (SEE).

Paired student t-test was performed to compare RV measurements obtained from each
3DE method and measurements obtained from magnetic resonance imaging (the reference

standard). Significance was stated at 0.05 probability level, The limits of agreement were
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calculated by the method described by Bland and Altman.”® Pearson correlation coefficient

was also presented.

RESULTS
3DE acquisition could be performed in all patients recruited in this study. All patients
were in sinus rhythm with a mean heart rate of 78 + 12 b/m. With the paraplane method the
mean + 8D (mm) of slice thickness was 8.2+0.8 and 6.9+0.6, for end-diastole and end-systole
respectively. The echocardiographic observers scored the adequacy of RV views obtained
from both paraplane and omniplane analysis of the 3DE data sets, for endocardial border

identification and manual fracing (Table I).

TABLE]
Scoring Pieferred Egually good
a b c d

Paraplane 3 4 3 - 4 3

Dmniplane 3 4 3 - 5 3

a = very good, b = good, ¢ = moderate and d = poor quality

Table I. Observer scoring for the suitability of right ventricular {(RV} paraplane {3DS) and omniplane (OMN)

views obtained from 3DE data sets for manual endocardial tracing.

Right ventricular velume calculation

The mean + SD of RVV and EF calculation for magnetic resonance imaging and the
3DE methods are presented in Table 1. Interobserver measurements of RVV and EF obtained
from 3DE biplane, omniplane and paraplane methods were not significantly different.
Interobserver variability measurements for paraplane and omniplane methods were

comparable and smaller than that for biplane modified Simpson’s method. The interobserver
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standard error of the estimate (SEE) for end-diastolic, end-systolic RVV and EF were (7.3,
6.2 and 3.4), (5.1, 3.5 and 2.3) and (4.9, 3.6 and 2.2) for biplane, omniplane and paraplane

methods respectively.

EOV ESY EF
MeantSD P ¢ Agreem. MeaniSD [ r Agreem. Mean+50 L v Agresm.
MRI 14334702 34.8439.3 303£10.3
BME (Y) | 1d04k730 |04 0.59 291718 8404452 0.8 0.93 0.3£20.6 4061318 0393 087 | .03f1158
W) [ 300809 |9 0.98 267kt |0 093 sgtizg |99 056
OMN (Y) | 14074734 |03 2.59 274184 82.2445.6 04 059 -.4%178 FEREE 0.1 056 18466
@ | azeers |27 [2% srars2a |97 090 warng  |0F [0%0
DS (V) | 14r4x71s |04 059 231162 8571438 9.7 %9 0.1£15.8 39.55i1.6 [} 098 12466
M) {sageass |25 |95 st 0% |08 j9gkizs |05 [0
Agream. = Lirits of agreement, BMS = biplane modified Simpsoa’s @ethed, OMN=0aaiplane mediod IDS=Sanpson's methed. ED- = cad-diastole, EF = ¢fection fractica,

£S: = zad-systelz, p = p velue, £ = comreladion coefficient MRI=magnetic resonance imaging, RVV=right veniricular volume,

Table H, Comparison of RVY and EF measurements obtained from MRI (reference standard) and 3DE methods
(3DS, OMN and BMS).

Comparison befween three-dimensional echocardiography and magnetic resonance
imaging for right ventricular volume calculation

3DE methods had good correlation, nonsignificant differences and close limits of

agrecinent with magnetic resonance imaging for caleulating RVV and BF (Table II, Fig.6),

Comparison between three-dimensional echocardiographic methods for right
ventricular volume calculation

The comparison between measuremenis of RVV and EF obtained from each two 3DE

methods was presented in Table III.
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EDV ESVY EF
P T Agream, J r Agreem. P r Agreem.
IDS-OMN 0.1 0.99 2.146.8 2 099 -2.334.2 0.3 0.99 03822
3IDS-BMS 04 0.99 L18+145 106 059 0.8+13.2 0.l 095 S181+76
CMN-BMS 0.9 0.99 0.3*12.0 [N} 099 324124 0.1 094 222432

All abbreviations as in tables {1,

Table ITI. Comparison between measurements of RVV and EF obtained from each two three-
dimensional echocardiographic method.
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panel C)

method=panel A, Omniplane method=panel B and Biplane modified Simpson’s method

and magnelic resonance imaging (reference method) for calculating right ventricular end-diastolic

volume (1), end-systolic volume (2} and ¢jection fraction (3}
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DISCUSSION

RVYVY and function determination is important for patient management in most cardiac
conditions when corrective surgery is considered. In chronic obstructive lung disease and RV
infarction, serial determination of RV function is helpful in evaluating severity of the disease and
the therapeutic response.

However, RV is difficult to study because of its asymmetric shape and trabeculated
structure and therefore defics description in terms of a simple geometric medel. In addition,
any such simple model wouid have to allow for the changes RV shape in response to volume
and pressure load conditions.”’ Consequently, many different approaches has been proposed
and RVV is not routinely calculated.™

Our results demonstrate that 3DE ailows accurate and reproducible measurements of
RVYV and finction. Among the three analytic methods, paraplane and ommniplane methods
have comparable measurement accuracy, when compared with magnetic resonance imaging.
They are more reproducible, as they have smaller interobserver variability than the biplane
approach. When RV measurements obtained from the 3IDE methods were compared together,
paraplane and ommiplane methods had closer limits of agreement than when they were
compared with the biplane method (Table III),

Assessment of RVV and function by the biplane method is based on geometric
assumptions. This explains why the accuracy and reproducibility for the assessment of RV
function is not as good as the paraplane and ommniplane methods which corrects better for
shape abnormalitics, Therefore, omniplane and paraplane analysis provides more accurate
results, The mean 18D of slice thickness with the paraplane analysis, using 8 short axis slices,

were within the recommended limits previously reported.'®"
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Our results are in agreement with those obtained by Vogel et al.” He compared RVV
obtained by 3DE with values obtained from magnetic resonance fmaging in 16 patients and
found a good correlation (r = 0.95 and .87), and close limits of agreement (-3.5 to 12,5 ml,
and 4.0 to 16.4 ml) for calculating end-diastolic and end-systolic RVV respectively. In
addition, 3DE had small interobserver variability (4.3% and 4.5%) for calculating end-

diastolic volume and end-systolic volume respectively.

Technical difficulties and study limifations

Paraplane and ommiplane methods show comparable scoring of technical difficulties
from the two observers, concerning the endocardial border identification and manual tracing,
Manual endocardial border tracing was better in the paraplane derived short axis slices in 4
patients, while the long axis views obtained through the omniplane analysis scored better in 5
patients. Both methods allowed cqually good tracing in 3 patienis. Areas of
echocardiographic dropout, particularly from surfaces that are nearly parailel to the imaging
beam, generate error. Endocardial border tracing of the RV short axis views (particularly at
RV free wall) or long axis views (particularly at the RV apex) is more difficult in patients
with a dilated RV.

Finding the proper scanning window for rotational acquisition that encompassing the
whole RV is difficult. Most successful was the procedure where the transducer is placed over
the apex to obtain the apical 4-chamber view and shift the rotational scan axis medially uatil
it passes through the tricuspid valve, Then the transducer is slightly rotated to maximally
open the RV cavity and to inchude the RV apex.

This study includes small number of patients mostly with no right-sided heart disease

(only 2 patients with ASD type II). RV endocardial borders were traced manually; this is
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laborious and time consuming. In future, applying an automated border detection algorithm

for area and volume analysis will reduce the analysis time.

CONCLUSIONS

Precordial 3DE reconstruction of RV is feasible. Paraplane and ommiplane analysis
produces more accurate and reproducible measurements of RVV and EF than that of biplane
modified Simpson’s method when compared to magnetic resonance imaging, Therefore, they

are recommended for serial noninvasive assessment of RV function.
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CHAPTER 7

USE OF THREE-DIMENSIONAL ECHOCARDIOGRAPHY FFOR
ANALYSIS OF OUTFLOW OBSTRUCTION
IN CONGENITAL HEART DISEASE
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Heart Disease
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Silia E.C. Spilaels, Mp, php, Jackie S. McGhie, Bse, Jos R.T.C. Roelandl, mp, phb, and
Ad J.1.C. Bogers, Mp, Phb

To evaluate the feasibifity ond accuracy of 3-dimen-
sional (3D} echocardiography in anclysis of left and
right ventricular outflow tract (LYOT and RVOT) obstruc-
tion, 3D echocardiography was performed in 28 pa-
lienls loge 4 months to 36 yeurs) with ouiflow fract
pathology. Type of leston end relation to valves were
assessed. Length and degree of obstruction were mea-
sured. Three-D data sets were adequate for reconsiruc-
tion in 25 of 28 patients; 47 reconstructions were made,
fn 13 patients with LYOT obstruction, 3D echocardieg-
rophy wos vsed to study subvalvelar defails in 8, vol-
vular in 13, and sypravalvulor in 1, Four of these 13
patients had complex subaortic obshruction. In 12 pa-
fieats with RVOT lesions, 3D echocardiography was
used to study subvalvular details in 11, szvu ar in 12,
and supravalvular in 2. Three-dimensional reconstruc-
tions were suitable for analysis in 100% of subvelvular

LYOT, 77% valvular LYOT, 100% supravalvuler LYOT,
100% subvalvular RYOT, 50% valvulor RVOT, and 50%
supravalvular RVOT, Twenty palients undervent opera-
tion, and surgical findings served as morphologic con-
trol for thirty-four 3D reconsiructions {LYOT 17, RVOT
17}, Operative findings revealed an accuracy at subval-
vular LVOT of 100%, valvular EYOT 90%, supravalvular
LYOT 100%, subvalvular RYOT 100%, valvular RYOT
100%, ond supravalvulor RVOT 100%. Quantifative
measurements could adequately be performed. Three-D
echocardiography is feasible ond accurate for onalyzing
both cutflow tracls of the heart. Particularly, generation
of nonconventional horizontal cross seclions ollows a
good definition of extension aond severity of lesions.

