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General introduction and outline of the thesis

GENERAL INTRODUCTION

Since the future is based on the past, this chapter will provide a brief history of echocar-
diography and the knowledge gained that has led to transthoracic simultaneous multiplane
2D-echocardiography.

The Evolution of Echocardiography

The evolution of echocardiography has been dramatic and it is still ongoing. The ultra-
sound instruments of today are derived from sound and ranging navigation (sonar) instru-
ments. The existence of ultrasound was recognised by L. Spallanzani (1729-1799); he
demonstrated that bats, although blind, could navigate using echo-reflections of inaudible
sound. In 1917, during World War I, the idea was born to use the piezo-electric quartz
crystal, discovered in 1880 by Jacques and Piere Curier, not only as a transmitter but also
as a receiver. In 1941, K.T. Dussik, an Austrian neurologist, demonstrated for the first time
the use of ultrasound for medical practise. He aimed to outline the ventricles of the brain
using echo transmission, a principle similar to X-ray." The first use of echocardiography, as
we know it today, is to the credit of Edler and Hertz’, (Figure 1).

In the 1950s, doctors were searching for a technique that could measure the expansion
of the left acrium (LA) wall to exclude patients with significant mitral regurgitation from
closed mitral valve surgery. The first A-mode display of the heart was visualized. They
noted high-speed movement of what they thought to be reflections coming from the LA

Figure 1 Helmut Hertz (left) and Inger Edler (right) standing with the first echocardiograph. From E.
Braunwald with permission.”
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wall; however, the echoes displayed were actually from the anterior mitral valve leaflet.
Hertz realized the importance of recording these echoes. This could be realized by moving
the B-mode display over the oscilloscope screen for immediate visualization or by moving
a recording surface past the B-mode display for documentation, the time-motion mode,
or M-mode (Figure 2A, 2B). Thus the field of echocardiography was born. During the
1960s, the Americans, after working a few years with M-mode echocardiography, were
convinced that there were many potential applications for this diagnostic technique. It
was Harvey Feigenbaum who realized that with its popularity, the demand on a physi-
cian’s time for performing the examination would be high. He felt that a productive,
dedicated, non-physician could perform the examination, if the acquiring of images could

be standardized leaving the final interpretation to the physician. This idea was successful
5

and a new breed of specialist was created, “the cardiac sonographer”.

= S = R Pz 2
Figure 2 A. A-mode recording. (T = transducer signal; P = pericardium; AW = anterior wall, PW = posterior
wall). From H.Feigenbaum with permission.* B. Time motion or M-mode echo.
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There have been many important developments in the field of cardiac ultrasound, too
numerous to mention them all. In the 1960s, great progress was made in developing two-
dimensional (2D) echocardiography (2DE). In the late sixties and early seventies, contrast
echocardiography came on the scene; the technique was extremely helpful in identifying
and delineating the various cardiac structures and intra-cardiac shunts.”* Further advances
in this technique did result in the use of contrast for myocardial perfusion studies.” The
oscillation of the contrast bubbles caused by the ultrasound waves inspired the develop-
ment of harmonic imaging; the main imaging setting of all echo-machines today. In 1971,
at the Thoraxcenter, Erasmus University Medical Center, Rotterdam, Professor Bom and
colleagues developed the linear array transducer demonstrating the potential of real-time
2DE imaging."’ It was Professor Jos Roelandt, considered to be one of the godfathers of
clinical echocardiography who ensured that the potential of these technical developments
fully investigated in the clinical setting."" In 1974, the first mechanical 2DE sector scanner
was launched %, followed later that year by the first phased-array 2DE scanner, this tech-
nology still has a very prominent place in cardiac imaging today. "’ Further development
and miniaturization has led to pocket size echo-machines available to every doctor; in
reality a modern stethoscope.'* In 1982 transoesophageal echocardiography (TEE), which
allows a view of the heart less compromised by artefacts due to the lung and ribcage,
entered the clinical setting, first with a mono-and biplane probe followed in 1985 by a
multiplane probe."