©1999 by Excerpta Medica, Inc.
{Am J Cardiol 1999;83:921-925)

COngcnjhaI obstruction of both the Jeft and right
ventricular outllow teact (LVOT and RVOT) may
be located at the subvalvular, valvular, or supravalvi-
lar fevel and may occur at multiple levels.t2 These
obstructions are usually well displayed by 2-dimen-
sional (2D) echecardiography, and often ne additionat
investigation Is required before surgical interven-
tion.*-12 However, the information obtained by cross-
sectional echocardiography does not give a perception
of the depth. Consequently, the true nalure of the
obstruction may be difficult to perceive. Three-dimen-
sional (3D) echocardiography generates nonconven-
tional cross sections and a display in a realistic per-
spective, thereby providing additionat information.!!
However, data on the in vivo assessment of outflow
tract obstructions with 3D echocardiography are lim-
ited and scanty and are not validated by anatomic
findings.12-14 '

Our study evalvates whether 3D echocardiograply
is able to define outflow pathology in detail and 1o
provide information that could be helpful in direcling

From the Beparments of Cardiothoracic Surgesy, Coddiclogy, ond
Pediatiic Cardiology, Erasmus Medical Center Rotterdom, Rotferdam,
The Netherdands. Manuscript recetved August 11, 1998; revised
manuseript recebved and occepted November 2, 19938,

Address for seprints: Ad |J.C. Bogers, MD, FhD, Depatiment of
Cardiothoracle Surgery, Thoraxcentie, Bd 156, University Hospital
Eig{zigl, Dr Molewaterpletn 40, 3015 GD Rotterdam, The Nether

.

the surgica! approach. Morphologic accuracy is ob-
lained by comparison with surgical findings.

METHODS
Patients: Twenty-gight patients (23 male and 5 fe-

male, age range 4 months to 36 years), with a previous
diagnosis of pathology of the outflow tract by 2D
echocardiography, were studied. The 2D studies were
independenty performed and analyzed by the altend-
ing pediatric cardiologist, blindly with regard to 3D
data. Fifteen patients had anomaties of the LVOT all
at ! level. Ten patients had subvalvular obstruction, 4
valvular, and 1 supravalvular, Thirteen patients had
anomalies of the RVOT at only 1 level in 4 and at
multiple levels in 9. Ten patients had subvalvular
obstruction, 7 valvular, and 2 supravalvular,
Three-dimensional echocardiography: Three-D echo-
cardiographic acquisition was done will a Toshiba
SSH 140-A (Toshiba, Otawara-Shi, Japan) or an HP
i500 (Hewlelt-Packard, Andover, Massachuselis).
The video outpul was inlerfaced to the Echo-scan 3.0
3D reconstruction system (TomTee, Munich, Germa-
ny).!3 Eighteen patients were studied by transesopha-
geal approach under general anesthesia before sur-
gery, and 19 patients by transthoracic approach.
Transesophageal acquisition was performed with a
5-MHz multiplane probe. The Mininuthti minfalurized
5-MHz nwltiplane probe with 48 elements (Oldelft,
Deift, The Netherlands) was used in children. The
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FIGURE 1. Any-planie and volume-rendered reconstruciions of a
discreta subcortic obstruction of the LYOT. A, cul-planes token
threugh o 3D data sel; B, volume-rendered representation of the
ohstruction aleng a computer-generated long-axis view; C, seen
a3 looking From the aodic valve {Ao); D, seen as fooking from
the left ventricle ond looking loward the outflow fract. AML =
anferior mitral leafel; LA = lefi otrium; LY = left venhricle; PT =
pulmonary runk; RCA = right coronory ortery; RVOT = right
ven'ricufar outffow frack,

probe was placed in the midesophageal Ievel, LYOT
and portions of the aortic valve were visualized in the
longitudinal axis centering the image al 120° to 135°,
From a slightly more cranial position, centering the
image at 70° to 100°, the whole Iength of the RVOT
with the pulitonary valve and the anlerolaleral free
wall of the right ventricle was displayed, usuaily to-
gether with the septal leaflet of the tricuspid valve.
Transthoracic acquisition was performed with a 3.5-
MHz probe. Images were derived from either the
parasternal or apical window for evaluation of the
LYOT and from the subcostal position for evatuation
of the RVOT. When Lhe region of inlerest was ade-
quately in view, a rotation sequence was performed lo
confirm that the conieal volume was well directed and
to optimize the gain setting of the echo machine. The
images for 3D reconstruction were acquired wilh ro-
tational scanning at 2° intervals for 90 steps using
echocardiographic and end-expiration gating, The ac-
quired images were slored and processed off-tine, s
Morphologic ond quanlitalive analysis: Reconstruc-
tions from the 3D data sets were independently ana-
lyzed with any plane mode!? by 2 observers (A.D,, J.
McG.). The outllow (ract was displayed along its
longitudinal axis and in horizontal cross sections at
different angles and distance, feom above the annulus
of the semilunar valve and from below the obstruc-
lion, by scanning the dala scl. Volume-rendering al-
gorithms, threshold, and opacily were applied on the
21> computer-generaled cut-planes (Figure 1).35 From
the volume-rendered reconstructions, the morphology
of the subvalvular obstruction, ils extension, and re-
lation to valves were assessed. Aorlic and pulmonary
valves were Iimaged from a computer-generated short-
axis view, which altowed for identification of the

nuriber of cusps, the fusion of the commissures, and
the presence of calcification.

The obstruction was reconstrucled, and the length
of obstruction, the distauce from the aortic or pulmo-
nary valve (if appropriate), and the degree of obstruc-
tion in relation to body surfuce arca (BSA) were
calculated. Length and distance from the semilunar
valves were measured from a selected 2D computer-
generalgd long-axis image, in which the maximal ex-
tension of the fesion was displayed. To estimate the
degree of obstruction, clectrunic paraliel slicing
{paraplane echocardiography) of the outllow tract per-
peadicular lo its vertical axis was performed. For the
LVOT the first cut-plane was positioned at the hinge
point of the anferior mitral valve leaflet and the last
one al the point of coaptation of the mitral leaftets and
for the RYOT at the pulmonary annubus level and at
the trabecula septomarginalis, respectively, The cor-
responding 2D images were displayed, ad the sinall-
est luminal diameter and ceoss-sectional area of the
obslruction were measured (Figure 2) at the onsef of
ventricular sysiole, defined as the first frame during
the cardiac cycle in which the stdoventricular valve
appears closed.

All results are expressed as mean * SD.

RESULTS

Three-dimensional echocardiography: Thirce-dimen-
sional data sets were adequate [or analysis in 25 of 28
patients (89%). In the other 3, analysis was not pos-
sible due to inadequate gain settings in 2 patients with
subvalvular LVOT obstruction and (o large binage
artifacts in 1 patient with subvatvalar RVOT obsinic-
tion. From these twenly-five 3D data sels, 47 recon-
structions were made, Agreement between the 2 ob-
servers on morphologic assessmenl of the 3P recon-
stuctions was complete,

Subvalvlor left ventricular outflow ract obstruction:
In 8 paticnis a reconstruction of this area was made,
and all were suitable for analysis (feasibility [00%)
(Table I}. In 5 patients the obstruction was a discrete
subaortic stenosis (Figure 1). Tn 4 of these the mem-
brane exiended (o the mitral valve and onto the sep-
tum, This was demonstrated in a horizonlal cross
section, looking from the left ventricle toward the
LVOT and from computer-generated long-axis views.
In these 5 data sels the smallest LYOT area was 0.6 &
0.3 cm® (range 0.3 10 1.0} and arc/BSA 0.9 % 05
em®/m? (range 0.3 to 1.5), The smallest LVOT diam-
eter was 0.6 & 0.1 cm (range 0.5 to 0.7). The vbslruc-
tion length was 1.6 * 1.1 cm (range 0.6 to 1.8). The
distance from the obstruction lo the aortic valve was
0.7 * 0.6 cm (range O to 1.6). In 1 patient with
transposition of the great arteries, the protrusion of an
ancurysmalic intervenidcular septum inte the LVOT
was visvalized, In 2 patients the obstruction was
caused by lyperirophic cardiomyopathy. Views from
above through the aortic valve appreciated the amount
of septum obstruciing the outflow tract. The 2 patients
wilh hyperirophic cardiomyopathy did not have sur-
gery. In the other 6, morphologic findings from the 3D
data seis were confirmed at surgery (accuracy [00%,
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FIGURE 2, Five porallel and equuilslonl cuH pkxnean p left fevel pﬂnef) are token through the i
o

horizental ¢ross sections. The fuminal areq, the oytflow area, and
The horizontol cross seckions show the frve sha

colculated withou! mathematical assumptions,

the diameters are automatic
a! the lumen of outlow tract and, therefere, the smaflest area can be detec
= gorlic valve, PY = pulmonary valve,

FFABLE 1 Feosibility ond Morphologic Accuracy of 3-
Dimanstonal Reconslruclion of B Oﬂ Left and Right
Ventricufar Oulflow Tract
Cuflaw Tract bevel Feasibility Accuracy
LYOT
Subvalwlar 18/8) 100% {6/6) 100%
Valvlar 110/13} 77% {9/10) 90%
Supravahrular [E/1} 100% {171} 100%
RVOT
Subvahalar {1311) 100% (11/11) 100%
Vehalar (6/12) 50% {6/6) 100%
Supravohular (1/2} 50% {2/2) 100%

Table I), providing lime nceded for intraoperative
exploration.

Vahvwlar aertic level: Tn 10 of 3 3D reconstruc-
tions, the information was adequale for analysis (fea-
sibility 77%, Table 1}. Three valves were analyzed as
bicuspid. The 7 remaining valves were (ricuspid, and
in 4 of them thickened and dysplastic cusps were
found. Calcilied deposits were visualized in 2 valves,
Diameter measuremenis could be done in 12 data sets.
Aortic annular area was 5.5 * 3.0 an? (range 2.0 o
8.2}, the aree/BSA 3.5 = L1 em¥m? (range 2.2 to
5.0). The smatlest aorlic valve diameter was 2,3 +- 0.8
cm (range 1.0 to 3.8), All I0 palients with adequate
30> data sets underwent operation. All tricuspid valves
with the described delails were confirmed, but only 2
bicuspid valves were confirmed (accuracy 90%, Table
I). The false-positive diagnosis of a bicuspid valve
was due to a foreshortened rofation,

ht ventricufar outllow fract to oblain
?}y calculated after free-hand hracing.

and

Supravalvelar aoric stenosis: In the only patient

with a supravalvular stenosis, the 3D data set was
stitable for analysis (Table I). The stenosis was dis-
phiyed from above, simululing an avnotomy. A fi-
brous ring was shown, cfosely related to the commis-
sural lop, at 16 mm from the hinge points of the acric
cusps. These findings were confirmed at surgery (Ta-
ble I).
Subvalvular right ventricular oulflow tract obshruc-
tion; Three-dimensional subvalvular RVOT recon-
structions were made in 11 patients. All were suitable
for analysis (feasibility 100%, Table I). In 6 the ob-
struction was located in the infundibulum and was of
the ﬁbronmscular type. The smallest RVOT area was
0.6 + 0.6 cm® (range 0.2 1o 1.8), the area/BSA 1.6 *
1.6 em®/m?® (range 0.4 to 4.0). The smallest RVOT
diameter was 0.5 = 0.1 cm (range 0.3 {0 0.6). The
obstruction length was 1.8 £ 0.3 cm (1.3 10 2.6). The
distance of the obstruclion from the pulmonary valve
was 0.4 + (.3 cm (0.1 to 0.8). In 3 patients the
infundibulum was hypoplastic. In { paticat a midven-
{ricular dynamic stenosis was found. In | patient a
large trabecula septomarginatis was well visualized
and led to the diagnosis of double-chambered right
ventricle. This was not dingnosed on 2D echocardiog-
raphy (Figure 3}, All 11 patients underwent surgical
correction, and in all, the 3D reconstructed findings
were confirmed (accuracy 100%, Table I3, thus allow-
ing for a reduction in the time nceded for intraopera-
tive exploralion.

Pulmonary valvular level: The pulmonary vabve was
reconstructed in 12 patients. In 8 three-dimensional
data sets, leaflets showed adequate echo density to be
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FIGURE 4. Horizontol cross sections of pulmone

caortic valve, which is bicuspid. Abbrevia¥ions os in Figures 1 ond 2,

identified, but this was sufficient for analysis only in 6
(feasibility 50%, Table I). Three tricuspid and 2 bi-
cuspid valves were identified as such (Figure 4). In 1
case a small mobile vegetation was identified. Mea-
sured in 10 data sels, the pulmonary annular area was
1.3 * 0.9 cm? (range 0.3 to 2.8), area/BSA 3.9 £ 4.3
c?fin® (0.6 to 15). The smallest valve diameler was
1.1 = 0.3 cm (range 0.6 to 1.7). All 6 paticnts with
analyzcd pulmonary valves underwent operation. The
anatomic findings from the 3D data sels were all
confirmed during surgery {accuracy 100%, Table I).

Supravalvular pulmenary stenosis: In the 2 palients
with a supravalvular pulinonary stenosis, a 3D dala set
was constructed, but in | the obstruction was not
optimaily visualized due to inadcquale lateral resolu-
tion (feasibility 50%, Table 1). Both paticits under-
went operation, and the 3D findings were contirmed
during surgery (accuracy 100%, Table I).

DISCUSSION

Indications for surgical (herapy are based on clin-
ical and hemodynamic paramelets, and data in this
regard are now obtained by 2D and Doppler echocar-
diography rathei than cardiac catheterization.®—? The
success rale of the outcome after surgery depends on
the nature of the morphology and the adequacy of
surgical coirection. 21617 The surgical approach
needs excellent exposure and should avoid inadvertent
damage. The approaches to the LVOT through the

FIGURE 3. View from below right ventricular outflow, In this potient a hyper-
becula septomarginalis Is franssepling the ventricle, creafing o dov-
ble-chambered right ventricle. RV = right venfricle; TV = tricuspid valve; other

ry valves [PV} displayed with
volume-rendering olgerithms. A, exomple of a bicuspid and stenofic pulmo-
nary volve; B, example of o hituspid pulmonary volve ond its relation to the

aorta and fo the RVOT (lwough the pulmo-
nary rool or the right atrium do not always
offer an ideal presentation of the site and
extension of obstruction, This may lead o
inadequate correcfion or more extenstve
surgery. Therefore, it is important to ob-
{ain complete data on the morphology be-
fore surgical repair.

We demonstrated that 3D reconstruc-
tion of both LVOT and RVOT is feasible,
either by transthoracic or the transesopha-
geal approach, and may offer advantages
by providing more realistic information
with depth perceplion. HoriZental cross
sections above the aortic valve, simulating
a surgical aortotomy, provide information
on the shape of the lesion and on iis dis-
lance from the semilunar valve. Views
locking (o the 1.VOT from befow (e ob-
struction allow for evaluation of ils exien-
sion info the veatricle and its relation to the
septum and {o the ventricetar surface of the
anferior mitral valve feallet, providing, in
particular, @ more accurate and realistic
depiction of the complex {csions.’? Vol-
ume-rendered reconstructions display the
opening patieras of the aodic valve, the
movement of the cusps, visualize their sur-
fuce, give a belter delineation of the cusp
edges, and have an advanlage lor the di-
aguosis of bicuspid aorta and of vegeta-
tions.!819 Hlowever, differentiation be-
tween fibrotic and calcified lesions using
volutne-rendering algorithins is operator dependent,
and the any-plane modality should be used.'® More-
over, considering the time needed lor 3D reconstruc-
lion of the aortic valve, ils practlical use and clinical
refevance are not clear.

It appears from our study thal reconsiruction
RVOT is feasible and accurate. Any cross-section of
the RVOT can be oblained from the data set. The
depth perception has the advantage lo comprehend
better the undetlying anatomy of ihe right ventricle
and the relation {o the tricuspid valve, being an ad-
vantage over 2D echocardiographic examinalion.
However, confrary {o LYOT obstructive lesions, vol-
ume-rendered imaging of the pathology from above or
from below the obstruction was difficull to interpret
and did not add anatomic information. Our study
demonstrates the possibility of creating dyramic hor-
izontal cross sections of the pulmonary valve and of
evaluating the number of cosps, the area or circum-
ference, and the diameters of the annulus. Although
the short axis of the annulus could be reconstrucled in
all but 1 patient, the capability of imaging the leaflets
is highly dependent on their original echo density,
Moreover, because all patients with RVOT lesions
had a Faliof-type anomaly, the small size of the pui-
monary valve and the pulmonary artery also influ-
enced the reconstruction, since the resolution was
insufficient.

Three-dimensional cchocardiography makes it pos-




3DE OF OUTFLOW OBSTRUCTION

91

sible to obtain a data set that can be scanned to
determine the smallest luminal area and the degree of
obstruction, as well as its length. Extension and se-
verity of the outflow tract lesion are adequately char-
acterized and may provide data that allow a more
specified surgical approach. With regard to assess-
ment of the outflow Iract after operation, further stud-
ies should be undertaken.

In conclusion, 3D echocardiography allows ade-
quate assessment of both LVOT and RVOT, provid-
ing a more realistic visualization. Tt provides addi-
tional information for a more complete diagnosis, as
well as for surgical planning,
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3D-Echocardiography as a Diagnostic Aid for Surgery in Tetralogy
of Fallot

A, Dall 'Agam‘r'z, S McGhr'ez, EJ Metjboomj, JRTC Raelm:d!z, AL JC Bogersl

Background: Cument 2-dimensional echocardiography
does not always completely disclose the surgical anatomy of
tetralogy of Fallot {TF).

Methods: Fifteen patients (range 4 months-61 years), un-
dergoing surgical repair for TF, were examined by 3-dimen-
sional {3D) echocardiography. Location and size of the ven-
tricular septat defect (VSD), location and depree of right
ventricular oniflow tract (RVOT) obslruction, degree of over-
riding aona and imaging of coronary arteries were randomly
analyzed, Morphelogical accuracy was assessed postopera-
tively by comparison with surgical findings.

Resulis: In 14714 data sets the VSD was accorately recon-
sirucied, In the 11 datasets of the RVOT, 3D-echocardiogra-
phy showed 10 sub-pulmonary obstructions, 3 bicuspid put-
monary valves and in 3 others a hypoplastic pitlmonary trunk.

There was gortic overriding of about 50% in 13 patients, less
than 50% in 2 patients and more than 50% in | patient. Origin
and path of coronary arteries could be assessed in only 2
patients. The accuracy of the morphological findings was
confiemed by the surgical findings n all the reconstructions.

Conclusion: 3D-echocardiography accurately assesses the
features of surgical interest in TE. The anatomical insight is
improved by depth perception, 3D-echocardiography might
be used as an additional took in determining surgical strategy
inTH

{CVE, 2000; 5 (1): 21-25)

Key words: tetralogy of Fallot, surgical anatory, 3-dimen-
sional echocardiography

Introduction

Three-dimensional (3D) echocardiography has been pro-
posed as a new technigue enabling to improve the under-
standing of the anatomy of congenital heart disease by simu-
tating the surgical views (1), Although at present the clinical
applications are still limited, 3D-echocardiography altows
virlwally realistic imaging and analysis of particular struc-
tures of 1he head, for instance atrial and ventricular seplal
defect (VSD) ond different types of ouiflow obstruction
{2-6). In this regard tetralogy of Fallot (TF) is a specific
morphelogic entity, which encompasses a wide spectrum of
morphiological subsets (7). In TF there is still a number of
patients in whom intraoperative assessment is required on the
V3D and the right ventricufar outflow tract {RVOT) (7).
Accurate assessment of these anatoic variations is essential
for the surgical intervention. The present two-dimensional
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(2D) diagnostic methods do not always provide all the details
necessary for diagnosis as well as intraoperative deciston
making, because 2D-echocardiography is limited to selected
cross-sectional views, underestimating the complex 3D-ana-
tomy of congenital heart disease.

The aim of this study is to assess the accuracy of 3D-echo-
cardiography in morphological diagnosis of TF and to evatu-
ate its potential role in the preoperative assessment of TE

Methods

Study Population

Fifteen patients (10 male and 5 female) undergoing surgi-
cal repair for TF, were studied. The mean age was 10 years
(range 4 months-61 years), Three patients were adults (age
18-61 years) and 12 were children (age 4 months-6 years).
The mean body surface area {BSA) was 0.7 £ 0.6 m’ (range
0.3-2.1).

ID-Echacardiography

Image acquisition was performed with a Toshiba SSH
140-A (Toshiba, Otawara-Shi, Japan) or HP 1500 (Hewlel-
Packard, Andover, MA, USA)echo-system. The video ontput
was interfaced 1o the 3D-reconsiruction sysiem Echo-sean
3.0 {TomTec, Munich, Germany) (8). Seven paticnis were
studied by transthoracic approach and 8 by wansesophageal
approacl, Transesophageal echocardiography in chitdren
was performed using the Minimulti probe (Oldel ft, Delft, The
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Netherlands), which operates at a frequency of SMHz, while
transthoracic echocardiography was performed with a 3.5
Mz probe. All children were studied under generad anesthe-
sia, just before surgery. The adult patients were siudied in the
laboratory of echocardiography. Twenty-four volumetric data
sets were totally acquired by rotational scanning at 2 degree
intervals for 90 steps, applying EKG gating and respiratory
gating {8). The transducer was placed in different positions on
the chest or at different tevels in the esophages in order to
obtain the view which best displayed the padicular region of
interest, Volumetdc data sets of VSD were acquired in 14
palients, of the RVOT in 11 patients. In the optimal echo-
cardiographic window, care was taken lo keep the region of
interesi in the center of the scanning-sector and to include the
surrounding structures like the fricuspid valve and the aortic
valve for further spatial orientaticn. Acquisition time was 3 10
5 minutes for a rotation, depending on ke heart rale of the
patient. The stered data were processed off-line and presented
as a conical voJumelric data set (8). The data processing time
was 20 to 30 minutes per dala set, depending on the size of the
data set.