Alongside the development of echocardiography, the Doppler technique was also evolv-
ing. A major step forward for clinical acceptance was the duplex scanner.'®"” In 1982, the
revolutionary colour Doppler flow imaging system showing a non-invasive ‘angiogram’
of normal and abnormal blood flow entered the market scene.'® Further development in
Doppler technology resulted in tissue Doppler imaging for the quantification of myo-
cardial function. Flawed by its angle dependencies, progress in development continued,
leading to speckle tracking echocardiography. This technique, that is relatively angle-
independently, quantifies myocardial wall motion, not only in a longitudinal direction

but also radial and circumferential directions.'>*°

Clinical Impact of Echocardiography

We now have a patient friendly diagnostic console, which is versatile, low cost and avail-
able at bedside, providing integrated structural, functional and haemodynamic data of
the heart. 2D imaging is the core of every echocardiographic examination along with M-
mode, pulsed-wave, continuous-wave and colour Doppler flow imaging. There are three
essential ingredients for an optimal diagnostic echocardiogram: the machine, the machine
operator and the echogenicity of the patient. The second making the technique operator
dependent and the third frustrating the sonographer.

Once the images have been acquired, other drawbacks of the 2DE technique have to be
taken into consideration. First, the quantification of the left ventricular and atrial volume;
these are calculated using either the ellipsoid (linear) method or the modified bi-plane
Simpsons method of disks.”’ Measurements are performed on two assumed orthogonal
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planes: apical 4 and 2-chamber view. Errors can occur in both of these methods either
from the geometric assumption or from acquiring foreshortened apical views.” ™ Sec-
ond, cardiac anatomy, sometimes so complex that conceptualization of the true anatomy
viewed from several 2D cut-planes can be very difficult. There is no way of knowing and
controlling if everybody is visualizing the same conceptualized image.**

The pioneers of echocardiography realized this and published their first manuscript
on three-dimensional (3D) echocardiography (3DE) in 1974.” In the early 1990s the
first real-time 3D matrix phased array transducer containing 512 elements came onto the
market with a frame-rate high enough to depict cardiac motion.” Since then numerous
studies have been performed and articles published worldwide showing the benefits of this
technique. The European Association of Echocardiography/American Society of Echocar-
diography now recommends 3DE for volume quantification.” However, “all that glitters
is not gold” and in the real world, the cardiac sonographer is faced with several problems
produced by this new technology: an intensive learning curve, a bulky transducer with a
too large footprint, poor 2DE image quality compared to the dedicated 2D transducer
and a number of 3DE-datasets had to be acquired to answer the clinical question. The
analysis, often tedious, has to be performed off-line and quantification software was pre-
dominantly manual, all of which hampered the introduction of 3DE into routine practice.
With significant technological developments in both digital techniques and miniaturiza-
tion Philips recently introduced a new generation 2DE/3DE matrix transducer containing
more than 3,000 elements with operating frequencies from 2-4MHz (Figure 3), size and

Figure 3 The matrix-array transducer: 2D to 3D echocardiography. (Left 2D B-mode, center matrix-array
transducer, right 3D echocardiography)

16
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image quality being very similar to that of the dedicated 2D transducer. Pulsed-wave,
continuous-wave and colour Doppler were also incorporated which resulted in an “all-in-
one” transducer.

Even with the marked improvement in 3DE image quality, the 2DE image quality
taken from a 3D dataset remains inferior, especially with a less than optimal acoustic
window. With the increase in obese patients, this has become a daily problem result-
ing in a substantial group of patients who will not benefit from the advantages of 3DE.
The learning curve still remains and it is difficult to implement in a high productivity

A I-rotate

B xPlane lateral tilt

Cc xPlane elevation tilt

xPlane rotation

Figure 4 Simultaneous multiplane imaging modes.

A. I-Rotate: a 2-chamber view is obtained by rotation of 60° (to 300°) from a standard 4-chamber view (de-
fined as 0° or 360°). The degree of rotation is displayed in the upper left-hand corner of the screen.