Three-D-reconsiructions were independently done by two
observers {AD, JMcG). From the obtained volumetric dafta
set, cut-plancs were sefected using the anyplane mode in order
te visualize the interventricular septum on its left and right
surface and in its longitudinal cross-seciion {3,4). The outflow
tract was displayed along its longitudinal axis and b horizon-
tal cross-scetions at different angles and distance, from above
the annulus of the semilunar valve and fsom below the ob-
struction, by scanning the data set {3). A grey level threshold
was applied on the dynamic computer-generaied 2D-cut-
planes in order ko separate the ohject from the background.
Thus, 3D-dynamic images with depth perception were created
{8}, The time for a reconstiuction was [0 to 15 minuics,
depending on the complexity of the acquired data set.

Surgery

All palients were operated through median sternotemy vs-
ing cardiopulmonary by-pass with acrta and bicaval cannula-
tion, moderate hypothermia and aortic cross-clamping with
cardioplegic amest,

InaH patients the VSD was closed with a Gorelex® patch. In
5 patients the RVOT was recensiructed by transatrial-
transpulmonary approach with pulmonary valvotemny and
resection of infundibular obstruction, In 7 patients a transan-
nular patch was inserted of autologous gluteraldehyde pre-
treated pericardiuem. In 3 adubt patients the RVOT was primar-
ity repaired with the use of a pulmonary allogealt,

There was no hospital mortality. Theee were no complica-
tions related to the 3D-echocardiography.

Data Analysis

The lecation, margins and size (largest antero-posterior and
supero-inferior diameter) of the VSD as well as the spatiak
relatiunship with the iricuspid vilve and with the amtic valve
{degree of overriding) were analyzed on 3D-echocardio-
graphic images. The lecation, the nature and the degree of the
RYOT obstruction were assessed. The degree of aortic over-
riding was visnally assessed from the rendercd herizontal
cross-section of the aortic valve, reproducing the surgical
viewpoint and described as less than, equal Lo or more than

50%. The nuntber, origin and path af the coronacy arlerics
were assessed from the dala sels containing the acrlic roct.
All measurements were expressed as mean * standard de-
viation (SD).
After reconstruction the 3D-images were subniitied 1o the
altending cardiac surgeon, for assessing the morphological
accuracy of the ID-reconstruction.

Results

YSb

In nfl 14 data sets of the VS could be reconstructed from
the right veulricular perspective (feasibitity 10015%). The V5D
was in all sets perimembranous with extension to the cutlel
septum and was in sub-acitic position, ‘The complete margins
of the VSD as well as the spatial relation with the ticuspid
valve and the RVOT were visualized (Fig. [}. All 3D-recon-
structions were morphologicalty confirmed by the surgical
findings (sccuracy 100%).

The largest diameter of the VS in the anteio-posterior
direction was 14 + 7 mm and the largest diameter in the
supere-inferior direction was H £ 8 mm.

Overriding Avria

in 15 out of 24 data se1s an adequate shart-nxis of the aortic
valve could be reconstiucted {feasibilily 63%5). The degree of
overiding of the aorta was assessed as S0% in 13 patients, less
than 50% in 2 patients and more than 50% iu ene patient (Fig
2) (accuracy 100%). Computer-generated horizental cross-
seclions of the aortic rout aflowed visualizing the vrigin of the
left cotenary artery in 2 patients (feasibility [3%). The right

Flg. 1: 3D-reconstructed image of the right ventricular
surface of the venliicular sepium. The position and geo-
mefry of the VSD and ils spatial distribution with respect
to the lricuspid and aortic valve and the RVOT are
displayed (arrow) Ao: aortic valve, PA: pulmonary arfery,
RVOT: right veniricutar cutfllow tract, TV: tricuspid valve,
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(A}

Fig. 2: 3D-reconstruction and analysis of the RVOT.

A) 2D computer-generaled long-axis of the RYOT. Hori-
zontal culplanes through the pulmonary valve plane (a
level al dolted Iine a) and through the subpulmonary
obslruction (a level at dolled line b). B) the volume-ren-
dered Image derived [ron level a shows a thickened and
hicuspid pulmonary valve. C} the 2D computer-genera-
ted cross-section derived from level b shows the small-
esl luminal area of the RVOT. Ao: aottic valve, TV.
tricuspid valve, RVOT: right ventricular outilow tracl.

coronary artery was no! visuabized, The course of the coro-
nary aderies could be followed for 1-2 em. Accuracy could
nut be determined becituse in none of the patieats the norta
was opened.

RYOT Gbslrucilon

Ten cul of 11 3D data scis containing information aboul the
RYOT were adequate for analysis ({feasibility 90%). Obstruc-
tions below the pulmonary valve level were visualized in all
patients. In 5 patients the infundibulum was hypoplastic, In
the renedning § patients there was i fibomwiscuba steaosis
of the infupdibulum, with a mean length of 0.6 £ 0.3 cm
{range 0.3-0.8 cm) and a mean distance from the pulmonary
valve of £.6 £ 0.4 cm (range 1.3-2.2 em) (Fig 3). The mean
smallest RYOT diameters were 0.7 2 0.2 cm (range 0.5-0.9
ceny) and 0.5 £0.1 cm (range 0 5-0.6 cm). The mean smillest
RVOT area was 0.7 = 0.7 cm® (range 0.2-1.8 em’, arca/BSA

By

<)

1.8 & 1,6 cn™m?). The anatomy displayed on the 3D recon-
steuctions was confirmed by the surgical findings (accuracy
100%).

The pulmonary valve was reconstructed and analyzed from
a computergenerated short-axis cross-section in 9 data sels.
The number of leaflets could be determined in 8 out of §
reconstructions (feasibility 89%). Fhiree bicuspid and 2 tri-
cuspid valves were identified and confirmed by surgery (ac-
curacy 100%). The mean puhmonary valve diameters were
antero-posteriorly 1.1£0.5 cm (range 0.5-1.8 em) and latero-
laterally 1.0 £ 04} em (range 0.6-1L.5 cm). Thc mean anaular
area of the pulmonary valve was 1.2+ 1.0cm’ (range 0.3-2.8
em?, area/RSA 102 24 cm H').

‘The pulmonary trunk ceuld be imaged for 2-3 cin of lenglh
in 9 out of the 10 data sets {feasibility 914). In 3 patients the
pulisonary trunk was hypopfastic, which was confirmed by
surgery. In olf the remaining patients the pulmonary artery
was normal.
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Flg. 3: Aorta overriding as seen from a surgical point of view, The intervenltricufar seplum is displayed beneath the
aorlic valve {arrow). From lhis view It is possible to estimate the percentage of aorta above the right ventricle. in A)
there Is a minimat overriding of the aortic valve, while in B} itis about 70-80%. Ao: aorlic valve, IVS: interventricular
seplum, MV: mitral valve, TV: ricuspid valve, PV; pulmonary valve.

Conclusions

Primary suigical repair of tetralogy of Fallot essentiatly
consists in closing the VSD preserving an unobstrucled oul-
flow of the [eft ventricle (o the zortic valve oud in creating an
adequate oulllow from the right ventricle to e pulimonary
artery, preferably with a competent pulmenary valve, The
approach te repair requires good exposure of the infurdibular
chstruction, the dimensions of the RVOT and the pulmonary
arteries in ozder to allow an optimat repair and minimize the
operative risks and management (9}, Therefore, aclear mental
image of the morphology is needed prior to surgery.

Diagrostic assessment was unlil recently mainly done by
angiography, but it has been gradually substituted by 2D-
echocardiography (10,11). it has been shown that the latier
pives accurate information in selected patients (10). Elowever,
informotion offered by 2D-echocardiography, concersing the
spatial distribution of the structares and their geometry, is
limited, Imaging of the lesion from several windows and their
sequential mental integration is required in order tobuild upa
3D-picture. Morcover, evaluation of shape and size of the
lesion is based on geemelrical assumptions.

In our study we reconstructed in a 3D-fashion the most
important features of TE, using views which resemble the
surgical perspective. We demonstrated that 3D-echocardiog-
raphy adequately displays the V513, the morphology of the
RVOT obstruction and the degree of overriding of the aorta.
The V5D in TF is not a simple hole lying in one single plane.
Anatonically, there is a cone of space beneath the suetic valve
[eaflets extending down to the crest of the venlricutar septum
in which any plane can be considered as part of the defeet (7).
3D-reconstruction of the VS from the right ventsicular sur-
face easily represents its bocation in the ventricular seplumand
its geometry. All the margins are identified in one single view.
It provides the visualization of the right margin of the defect,
Jjust like in the surgical view at closure of the defect. This

margin allows to categorize the defect and, consequently, to
assess the anatomy of the conduction system (73,

3D echocardiography enables 1o assess the RVOT abstruc-
tion at any level. Horizendal cross-sections Mrough the oul-
flow tract altow to evaluste the nature ind extension of the
infundibular lesion, and 10 measure its degree of obstruction.
The anatomy of 1he pulmonary valve is fairly well displayed,
although the accuracy of the reconstruction is affected by
echocardiographic drawbacks, such as echogeaicity of the
structure or suitable echocatdiograpiic window. Additions
information might be derived by the possibility to measure the
area of the pulmonary annutus, which could be used for better
sizing and, eventeally, selection of a puhnonary homegraft.

Adequate preopeeative information en the degree of vver-
riding of the aorta in TF is helplu] in deciding 1he repair
technigue (9,12). Estimation of aotic overriding is usually
done from loagitudingl 2D cross-section of the left ventricle,
However, this method depends on the angulation of the ulira-
sound probe. Tn our study we evaluated the degree of overrid-
ing of the aortic fren 3D-reconstruction of the surgical view.
Results were the samie as surgical findings, pointing al the
aceuracy of this methed in this regard.

On the other hiand, from our study it is not possible to derive
a conclusion regarding 1he feasibility asd the accuracy of
evaluation of the corenary arterics, which is anotherimpertant
aspec! for cerrection of TR Although 3D-imaging of the
coronary arteries bas been successfully investigated in adult
patients {13,14), we did not achieve the same resulls in our
stady population. A Hkely explomation is that the cotonary
arteries of these patients are of small size aud the resolution
power of cur echoequipment was not sufficient for their
fmaging.

Despite the advances in computer technology, 3D-echo-
casciography is cureently not available as a rousine technique.
A variable time for optimal acquisition, processing of the data
sets and 3D-reconstniction is still necessary and makes it an
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off-line technique. Furthermore, profouad knowledge of nor-
mal and paihologic anatomy and long leaming curve are
indispensable for correct orientatien, reconstruction and final
interpretation of the images, Imaging resolution and draw-
backs of 2D-echocardiography may affect the 3D-echo-
cardiography results (14).

In conclusion, 3D-echocardiography provides accurate in-
formatien on the most imporant anatonticat features of TR
Three-D-echocardiography might help in reducing the time
of intraoperative inspection and therefore anticipating on
more adequate surgical reconstruction of TE,
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CHAPTER 9
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ABSTRACT

Background Our study was designed to determine the feasibility of three-dimensional

echocardiographic (3DE) aortic valve area planimetry and to evaluate potential errors
resulting from suboptimal imaging plane position.

Methods and Results Transesophageal echocardiography with acquisition of immages for
3DE was performed in 27 patients. Aortic valve orifice was planimetered in two-dimensional
echocardiogram (2DE} and in two-dimensional views reconstructed from 3DE datasets
optimized for level of the the cusp tips. To evaluate the errors caused by suboptimal cutplane
selection, orifice was also measured in cutplanes angulated by 10°, 20° and 30° or shified by

1.5to 7.5 mm.

Planimetered orifice areas was similar in 2DE and 3DE studies: 2.09 + 0.97 cm® vs 2.07 +
0.92 em®. Significant overestimation was observed with cutplane angulation (0.09, 0.19 and
0.34 cm?® at 10° increments) or parallel shift {0.11, 0.22, 0,33, 0.43 and 0.63 cn?’® at 1.5mm
increments). 3DE measurement reproducibility was very low and superior to that of 2DE,
Conclusions 3DE allows accurate aortic valve area quantification with excellent
reproducibility. Relatively small inaccuracy in cutplane adjustinent is a major source of
errors in aortic valve area planimetry.

(Am Heart J 1998;135:995-1003)
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Intfroduction

Two-dimensional (2DE) and Doppler echocardiography are principal noninvasive tools
used to obfain quantitative information concerning the aortic valve, In {ransthoracic
echocardiography, the most common approach includes Poppler evaluation of aortic valve
flow, enabling quantification of transvalvular gradient and vaive resistance. Valve area
calculation is usually indirect, based upon the continuity equation.! Transesophageal
echocardiography provides a better acoustic window and superior image resolution, enabling
direct aortic valve area planimetry in the majority of patients.”® This approach has been well
validated and the best results are achieved by multiplane transesophageal probes. However,
in some patients an optimal hwo-dimensional imaging plane for true aortic orifice cannot be
obtained, which leads to area overestimation. Recently introduced, three-dimensional
echocardiography (3DE) allows the objective visualization and quanfification of cardiac
structures, ™' The method can be used for the imaging of the aorlic valve, ™ but its value
for area planimetry has not been assessed. Our study was conducted to analyze the feasibility,
accuracy and reproducibility of the measurements of aortic valve area in two-dimensional
views reconstructed from a 3DE dafaset. In addition, the unique opporiunity of unrestricted
cutplane manipulation in registered dataset allowed us to quantify the errors resuiting from

planimetry in suboptimally selected cross-sectional images.

Methods

The study group consisted of 7 patients with normal zortic valves and 20 consecutive
patients with aortic valve abnormalities diagnosed by fransesophageal echocardiography and
subsequently undergoing transesophageal study. All patients were in sinus thythm, The group

included 13 wonten and 14 men of mean age 53.2 & 17.7 years (range 22-82}. Aortic
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pathology included 3 patients with bicuspid valve and 15 patients with acquired valve lesions;
2 patients had undergone aortic valve replacement with Ross procedure. Calcification of the
aortic valve was identified in 5 patients. There was no preselection of the patients for 3DE
exantination based on two-dimensional image quality,

Two-dimensional echocardiography was performed using a Toshiba SSH-140A
system with a 5 MHz, 64-element multiplane transesophageal transducer and a transthoracic
3.75 MHz probe. In the transesophageal study, standard precautions, patients preparation and
probe insertion procedure were followed as described elsewhere. "° For the aortic valve area
planimetry, a short-axis view of the aortic valve, optimized for the smallest orifice area was
used. The gain was set af the lowest value providing complete delineation of cusps.

Transthoracic imaging was used to collect the data used in continuity equation, Left
ventricular outflow tract (LVOT) diameter was measured immediately below the aortic
anulus in a long axis parasternal view and its area was calculated assuming a circular
geonetry. The LVOT flow velocity was registered at the same level using puised wave
Doppler in apical five-chamber view. The peak transaortic flow velocity was measured with

continuous wave Doppler from the apical, right parasternal or suprasternal window.

Three-dimensional echocardiographic data acquisition and processing

Informed consent for three-dimensional echocardiographic examination was obtained

from ail patients. After the diagnostic multiplane transesophageal study had been finished,

the probe was located at mid-esophageal level. A test sequence with 180° rotation of the

transducer array was perforined to ensure whether the aortic valve is encompassed within the

conical acquisition volume. The basic images were acquired at 20 intervals and sampled at



106 CHAPTER 9

25 Hz using a 3DE system (Echo-Scan 3.0, TomTec GmbH, Munich, Germany). The system
has been described in detail elsewhere. *
Data processing was performed off-line by the analysis program of 3DE system.

Rewritable optical disks were used for the permanent storage of data.

Aortic valve area measurements

Two-dimensional cchocardiography. After the identification of the video frame with
the maximal opening of the aortic valve in early systole, the area was measured by tracing of
the inner cusps contours using a digitizing tablet, The mean value of five conseculive
measurements was calculated. Measurements were made independently by two experienced
observers, blinded to each other’s results. Additional measurements were performed after 7
days for the evaluation of the intracbserver variability.

Aortic valve arca measurement by continuity equation. Planimetry of a stenotic
aortic valve may be less reliable due to orifice non-planarity and calcifications, Therefore, in
the subgroup of patients with planimetered aorlic valve area below 2 e, additionat
calculation of aortic valve orifice area was performed using the confinuity equation. ' The
mean value of five consecutive measurements was calculated.

Anyplane 3DE. The dataset was used to generate two-dimensional cross-sectional
views of the aortic valve at its maximal opening during a heart cycie, A series of long-axis
views was displayed as a reference for localization of the level at which the separation of
aortic cusps tips was smallest (Fig 1}. A cut-line was placed at this level and a corresponding
orthogonal {short-axis) view was reconstructed. Subsequently, a fine angulation of this cross-
sectional image was performed to ensure a continuous orifice outline. This optimized view

was used to trace the inner contour of acrtic cusps using the 3DE system software. The mean
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value of five consecutive measurements was calculated. Measurements were made
independently by two experienced observers, blinded to each other’s results and to those
from two-dimensicnal planimetry. These measurements were repeated after 7 days for the
evaluation of intraobserver variability.

Evaluation of suboptimal cutplanes, To evaluate possible errors in aortic valve area
calculation, a series of suboptimal valve cross-sections images was analyzed. Aortic valve
area was measured in five paralle! planes shifted toward the aortic anulus in 1.5 mm intervals
and in three planes, angulated by 10, 20 and 30 degrees from the initially selected, optimal

plane through the valve (Fig 1), The mean value of three consecutive measurements was used

for each plane,

7.5mm<>0 0102030

/—

)

' 4—:"'// j

Figure 1. The principle of two-dinensional echocardiogtaphic planimetry error evaluation. Left pane -
cutplane adjustment with parallel shifts towards the anufus at I.5mm interval from the optimal plane. Right

panel - cutplane angutation at 10° interval from the optimal cutplane,
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Statistical analysis
All data are expressed as mean + standard deviation. Linear regression was used to

evaluate relations befween measurements obtained with two methods and Bland-Aliman "
analysis was performed for agreement assessment. Limits of agreement were defined as
mean +1,96 times SD of differences. Repeated-measures analysis of variance (ANOVA)
was used to assess the influence of imaging plane shift and angulation on measurement of
the aortic valve area. Pairwise comparisons against the optimal plane were performed with
the Dunnett test. A value of p < 0.05 was considered statistically significant, Equality of
variances was tested with F test. Observer variability was expressed in coefficients of

variation (calculated as SD of differences between measurements divided by the mean

area value).

Results
Feasibility of 2D and 3DE aortic valve area measurements

Transesophageal echocardiography with image acquisition for 3D reconstruction
was successfully performed in all patients. Additional examination time required for the
calibration procedures and the 3DE data acquisition never exceeded 10 minutes. The time
required for data postprocessing ranged from 5 to 15 minutes and for image analysis -
between 5 and 15 minutes.

In 2DE, aortic valve planimetry was feasible in 26 of 27 studies (96%): in one patient
an adequate short-axis image of the aortic valve could be obtained, Planimetric
measurements of aortic orifice in reconstructed anyplane views, optimally positioned at the

level of cusp tips couid be performed in 26 of 27 patients (Fig 2). In one 3D dataset the
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measurements were precluded by a motion artifact; minor artifacts, not interfering with aortic

valve planimetry were found in six other studies.

Figure 2. Paraplane echocardiography using the three-dimensional dataset of a patient with a stenotic aortic
valve. All the two-dimensional views are computer-reconstructed A, reference long-axis image enabling
placement of short-axis cutplanes at different levels through the valve (distance between cutplanes L5mm) (B
through G}, Optimized short-axis cross-section through the orifice at the level of cusp tips is shown in B,

Images in H and T (shifi of 9mm and 10.5mm} did not contain the area information and were not used for

analysis.

Aortic valve area measurements

Head-to-head analysis was feasible in 25 patients (one exclusion because of low quality
2DE planimetry and one due to a large artifact in 3DE dataset). Aortic valve area measured in
2DE ranged from 0.6 to 4,31 cm? (mean 2.09 & 0.97 em®). The values obtained in three-
dimensional planimetry were similar, ranging 0.64 to 3.92cm’® (mean 2.07 £ 0.92 cm?).
Excellent correlation between the area estimates in both methods was found: r=0.982,
p<0.0001, y = 1.033x -0.04, SEE=0.19 cm’ (Fig 3). Mean difference between methods was

not statistically significant with close limits of agreement {0.02 £ 0.19 cm?) as shown in Fig.

3.
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Figure 3. Anyplane echocardiography with three-dimensional dataset of a patient with a bicuspid aortic
valve. AH two-dimensional views are computer-reconstructed Optimized short-axis cross-section through
the orifice at the level of cusp tips is shown in B. A displays reference long-axis image enabling placement
of tangulated cutplanes (C, 10 degrees; D, 20 degrees; E, 30 degrees). F is a cormesponding volume-

rendered view, not used for dircct planimetry with current sofhware,

Additionally, three-dimensional planimetry results were compared with aortic valve area
calculated using the continuity equation in the subgroup of 11 patients with planimetered
aortic valve area <2 cm? There was no significant difference (bias=-0.06+0.11cn’, p=NS)

and a close correlation (#=0.954, p<0.0001, SEE=0.09cm?) between the area estimates

obtained by 3DE and continuity equation (Fig.4}.
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Figure 4. Upper panel, Plot of agreement between 2DE and 3DE estimates of the aortic valve area. Difference
in area {y axis) is plotted against mean value of two measurements {x axis). There are close limits of agreement
between the values obtained by the two methods (-0.34, +0.40). Lower panel, Linear regression plot of area

values obtained in 2DE (x axis) and 3DE (y axis).