B. xPlane with lateral tilt: from a standard parasternal long-axis view (primary image or reference plane)
an orthogonal short-axis view at the chordal-papillary muscle level can be obtained by a lateral tilt of +10°.
C. xPlane with elevation tilt: from the same view a right ventricular inflow view can be obtained by an eleva-
tion tilt of -28°.

D. xPlane with rotation: from the same view an unorthodox short-axis view of the mitral valve by a rotation
of +50°.
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outpatient environment. However, with this marked increase in the 2DE image quality
of this second generation matrix transducer, a new echocardiographic imaging modality
has become available; “simultaneous multiplane 2D-echocardiography imaging” (SMPI).
This new modality permits the use of a full electronic rotation of 360° of the 2D image
(iRotate) and a simultaneously adjustable biplane 2D image from the same heartbeat
(xPlane) (Figure 4). SMPI has the potential to reduce the scanning time, increase 2DE
standardisation and bridge the gap from 2D to 3D thinking, accelerating the 3DE learn-
ing curve and securing its place in routine cardiac imaging.

AIMS AND OUTLINE OF THIS THESIS

In 2011, this new generation transthoracic 2DE/3DE matrix transducer became available
in our center and the studies featured in this thesis were initiated. The aim of this thesis is
to investigate the potential contributions of this new imaging modality to cardiovascular
imaging and patient care. The thesis is divided into three parts.

Part I: Simultaneous multiplane 2D-echocardiography

In addition to a general introduction (Chapter 1), the 2DE imaging modes from this new
matrix transducer technology and how they can be utilized on day-to-day bases in the
echo laboratory are described (Chapter 2).

Part II: Simultaneous multiplane 2D-echocardiography in congenital and
valvular heart disease

The atrial septal secundum defect (ASD) is one of the most common lesions in adult
congenital heart disease. Transcatheter closure of an ASD has gradually become the treat-
ment of choice. However, the size of the defect and length of rims is important for the
choice of closure and in the adult patient transesophageal echocardiography (TEE) is
considered the pre-interventional imaging method of choice. We assessed the value of
SMPI in measurement of ASD size and rim length (Chapter 3). The site and extent of
prolapse of the mitral valve (MV) is essential in defining the suitability for MV repair. We
assessed the value of 2D, 2D xPlane imaging and 3D echocardiography for the definition
and the extent of MV prolapse in patients that underwent MV surgery (Chapter 4). Para-
valular aortic regurgitation following trans-catheter aortic valve implantation (TAVI) is a
common finding, particularly in the older generation of prosthesis (Chapter 5). Short-axis
imaging suffers from intrinsic acoustic shadowing of the prosthesis and calcification, mak-
ing recording of paravalular leakage difficult. We assessed the value of SMPI in estimating
the circumferential extent of paravalular leakage from a standard apical view. With the
experience gained from transcatheter pulmonary and aortic valve replacement there is a
need to extend catheter interventions to the tricuspid valve (TV). This so called forgot-
ten valve has shown renewed interest, but relevant information in current literature is
scarce. In Chapter 6, a book section, we describe, in depth, all the different transthoracic
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echocardiographic modalities that can be applied for a comprehensive evaluation of the
tricuspid valve. A detailed morphologic assessment of the TV leaflets and its annulus,
functional information and grading of the severity of the tricuspid regurgitation will be
of paramount importance for a successful intervention.3D echocardiography (3DE) has
come a long way and experts in this field found that the time was ripe for an expert con-
sensus document providing a review of the optimal applications of 3D echocardiography
and its short-comings in congenital heart (Chapter 7).

Part III: Simultaneous multiplane 2D-echocardiography imaging and
ventricular function

Quantification of cardiac chambers and function is the cornerstone of cardiac imaging.*®
Increasing published data suggest that speckle tracking echocardiography (STE) can detect
ventricular dysfunction in a pre-clinical phase.19 However, interpretation of data depends
on robust normal limits that define “normalcy” and information on normal range STE-
derived measures for the left ventricle (LV) and right ventricle (RV) is limited.””* We
initiated an echocardiographic study with 155 healthy individuals, the Navigator study,
to obtain normal values of all echocardiographic parameters for the Dutch population.
LV images were recorded from the apical window with conventional or iRotate 2DE.
Longitudinal strain values using speckle-tracking echocardiography were established and
associations with anthropometrics identified (Chapter 8). Before initiating the Navigator
study we formed the concept of using iRotate mode to evaluate the entire RV from a fixed
transducer position, as was already done for the LV. First we had to establish, like the LV,
unique anatomic landmarks that could be used as reference points to accurately depict
the entire RV from the apical window. In a population of normal healthy adult subjects
and in a small cohort of patients with abnormally loaded RVs the feasibility of iRotate
mode to evaluate the entire RV was evaluated (Chapter 9). The feasibility of the technique
described in chapter 9 was promising. Normal values of the different RV parameters were
established and associations with anthropometrics identified. In addition, we studied the
potential use of this multi-view iRotate model in a small group of patients with abnormally
loaded RVs (Chapter 10). Finally (Chapter 11) we discuss our findings and the place of
Simultaneous multiplane imaging in daily cardiac imaging. With continuous innovations
in ultrasound technology we reflect on the pressure placed on the day-to-day running of
the department of echocardiography and the importance of a good working relationship
between clinicians and engineers to achieve these goals.

By reading this thesis, we hope that the reader will appreciate the unique features of this
SMPI technique and its additional value in cardiovascular imaging.
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Contributions of simultaneous multiplane echocardiographic imaging in daily clinical practice

INTRODUCTION

Two-dimensional (2D) transthoracic echocardiography is one of the most frequently used
techniques for diagnosis, management and follow-up of patients with any suspected or
known cardiovascular disease. It is based on multiple single cardiac planes taken from
standard positions on the chest wall. With the development of the matrix transducer,
three-dimensional echocardiography (3D) can now be performed in the routine lab reduc-
ing the number of cross-sections needed for the information required." However, there
are several challenges for the use of 3D echocardiography in daily clinical practice. First,
there is the need for a separate 3D transducer, which has a lower temporal resolution
compared to the standard 2D transducer."” Second, the acquisition time of 3D images is
time-consuming and most often requires offline analysis. Third, 3D echocardiography is a
relatively new technique, which requires extra training and it has a learning curve.
Recently, a new generation 2D/3D matrix transducer has become available, overcoming
some of these drawbacks and even introducing a new image modality called “Simultane-
ous Multiplane Imaging” (SMPI). This new modality permits the use of a full electronic
rotation of 360° of the 2D image (iRotate) and a simultaneously adjustable biplane 2D
image (xPlane). In this article we will discuss the potential contributions of SMPI in daily

clinical practice.

The Biplane —Triplane Era before SMPI

Bi-plane and triplane echocardiography has been available since 1988. However, literature
data are currently scarce suggesting that the potential of this technique was not fully
appreciated and/or the technology has not been sufficient.

In 1988, Omoto et al.? reported their clinical experience with a self-developed biplane
transesophageal echocardiographic transducer. In 2003, transthoracic biplane echocar-
diography was introduced by Sugeng et al.* In their initial study the focus was on the value
of simultaneous display of two imaging planes during stress echocardiography from the
same heartbeat rather than an entire 3D volume.”>® They suggested that although image
quality is maintained, examination time would be reduced. Later, Wang et al. reported
the potential for this technique as a single beat assessment of LV function in patients
with atrial fibrillation.”® In 2005, Sengupta et al. revealed the biplane potential as a goal-
orientated (limited) echocardiogram to cut down time in a high volume echocardiography
laboratory, although they recognized that improvements in technology and transducer size
were necessary.” Meanwhile some vendors developed matrix transducers that could acquire
simultaneously the three standard apical views during one single heartbeat (triplane echo-
cardiography) providing a potentially even more effective tool to estimate LV function
accurately in routine clinical practice."