Importance of optimal cutplane position,

A significant area overestimation (O) was observed at each cutplane angulation (O =
0.09 em? at 10 degrees, 0.19 cm? at 20 degrees and 0.34 cm? at 30 degrees) and confirmed by
repeated-measures ANOVA (p<0.001) with Dunnett fest. Overestimation was lincarly
correlated to the angle (=0.992, p<0.008). Similarly, every parallel shift of viewing plane
caused a significant overestimation of the area {O = 0.1lem¥%1.5 mm, 0.22cm?/3 mm,

0.33cm¥%4.5 mm, 0.43cm®6 mm and 0.63cm’7.5 mm; ANOVA p<0.001, Linear correlation
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of overestimation and plane shift was found (7=0.993, p<0.001). The degrec of error was not
correlated with the optimal planimefered area of the valve. The influence of cutplane

optimalization on mean measured valve area is summarized in Fig. 5,

4
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Figure 5. Bar plot demonstrating an increase in measured aortic valve area in angulated (30,20 and 10 degrees)

cut-planes and parailel shifted (£.5, 3, 4.5, 6 and 7.5 mm) compared with optimal cutiing plane.

Variability

Infraobserver and interobserver variability of aortic valve area planimetry in 3DE was
very low (mean difference 0.03 £ 0.08cw’, 0.01 + 0.11em?® respectively; coefficients of
variation: intraobserver 3.9%, interobserver 5.3%). The variability of 3DE measurements

compared favorably against 2DE: mean intraobserver difference 0.04 & 0.10 e’ coefficient
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of variation 4.8%, F test against 3D: p=NS§ and mean interobserver difference 0.10 £ 0.21

cnt’, coefficient of variation 10.0%, F test against 3D: p= 0.002.

Discussion
Invasive aortic valve area quantification

The formula of Gorlin and Gorlin, " introduced in 1951, is still used as a reference
method for aortic valve area calculation but its significant limitations are known, * The area
estimates are clearly flow-dependent and related to the functional rather than anatomical
orifice. In practice, it is sometimes difficult to obtain accurate values for cardiac output and a
mean transvalvular pressure difference. The method requires tedious standardization and due
to the invasive character is expensive and not suited for everyday routine use and repetitive
studies. Recently described, accurate measurement of aortic valve area with intracardiac
ultrasound probes shares the same limitation. ™' Nowadays, the use of pre-operative cardiac
catheterization for the assessment of aortic stenosis severity is decrcased and reserved for
patients with inconsistency between clinical symptoms and non-invasive imaging data.

Therefore, a need exists for a cheaper, noninvasive technique for the calculation of the aortic

valve area.

Two-dimensional echocardiographic assessment of the aortic valve
Transthoracic 2D and Doppler echocardiography are the main techniques used for the
noninvasive assessment of aortic valve stenosis, Aortic valve area can be calculated with the
continuity equation but small inaccuracy in data collection may result in major error, Direct
planimetry of the aortic valve area is limited by valve calcifications and not widely used in

clinical practice. This may improve with better images of new generation echocardiographs.”
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Most limitations encountered in precordial studies are overcome by transesophageal
approach. The use of the continuity equation for aoriic valve area caleulation with this
modality has been reported recently. ™ A more common and simple approach, however, is to
measure aortic valve area using direct planimetry. Higher frequency ultrasound transducers
providing better image resolution with no chest wall interference enable such evaluation and
yield reliable values of aortic valve area. The method has been well validated and provides
values close to those calculated with the Gorlin formula, >° A recent study by Kim et al. ¢
demonstrates that the acrfic valve area estimates from both methods are practically
equivalent, Optimal feasibility and accuracy was found with multiplane transesophageal
echocardiography, due o easier image plane manipulation than single plane or biplane
probes. **! The variability of transesophageal echocardiographic planimetry of the aortic
valve area in our study is similar to the values reported previously. 2%

Although the results obtained with transesophageal 2DE are encouraging, the
alignment of viewing plane with real short axis of the aortic valve is subjective and remains a
major problem. During the data collection there are no obvious anatomical landmarks
confirming that imaging plane is positioned at the smallest anatomical area, which is at the
tips of aortic cusps exactly in the plane of the valve orifice. To the best of our knowledge, the

quantitative aspects of improper cutplane location on aortic valve area guantification have

nof been investigated.

Three-dimensional echocardiography
The reconstruction of cardiac morphology from 3DE datasets represents a major
advance in noninvasive imaging techniques. The structures of the heart can be displayed in

"anatomical" or "surgical" perspectives, 2 with direct perception of correct spatial refations.
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Recognition of complex anatomy and pathology is thus facilitated. > Three-dimensional
reconstruction of the aortic valve with transesophageal approach is feasible and provides
reliable  information in  various types of pathology. "M  Three-dimensional
echocardiographic datasets allow unrestricted off-line manipulation, unlike the images stored
on videotapes. Off-line reconstruction of any desired view, even not present in originally
acquired images can now be performed (anyplane mode). However, only preliminary data are
available about the quantification of aortic valve area with this approach. Good feasibility
and agreement versus Gorlin or continuity equation method 2** as well as direct
intraoperative measurements were reported. 2

An important part of our study was dedicated fo the evaluation of potential errors,
resulting from the measurements in inappropriate short-axis cutplanes. Significant
overestimation of the area was caused by as little displacement as 1.5mm parallel shift or 10
degree angulation. Overestimation was linearly related to angle or distance in the analyzed
range of values, Majority of images obtained at 10 and 20 degree angles or !.5mm and 3 mm
were clear and could be mistaken for the optimal short axis view, This identifies a potential
source of errors in two-dimensional studies taken by less experienced operators. Such
overestimation may be of clinical importance in borderline cases, considering that the
absolute magnitude of error was similar in valves with stenotic and with normal orifice. It is
noteworthy that this kind of etror analysis could be performed exclusively with use of three-
dimensional datasets, because no other technique allows the controiled modification of
cutplane parameters in the same analyzed heart cycle.

In our study, the feasibility of aortic valve planimetry in optimal cross-sections
obtained from three-dimensional datasets was good and similar to that obfained in 2DE. The

measurements of aortic valve area, obtained for a wide range of values, were in close
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agreement with those provided by two-dimensional planimetry and, in a subgroup of patients
with the most discased valves, by continuity equation. Excellent reproducibility of three-
dimensional measureiments compared favorably with two-dimensional data, the difference
reaching statistical significance for interobserver variability. This can be explained by the
unigue possibility of unrestricted off-line cutplane selection from the 3DE dataset, which
allows precise alignment of a viewing plane with the true orifice of the valve, In our study, a
long axis view of the ascending acrfa was used to optimize the selection of orthogonal short-
axis view. Such visual feedback can explain better reproducibility due to easier selection of

an optimal cutplane used for planimetry in three-dimensional dataset.

Clinical potential

The quantification of aortic valve area from three-dimensional datasets acquired using
a rotational method can be performed in the vast majority of patients. The time nccessary for
both reconstruction and selection of optimized two-dimensional imaging planes with modern
hardware is acceptable. However, the method is more time-consuming, howevet, than 2DE
and requires some experience for efficient data manipulation. The possibility to reconstruct a
short-axis image of aorlic orifice from original imaging plancs, aligned parallel to the long
axis of the valve, provides a potential to minimize the artifacts caused by calcifications as the
artifacts are cast off the plane of aortic orifice,
Three-dimensional planimetry of the aortic valve can be an additional tool in equivocal cases

and, due to its low variability, might be useful to monitor the progression of borderline aortic

valve stenosis.
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Limitations

Invasive aortic valve area assessment with Gorlin formula, still considered as a
reference method, was not available in our patients. However, recent studies suggest that the
Gorlin formula and multiplane transesophageal planimetry provide very similar values of
aortic valve area.® Transesophageal data collection can be considered semi-invasive but
transthoracic images of a thin, rapidly moving object such as aortic valve do not provide
sufficient quality of data for reliable three-dimensional reconstruction and area quantification
in majority of adult patients,

The flow-dependence of aortic valve area is another potential source of variability in
studies comparing different quantitative technigues, particularly when measurements are
taken at different time points and under variable medication regimens. In our study, however,
all measurements were taken within one hour (including iransthoracic imaging) in
hemodynamically stable patients so that significant changes in cardiac output were unlikely.
As regards the error evaluation, the measurements were taken from the same dataset as the
optimized 3DE planimetry and this source of variability was completely eliminated,

Despite technological progress, three-dimensional technique is still subject to
limitations. The acquisition of images may be complicated in patients with very irregular
arthythmia. Inadvertent patient or transducer movements during data acquisition often
produce significant artifacts in three-dimensional datasets. In our experience, a rotational
transesophageal approach provides a sufficient stability and appropriate instructions given to
a patient before the procedure help to acquire acceptable quality data. Spatial and temporal
resolution of computer-reconstructed two-dimensional views are worse than original two-
dimensional data, possibly leading to area underestimation. However, the agreement of both

methods was good in our study, suggesting sufficient three-dimensional data quality. Finally,
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current software does not allow area measurements in volume-rendered three-dimensional
views, which provide most direct visual information about the valve orifice (Fig. 3, ). This

implementation may simplify the planimetry procedure in future sofiware updates.

Conclusions

Our study demonstrates that 3DE can be used for aortic valve area planimetry with
excellent reproducibility. The results are in close agreement with transesophageal two-
dimensional planimetry and continuity equation estimates. Our observations confirm the risk
of significant, clinically relevant aortic valve area overestimation resuiting from relatively
smalt inaccuracy in fwo-dimensional imaging plane adjustment. Off-line cutplane
optimization, feasible in three-dimensional datasets, improves measurement accuracy and

reproducibility by elimination of errors related to inappropriate viewing plane selection,
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CHAPTER 10

CONCLUSIONS

The smdies presented in this thesis were designed to assess the feasibility and the
accuracy of 3D echocardiography in the assessment of the most frequently occurring
congenital cardiac anomalies undergoing cardiac surgery. From our results we conclude that
3D echocardiography offers advantages and potentially increases the diagnostic assessment in
congenital heart disease.

First of all 3D echocardiography gives a realistic representation of the different
cardiac anomalies and renders in one single view the anatomy of the lesions and their spatial
relationships.
3D echocardiography is able to visualise a lesion from any point of view, It can reproduce the
surgical perspective and furthermore create a multitude of views with the potential to add
more information.
3D echocardiography is also an accurate and reproducible quantitative technique enabling to

measure the true dimensions of a lesion, without the need of geometrical assumptions,

3D echocardiography in the assessment of the atrial septal defect

3D echocardiography has the advantage to create an “en face” image of the interatrial
septum. The atrial septal defect is a distinet entity, which varies in shape and extension in the
septuin and has a more complex anatomy on the right side. 3D echocardiography creates
images of the secundum atrial defect with good anatomical accuracy and in 9% of our

population if gives additional information in comparison with 2D echocardiography,
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Moreover, 3D echocardiography allows to measure the area and both the aniero-
posterior and the infero-superior diameters of the afrial septal defect in one single image with
good intra- and interobserver variability.

It appears that the secundum atrial septal defect is a dynamic 3D structure, which is
relevant when closure of the defect with a catheter-based technique is considered. 30-40% of
patients with a secundum atrial septal defect are candidates for catheter closure,

An adequate image quality for qualitative and quantitative analysis of the atrial
septum defect is obtained wsing up to 8 degrees rotational interval. This implies a shorter
acquisition time and reduces motion artefacts, which is important for using 3D

echocardiography during the catheter-based device closure procedure.

3D echecardiography in the assessment of veutricular septal defects

3D echocardiography provides an accurate view on the anatonty of the VSD when
visualised from a right ventricular perspective. The location, size and spatial rejation of the
common VSDs are adequately idenfificd. Moreover, 3D reconstruction gives additional
information in 21% of the patients. The agreement on anatomy between 3D reconstructions
and intraoperative findings is good in all patients. The “en face” view of the VSD allows to

measure the diameters of the defect with a good intra- and interobserver variability.

3D echocardiography in the quantification of Right Ventricular Voltune
In this study we demonstrate that transthoracic 3D acquisition and reconstruction of
the right ventricle are feasible. The right ventricle of patients with different conditions and

malformations are acquired using transthoracic approach.
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3D measurements of right venfricular volume and function are accurate and
reproducible. Paraplane and omniplane methods have comparable measurement accuracy and

are more reproducible in comparison to the biplane approach for volume calculation.

3D echocardiography in the assessment of obstructive lesions of the right and left
ventricular outflow tract

3D reconstruction of both left and right ventricular outflow fract, at any level, is
feasible, either by the transthoracic as well as by the transesophageal approach, and may offer
advantages by providing more realistic information with depth perception.

3D echocardiography can display the shape, the extent, and the anatomical nature of
obstruction at subvalvular level. Volume-rendered reconstructions of subaortic obstruction
turn out to be more informative than those at subpulmonary level.

3D echocardiography gives a good delineation of the aortic and puimonary valves
anatoiny, on the number of cusps, on their anomalies and on their motion pattern. For the first
time, horizontal cross-sections of pulinonary valves are represented.

The analysis of supravalvular anomalies is also feasible. However, imaging of lesions
at suprapulmonary level is limited at the first 2-3 em, due to scarce lateral resolution and
limited acoustic window.

Furthermore, 3D echocardiography allows the measurement of the degree and
extension of obsfruction at subvalvular level, which gives a better characterisation of the

anomaly. Parallel scanning throughout the valve level allows the measurement of both aortic

and pulmonary valve annulus,
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3D echocardiography in the assessment of tetralogy of Fallot

3D echocardiography can be used for the analysis of more complex anomalies such as
tetralogy of Fallot, It enables fo assess the most important features of this entity.,

3D imaging of the right sided surface of the ventricular septal defect allows to identify
all the margins and consequently to categorise the defect and to assess the anatomy with
regard to the conduction system.

The obstruction of the right ventricular outflow tract can be displayed at any level. Its
nature, exfension and the degree of the narrowing is evaluated on horizontal cross-sections,
the pulmonary valves are visualised in their short-axis and the pulmonary trunk can be
followed over a limited distance,

The degree of overriding of the aorta is displayed and estimated in the same way as in
the intraoperative exposure. However, reconstruction of the coronary arterics was not

successfitl most probably due to limitations in resolution of the 3D data sets.

LIMITATIONS AND FUTURE DIRECTIONS

Despite the accuracy and the advantages in the representation of simple as well more
complex congenital heart disease, the actual 3D echocardiographic technique has some
limitations, which currently constrain a widespread and routinely use in the clinical setting.

The acquisition of the data set is relatively long. It requires 3 to 5 minutes per rotation,
depending on the respiratory and cardiac frequency triggering, in addition to the {ime needed
for the routine 2D echocardiography. The patient should not move doring the procedure, in

order to avoid artefacts, The latter is difficult to obtain in children especiaily when very smail.

Therefore sedation of the young patients is obligatory,
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Processing and reconstruction are still off-line procedures and require a special 3D
workstation, The time needed to process and reconstruct 3D images is considered one of the
major limitations of the technique. However, in the last years new software versions have
appeared in which the time requested for processing has diminished from 30-40 to 5-10
minutes regardless of the size of the 3D data set. Also the final creation of 3D images, so
called volume rendered images, has become faster. The effective time for displaying such
image has been reduced from 5 to less than 1 minute.

In addition, profound knewledge of normal and pathological anatomy and a possibly
long learning curve are indispensable for cormrect orientation, reconstruction and final
interpretation of the images.

Drawbacks present on 2D echocardiography will persist and sometimes be enhanced
in the 3D reconstructions, Resolution decreases during transfer of the original ultrasound data
from the 2D equipment to the 3D-acquisition system as a result of the resampling and
segmentation process. This is especially true for thin structures such as the Eustachian valve
and the Chiari network or a fenestrated valvula foramina ovalis. These stictures are
sometimes lost also due to their fast motion. The resolution is aiso differently distributed in
the 3D dataset. Furthermore the location of a defect may hamper to include the region of
interest in the conical dataset.

The awareness of these limitations is important for the correct interpretation of the images in
order to avoid diagnostic mistakes.

Iz the last few years further technical improvement has rapidly occurred. 3D
acquisition procedure can now be performed with special programs implemented in the
routinely nsed 2D echocardiographic equipment, Special ulirasound probes with incorporated

miniaturised rotational motor for both transthoracic and transesophageal 3D data acquisition
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have been developed. In this way mechanical problems due to the external motor which was
interfacing the probe and the computer acquisition system are avoided, The new transthoracic
probe has also become more user friendly and allows to receive images from any window
with much inore freedom in angulating the probe position. The use on the chest of very small
babies looks “less traumatic”.

Acquisition of Color-Doppler imaging has also become a reality, however further

fechnical improvement and clinical studies to define its role are necessary.
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CHAPTER 11

SUMMARY

Chapter 1 provides an introduction to the thesis. The clinical and scientific

background, the methodology and an outline of the thesis are brought to attention.

Chapter 2 gives an overview of the potential application of 3D echocardiography in
different congenital anomalies. The various anomalies are presented following the sequential

approach and their 3D aspects are described.

Chapter 3 is an evaluation of the diagnostic relevance of 3D echocardiography in the
assessment of secundum atrial septum defect. Qualitative and quantitative characteristics
were analyzed and compared with surgical findings. Intra- and interobserver variability was
assessed. 3D reconstruction of the secundum atrial septum defect was feasible in all the
acquired data sets. The gross anatomy of the atrial septum defect was confirmed by the
intraoperative findings in 91% of the cases. However the presence of membranous or
fenestrated remnants of the valvula foramina ovalis in the defect was not optially visualised
in 30% of the reconstructed septal defects. 3D echocardiography could provide additional
informatien in comparison with 2D echocardiography in 9% of the patients. Regarding the
location of the septal defect anatomical agreement lacked in 9% of the cases. On 3D
echocardiography the relation of the septal defect with the tricuspid valve could be assessed
in 91% of the patients, with the superior caval vein in 61%, with the inferior caval vein in 4%

and with the coronary sinus in 52% of the patients,
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Both the antero-posterior and the supero-inferior diameters were measured with good inira-
(=0.95, r=0,92} and interobserver (= 0.96, r=0.94) variability. Moreover, 3D images
displayed in motion showed that throughout the cardiac cycle there was a reduction in size of

both diameters of about 30%.

Chapter 4 is an evaluation of the largest rotational acquisition interval abie to assess
rapidly and accurately the morphology and the dimensions of secundum atrial septum defect.
Patients with a secundum atrium defect underwent 3D echocardiography acquisition with 2°
rotational interval. The images were processed fo result in data sets containing images at 2°,
4°, 8° and 16° intervals by excluding interadjacent images. Volume-rendered “en face” views
of atrial septal defects were created and their morphological aspects as their area and
diameters were measured, by 2 independent cobservers. Volume-rendered secundum atrium
septum defect “en face” views obtained from 3D data sets with original images up to 8°
rotational intervals were of adequate qualitative and quantitative quality. The inferobserver
variability was close with criginal images at 2°, 4°, 8° intervals than with 16°, The use of 8°
rotational interval for the acquisition of secundum atrium septal defect diminishes the
acquisition time from 5 to I minutes, In this way the acquisition artefacts can be avoided and

also the processing and reconstruction time can be faster.

Chapter 5 defines the clinical utility of 3D echocardiography in the assessment of
ventricular septal defects. It evaluates whether 3D echocardiography can accurately identify
and characterise, in patients undergoing surgery, the morphology of the ventricular septal
defect and assess its geometry and size. The results were compared with 2D

echocardiography and with the intraoperative findings, There was a compleie agreement on
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morphology of the ventricular septal defect between 2D and 3D echocardiography. 3D
reconstructions were of additional value compared with 2D echocardiography in 21% of the
patients, The agreement on anatomy between 3D reconstiuctions and intra-operative findings
was complete in all patients. Both antero-posterior and supero-inferior diameters of the
ventricular septal defects could be measured with a good intra- (==0.9, r=0.7) and
interobserver (r=0.9, r=0.9) variability. When the antero-posterior diameter measured on 3D
echocardiography was compared with those measured on 2D echocardiography the

correlation was modest (=0.6),

Chapter 6 evaluates the feasibility of right ventricular volume measurements by 3D
cchocardiography, Three different methods (biplane modified Simpson, omniplane and
Simpson’s methods) were applied and the resulls were compared with magnetic resonance as
the reference method. Finally there were no significant differences between measurement of

-right ventricular volumes and gjection fraction obtained from magpetic resonance and from
ID echocardiography. However, closer limits of agreement were found between magnetic
resonance measurements and both 3D Simpson’s and omniplane methods for end-diastolic
and end-systolic right ventricular volwme and gjection fraction respectively. Intraobserver and
interobserver variability was good (=0.90 and 0.99 respectively). Paraplane (or Simpson’s
method) and omniplane analysis provides more accurate and reproducible measurements of

the right ventricular volume and ejection fraction than the biplane modified Simpson method,

Chapter 7 is a comprehensive assessment with 3D echocardiography of the left and
right ventricufar outflow fracts at all levels. 3D reconstructions were sunitable for analysis in

100% of subvalvular- and supravalvular obstruction and in 77% valvular obstructions of the
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left ventricular outflow tract, 3D reconstructions were suitable for analysis in 100% of sub-
valvalar obstruction of the right ventricular outflow tract and in 50% of the valvular and
supravalvular level. Volume-rendering reconstructions were compared with surgical findings
and anatomical accuracy was ranging between 90 to 100%. Using 2D computer-generated

images extension and degree of subvalvular obstructions was determined.