Up until now an additional matrix transducer, on top of the conventional 2D trans-
ducer, was necessary to apply biplane and/or triplane scanning. Because of the lower
frequency, larger footprint and inability to perform a pulsed-wave or continuous-wave
Doppler study, the use in daily routine was limited. SMPI is based on a relatively new
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matrix transducer, which has 2D and 3D capabilities. It has the potential to overcome
those limitations of bi- and tri-plane imaging.

The SMPI Ultrasound System

Simultaneous Multiplane Imaging is performed using the iE33 ultrasound system (Philips
Medical systems, Best, The Netherlands) equipped with an X5-1 transthoracic (TTE) or
X7-2t transesophageal (TEE) matrix transducer. These transducers are composed of 3040
(TTE) and 2500 (TEE) elements, respectively, with a 1-5MHz and 2-7MHz frequency
range, respectively.

SMPI Imaging Modes

The primary image (reference plane) is defined by the transducer position, chosen by the
operator and optimized in the same manner as for a conventional 2D image. From this
primary image, a secondary image can be visualized by applying one of the four SMPI
modes. The four SMPI modes are iRotate, xPlane with lateral tilt, xPlane with elevation
tilt and xPlane with iRotate. The spatial relation of the secondary image plane can be
modified in three directions: rotation around a central longitudinal axis, elevation tilt and
lateral tilt (Figure 1).

iRotate

In the primary image a full electronic rotation of 360° (adjustable by 5° steps) during TTE
(Figure 1A) and 180° (adjustable by 1° steps) during TEE can be performed. In contradic-
tion to the below-described xPlane modes the frame rate in the iRotate mode will not be
compromised because only the secondary image is displayed.

xPlane with Lateral Tilt

From a primary image an orthogonal view can be acquired through the midline and
displayed as a secondary image. From the midline, additional secondary images can be
visualized by a lateral tilt of up to maximal +30° to -30°. As in all xPlane modes, the frame
rate will be half of the original image (Figure 1B).

xPlane with Elevation Tilt

From a primary image, additional secondary images can be visualized by an elevation tilt
of up to maximal +30° to -30° (Figure 1C).

xPlane with iRotate
This mode combines the xPlane and iRotate mode. From a primary image a secondary
image can be visualized by applying the xPlane mode, subsequently this secondary image

can be adjusted by rotation around the central longitudinal axis in the primary image
(Figure 1D).
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A I-rotate

B xPlane lateral tilt

QJ%

Cc xPlane elevation tilt

xPlane rotation

Figure 1 Simultaneous multiplane imaging mode. A. iRotate: a two-chamber view is obtained by rotation of
60° (to 300°) from a standard four-chamber view (defined as o° or 360°). The degree of rotation is displayed
in the upper left- hand corner of the screen. B. xPlane with lateral tilt: from a standard parasternal long-axis
view (primary image or reference plane) an orthogonal short-axis view at the chordal—papillary muscle level
can be obtained by a lateral tilt of +10°. C. xPlane with elevation tilt: from the same view a right ventricular
inflow view can be obtained by an elevation tilt of -28°. D. xPlane with rotation: from the same view an
unorthodox short-axis view of the mitral valve by a rotation of +50°.

UNIQUE APPLICATIONS OF SMPI

iRotate

Stress echocardiography

During stress echocardiography, the iRotate mode makes it possible to obtain standard
apical two- and three-chamber views from a standard non-foreshortened four-chamber
view without changing the transducer position. The number of degrees corresponding to
the two- and three-chamber views, obtained at baseline, can be used as a default setting
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during the rest of the study (Figure 2). It may even be better to analyze the LV not
according to these arbitrary cross-sections (that are present at different degrees in different
patients) but to standard cross section at three 60° intervals or even smaller intervals. If
such a mode is set up as the default setting, the variability of the standard imaging planes
throughout stress may be reduced and as a result LV segments may be better compared

. . .. . 2,11-
during stress with less false positive or negative test results.”'"™"

’

Figure 2 iRotate mode. iRotate: from a standard nonforeshortened four-chamber view (primary image or
reference plane, top) reproducible two-chamber (middle) and three-chamber (bottom) views can be obtained
at different stress levels.
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Mitral regurgitation severity

Mitral regurgitation is not always present or maximally visualized in the standard 2D
cross-sections as it will depend on mechanism and jet morphology. The iRotate applied
with the transducer in the apical position will give a comprehensive evaluation of the
mitral regurgitant jet. In Figure 3, it can be seen that the origin of the regurgitation jet
(and thus the most representative vena contracta and proximal isovelocity surface area) is
seen in non-conventional image planes between 320° and 340°.

82bpm

o
504

Figure 3 Mitral regurgitation. iRotate: the maximal vena contracta and proximal isovelocity surface area
of mitral regurgitation can be easily seen in non-standard 2D cross-sections at 320° and 340° as opposed to
the standard cross-sections at 0° (apical four chambers), 300° (apical two chambers), and 225° (apical three
chambers).

xPlane with Lateral Tilt

Left ventricular outflow tract

Measurement of the left ventricular outflow tract (LVOT) area is crucial in estimation
of LV stroke volume, mitral regurgitation severity, and aortic valve area'. Unfortunately,
in routine 2D TTE, important geometric errors can be made in calculating the cross-
sectional area of the LVOT. The measurements are monoplane and the LVOT is assumed
to have a circular geometry, whereas in reality, the LVOT is a (dynamic) oval structure
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with a major and minor axis. In fact, by the recommended measurement of the LVOT
dimension in the parasternal long-axis view the true LVOT area is underestimated by
> 20% because this dimension corresponds to the minor axis of the oval LVOT."*" By
use of the SMPI xPlane with lateral tilt mode, a cross-sectional image from the LVOT can
be acquired from the parasternal long-axis view showing the major and minor axes, the
perimeter and area of the LVOT (Figure 4).

FR 33Hz
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Figure 4 Left ventricular outflow tract. xPlane with lateral tilt of -4°: the reference line transects the left
ventricular out-flow tract allowing major and minor-axis, perimeter, and area measurements in the second-
ary image.

Mitral and tricuspid annulus

The mitral annulus (MA) is a vital component of the mitral valve apparatus and dilatation
of the MA is one of the main mechanisms of mitral regurgitation."® However, like the
LVOT the MA is not circular in shape but rather oval or D-shaped and different cross-
sections result in different dimensions."” An xPlane from a correctly orientated apical
2-chamber view in which the mitral valve scallops P3, A2, P1 and both papillary muscle
are intersected symmetrically will allow a measurement of the major (primary image) and
minor (secondary image) axis diameters of the mitral valve annulus (Figure 5). In most
patients, an xPlane image at mitral annulus level, from a parasternal long-axis window will
reveal an orthogonal short-axis view on the secondary image. Therefore, the major and
minor axes, the perimeter and the mitral annular area could be measured. However, these
measurements will be limited to some extent because of the saddle-shaped MA. Likewise,
in normal and dilated right ventricles, an xPlane from a parasternal short-axis view will
allow a measurement of two axes diameters of the tricuspid valve annulus, although due to
the complex non-planar morphology of the tricuspid annulus these measurements may be
limited (Figure 6A). Also, from the right ventricle inflow view with xPlane all three leaflets
from the tricuspid valve leaflets can be imaged (Figure 6B).'®
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FR 33Hz
17cm

xPlane
63%

Figure 5 Mitral valve annulus. xPlane with lateral tilt of -12°: the reference line transects the mitral valve
annulus in a bi-commissural view allowing measurements of the major and minor axis diameters in end-
diastole.
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Figure 6 Tricuspid valve annulus. A. The reference line, in this dilated right ventricle, transects the tricuspid
valve annulus in a short-axis view allowing measurements of two axes diameters in end-diastole. B. xPlane
with lateral tilt of -9°. The reference line, in this dilated right ventricle, transects the tricuspid anterior leaflet
in a foreshortened four-chamber view allowing visualization of all three tricuspid leaflets (the arrows).