Chapter 8 is an assessment with 3D dimensional echocardiography of the most
important features of tetralogy of Fallot. The ventricular septal defects were spatially located
and could be classified as perimembrancus type. The anatomical accuracy was confirmed in
all cases. From computer-generated short-axis view could be defined the degree of overriding
of the aorta, which was between 15 and 95%. Visualisation of the coronary arteries was
difficult: the left coronary artery could be visualised only in 13% of the patients, while the
right coronary artery could not be seen at ali,

Adequate reconsiruction of the right ventricular outflow tract at subvalvular and valvular
fevel could be obtained in around 90% of the patients with good anatomical accuracy when
compared with intraoperative findings. Using modified computer-generated cross-sections the
mean smalles area of obsiruction could be measured (0.7 cr®). The puimonary area was
reconstructed in 81% of the cases. The number of leaflets could be determined in 89% and

their anatomical accuracy was of 100%. The pulmonary trunk could be imaged for maximally

2-3 cm in 10% of the cases.

Chapter 9 is a study designed to determine the feasibility of 3D echocardiographic
aortic valve area planimetry and to evaluate potential errors resulting from suboptimal

imaging plane position. QOrifice area was similar in 2D and in 3D studies. The limits of
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agreemen! are close and their correlation is high (1=0.98). Significant overestimation was
observed with cut-planes angulation by 10 to 30 degrees or parallel shift by 1.5 to 7.5 mm.

Three-dimensional echocardiographic measurement variability was very low (coefficient of
variation: intraobserver 3.9%, interobserver 5.3%) and compared favourable against that of
two-dimensional  echocardiography (coefficient of variation: intraobserver 4.8%,

interobserver 10%).

Chapter 10 provides the conclusions of the project. The limitations and the future

directions of 3D echocardiography are discussed.
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SAMENVATTING

Hoofdstuk 1 geeft een introductie van het proefschrifi. De klinische en
wetenschappelijke achtergronden en de methodologie worden besproken en een kort

overzicht wordt gegeven,

Hoofdstuk 2 geeft cen algemeen overzicht over de potentiéle toepassing van 3D
echocardiografie in verschiflende aangeboren afwijkingen. De verschillende afwijkingen zijn

geanalyseerd volgens de sequenti€le benadering en hun 3D aspecten zijn beschreven,

Hoofdstuk 3 is cen evaluatie van de diagnostische rol van 3D echocardiografic in het
onderzoek van het secundum atrium sepfum defect, Kwalitatieve en kwantitatieve kenmerken
worden geanalyseerd en vergeleken met de intraoperatieve bevindingen., “Infra- en
interobserver” variabiliteit worden ook onderzocht. 3D reconstructic van het secundum
atrinm septum defect was mogelijk in alle opgenomen data sets. De anatomie van het
secundum atrium septum defect werd intraoperatief bevestigd bij 91% van de patiénten. Het
bestaan van membraneuze of gefencstreerde resten van de valvula foramina ovalis in het
defect kon echter nict goed vastgesteld worden bij 30% van de gereconstrucerde defecten. 3D
echocardiografie kon bij 9% van de patiénten extra informatie geven in vergelijking met 2D
echocardiografie. De locatie van het defect kon bij 9% van de patiénten niet volledig juist
gediagnostiseerd worden. Met 3D echocardiografie kon de relatie met de tricuspidalis klep
bevestigd worden bij 91% van de patiénien, met de vena cava superior bij 61%, met de vena

cava inferior bij 4% en met de sinus coronarius bij 52% van de patiénten,
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Zowel de antero-posterior als de supero-infertor diameter konden worden gemeten met cen
goede “intra-* (1=0.95, r=0,92) en “interobserver” (r=0,96, =0.94) variabiliteit,
De dynamische 3D beelden fonen aan dat tijdens de hart cyclus er een vermindering van 30%

van de defect grootte optreedt.

Hoofdstuk 4 bepaalt welke de grootste rotatie interval is, dat toch nog een
nauwkeurige reconstructie van het secundum atrium septum defect mogelijk maakt.
Patiénten met een secundum atrium septum defect ondergingen een 3D echocardiografisch
onderzock met een rotatie interval van 2°, Tijdens het verwerken van de data zijn daia sets
gecregerd met beelden op 2°, 4°, 87 en 16° afstand door de tussenliggende data weg te laten.
“Fn face” beelden van het atrium septum defect werden gecregerd en zowel morfologische
aspecten als oppervlak en diameters werden beoordeeld door twee onderzockers,
Reconstructie van het atrium septum defect in data sets met beelden tot 8° ro.tatie intervallen
waren geschikt voor morfologische en voor kwantitatieve metingen. De “interobserver”
variabiliteit was kleiner met 2° 4° en 8° beelden dan met 16°. Met het gebruiken van
maximaal 8° rotatie intervallen voor de acquisitie van een atrium septum defect werd de
acquisitie tijd van 5 minuten naar 1 minuut verminderd, Op deze manier kunnen acquisitie

artefacten worden vermeden en ook de bewerking en de reconstructie tijd worden versneld,

Hoofdstuk 5 beschrijit de preoperatieve diagnostische bruikbaarheid van 3D
echocardiografie in het onderzoek van ventrikel septum defecten, Het evalueert of 3D
echocardiografie in pati#nten die een chirurgische correctie ondergaan, met nanwkeurigheid
de morfologie van het ventrikel septum defect kan beschrijven en zijn diameters meten. De

resultaten werden vergeleken met 2D echocardiografie en met de intracperatieve



SAMENVATTING 137

bevindingen. Er was een goede overeenkomst in morfologie tussen 2D en 3D
echocardiografie. 3D reconstructic was van extra waarde vergeleken met 2D echocardiografie
in 21% van de patiénten. De anatomische overcenkomst tussen 3D echocardiografie en de
intraoperatieve bevindingen was 100%. Zowel de antero-posterior als de supero-inferior
diameter van het ventrikel septum defect waren goed te meten met een goede “intra-™ (r=0.9,
r=0.7) en “interobserver” (r=0.9, =0.9) variabiliteit. De correlatie van de gemeten antero-

posterior diameter tussen 3D en 2D echocardiografie was matig (1=0.6).

Hoofdstuk 6 onderzoekt de geschiktheid van 3D echocardiografie voor metingen van
het volume van de rechier ventrikel. Drie verschitlende methoden {biplane modified Simpson,
omtiplane and Simpson’s methode) werden gebruikt en de resultaten zijn vergeleken met
magnetische resonantic als referentie methode. Uiteindelijk was er geen verschil tussen
metingen van het rechter ventrikel volume en de cjectic fractic wanneer magnetische
resonantiec met 3D echocardiografie werd vergeleken, Een betere overeenkomst van eind-
diastolisch en eind-systolisch rechter venirikel volume en gjectie fractie werden gevonden
tussen magnetische resonantie en zowel 3D Simpson’s als de omniplane methode. “Intra- en
interobserver” variabiliteit waren goed (=0.90 en 0.99, respectievelijk). Paraplane (of
Simpson’s methode) en ommniplane analyse geven een meer nauwkeurige en beter

reproduceerbare meting van het rechier ventrikel volume dan de biplane modified Simpson’s

methode.

Hoofdstuk 7 geeft een overzicht van de toepassing van 3D echocardiografie in het
onderzoek van de uitstroombaan van de linker en rechier ventrikel. 3D reconstructic was

geschikt voor analyse bij 100% van de obsiructies onder en boven het niveau van de klep en
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bij 77% wvan de valvulaire vernauwingen van de linker ventrikel uitstroombaan, 3D
reconstructic was geschikt voor analyse bij 100% van de obstructie van de rechter venirikel
uitstroombaan en bij 50% op niveau van de pulmonaal klep en boven de klep. Reconstructie
werd vergeleken met de chirurgische bevindingen en de anatomische nauwkeurigheid was

tussen 90 en 100%. De lengte in de stenose en de mate van obstructie werden gemeten.

Hoofdstuk 8 beschrijft de belangrijkste kenmerken van de tetralogie van Fallot
onderzocht met 3D echocardiografie. Het ventrikel septum defect werd gelokaliseerd en kon
als perimembraneus geclassificeerd worden met een nauwkeurigheid van 100%. Door middel
van de “computer-generated” korte as was het mogelijk de graad van “overriding” van de
aorta te meten. De data sets waren onvoldoende om de kransslagaders in beeld {e brengen. De
linker kransslagader werd gezien bij 13% van de patiénten, terwij! de rechier kransslagader
niet gezien werd,

Reconstructie van de rechter ventrikel uitstroombaan op het subvalvulaire en valvulaire
niveau was geschikt bij 90% van de patiénten met goede anatomische nauwkeurigheid. Met
gebruik van gemodificeerde “computer-generated” doorsnedes werd het kleinste opperviak
van de obstructie gemeten (0.7 em?®). De opperviak van de pulmonaal klep kon bij 8§1%
gereconstrueerd worden. Bij 89% van de kleppen was het mogelijk het aantal klep bladen te

zien, met een 100% van nauwkeurigheid. De pulmonaal takken werden in beeld gekregen bij

slechts 10% van de patignten.

Hoofdstuk 9 onderzocht de geschiktheid van 3D echocardiografie bij het meten van
het aorta klep oppervlak en de mogelijke fouten die kunnen optreden met een niet optimale

positie van het beeld. Het oppervlak van de aorta klep opening was gelijk in 2D en 3D
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onderzoeken. De mate van overeenstemming is groot en hun correlatie is hoog (1=0.98). Een
overschatting werd geobserveerd bij ecen “doorsnij hoek™ van 10 tot 30 graden of bij een
parallel verschuiving van 1.5 tot 7.5 mm.

De variabiliteit van de 3D echocardiografische metingen was zeer laag (“intrachserver”
variabiliteit = 3,9%, “interobserver” variabiliteit = 5,3%) en was beter in vergelijking met 2D

echocardiografie (“intraobserver” variabiliteit = 4,8%, “interobserver” variabiliteif = 10%).

Hoofdstuk 10 beschrijft de conclusies van het verrichte onderzoek. De huidige

beperkingen en de toekomst van 3D echocardiografie zijn besproken.
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