Aortic and mitral stenosis

Direct measurement of aortic and mitral valve area on short-axis 2D images is possible in
patients with excellent transthoracic image quality. However, planimetry of the valve area
should always be interpreted with caution due to the complex 3D anatomy of the orifice
and the image plane may not be aligned with the narrowest point at the leaflet tips. In
particular in the “domelike” opening of the mitral valve and the bicuspid aortic valve, with
sometimes an eccentric closure line, this is an important source of error in estimation of

stenosis severity. By use of the xPlane mode with lateral tilt, a cross-sectional image from
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the valve at the correct valvular level may be acquired guided by the parasternal long-axis

.o
view."”

Left ventricular and left atrial volumes and ejection fraction

Two-dimensional echocardiography has, apart from image quality issues, limited value in
the calculation of LV volumes and ejection fraction. This is because LV images (in particu-
lar the two-chamber view) are often foreshortened, the four-chamber and two-chamber
views are not perpendicular to each other * and the geometrical assumptions applied in
the Bi-plane Simpson calculation."*™*’

With the use of the xPlane two true perpendicular image planes can be acquired. Pro-
vided that the primary image (four-chamber view) shows the true long axis of the LV the
same will apply to the secondary image. The two planes are now acquired from the same
heart beat, an advantage in particular in patients with atrial fibrillation. Such an analysis
based on biplane or triplane imaging may be a simple and reasonable alternative to the 3D
echocardiographic technique'”**'*. Likewise, SMPI may also be a simple and reasonable
alternative to the 3D echocardiographic technique to analyze LA volumes (Figure 7).
With iRotate it is also possible to analyze the LV and LA volumes; this will result in a
much higher (primary image) frame rates but it should be noted that now non-identical
beats will be analyzed.

FR 41Hz
18cm

xPlane
lane

Figure 7 Left atrium. From a four-chamber view showing a nonforeshortened left atrium a true perpendicu-
lar image can be obtained with xPlane, allowing correct volume measurements.

Mitral valve prolapse

The correct identification of the etiology and underlying lesions that result in mitral valve
dysfunction is important for management decisions. In Europe, degenerative mitral valve
disease is the most common etiology.” In such patients, a precise morphologic assessment
is necessary to predict the likelihood of successful reconstructive valve surgery. Although
in most patients the localization of the pathology (assessment of the involved mitral leaflet
segments) can be identified with standard 2D echocardiography, this requires extensive
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expertise.”® As seen in Figure 8, with SMPI segmental analysis of the scallops involved
in mitral valve prolapse may become easier with a lateral sweep across the mitral valve

co-optation line seen in the parasternal short-axis view.

Figure 8 Mitral valve morphology. Segmental analysis of the mitral valve scallops (the arrows) with xPlane
imaging with lateral tilt, a P3 prolapse (the arrow) as seen in the xPlane and 3D image.

xPlane with Elevation Tilt

The xPlane with elevation mode is probably the least useful mode in SMPI. One applica-
tion is to visualize the right ventricular inflow (Figure 1C) and outflow view from the
parasternal long-axis view. This mode is probably most useful in pediatric echocardiog-
raphy where numerous sweeps are part of the routine examination, for example a sweep
from posterior to anterior from the apical 4-chamber (the coronary sinus) to the apical

5-chamber view (aortic valve).

iRotate and xPlane with Lateral Tilt

Transesophageal echocardiography SMPI, available earlier than TTE SMPI, is gradually
being accepted as part of the standard TEE examination in daily clinical practice and
during interventions and surgery. The iRotate images acquired during TEE are identical
to the images acquired with a traditional TEE transducer only the steering mechanism is

electronic and not mechanical. xPlane lateral and elevation tilt work the same way as for

TTE.

Left atrial appendage

The left atrial appendage (LAA) may harbor thrombi that may cause a transient isch-
emic attack or cerebral vascular accident. TEE is the standard procedure to exclude LAA
thrombi. Unfortunately it may sometimes be difficult to differentiate thrombi from
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pectinate muscles. A sweep across the LAA in xPlane mode may more easily differentiate

an organized thrombus from these small pectinate muscles (Figure 9).”

[BATT: 37:8C
TEE T: 38 8C

Figure 9 Left atrial appendage thrombus. A. iRotate of 65° during transesophageal echocardiography show-
ing a suspected thrombus in the left atrial appendage. B. xPlane with lateral tilt of -21° showing in the sec-
ondary image clear pectinate muscles rather than organized thrombus.

MitraClip mitral valve repair

During the percutaneous MitraClip procedure for treatment of mitral regurgitation, the
middle portions of the anterior and posterior mitral valve leaflets are approximated by
stitching them together.” This procedure critically depends on echocardiographic imag-
ing. A mid-esophageal aortic valve short-axis view at approximately 30° in combination
with an xPlane image showing the bicaval view may guide correct trans-septal puncture.
Positioning of the delivery catheter toward the mitral valve regurgitant jet and grasping of
the leaflets from their underside may be facilitated by use of an inter-commissural view in
combination with an xPlane image showing a long-axis view. The use of lateral and eleva-
tion tilt easily allows continuous monitoring of the clip in the primary image and thus the

exact position of the clip during deployment in the two orthogonal planes (Figure 10).
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Figure 10 MitraClip monitoring. iRotate of 150° with lateral tilt of 17° during transesophageal echocardiog-
raphy allowing continuous monitoring of the positioning and deployment of the mitral clip.
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Patent foramen ovale

A patent foramen ovale (PFO) has been associated with many diseases.”” Detection of a
PFO requires a structured protocol to detect the passage of contrast bubbles through the
PFO from the right to left atrium. Typically, contrast images are made from at least two
views (aortic short-axis and bicaval views) at rest, coughing and a Valsalva maneuver. By
use of iRotate (to select the primary image) combined with xPlane mode during contrast
injection the total number of needed contrast injections (and thus time) will be reduced
by 50% (Figure 11).
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Figure 11 Contrast echocardiography. iRotate of 135° during transesophageal echocardiography allowing
with xPlane simultaneous visualization of contrast passage through the foramen ovale in the bicaval 135° view
(negative for right to left shunt) and the short-axis 45° view (positive for right to left shunt).

Atrial septal defect

The size of the atrial septal defect and surrounding rims are crucial determinants in the
selection of percutaneous or surgical closure. Defects larger than 30mm or defects that
have a supporting rim of tissue around the defect of less than 5mm are not suited for
percutaneous closure.”™”" Also, it is well known that, in particular, in non-circular defects
the maximal diameter may be underestimated with monoplane 2D-echocardiography.
With SMPI, even in TTE an infinite number of cutting planes and true orthogonal planes
can be visualized giving complete visualization of the defect and its surrounding rims
(Figure 12).%

Limitations

When studying the LV or LA in the iRotate (high frame rate, non-identical beats) or
xPlane biplane mode (lower frame rate, identical beats) the primary image should not
be fore-shortened to ensure proper views. In patients with asymmetric wall motion, 3D
echocardiography will remain the imaging modality of choice."”"

The spatial resolution remains somewhat inferior to the stand alone 2D transducer and
in addition the frame rate (temporal resolution) drops by half when entering the xPlane
mode. This latter can be problematic for colour Doppler flow imaging that already suffers
from lower frame rates in the standard (primary) 2D images. The drop in temporal resolu-
tion can be brought to a minimum by ensuring that the smallest sector able to encompass

the cardiac structure of interest is used.
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FR 11Hz
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xPlane

Figure 12 Atrial septal defect. A. subcostal four-chamber view with colour Doppler suggestive of a small
atrial septal defect at 0°. B. iRotate at 320° reveals the exact origin of the defect. C: xPlane with a lateral tilt
of 5° showing the long and short-axis views of the atrial septal defect.

Although this X5-1 transducer is equipped with spectral Doppler in the standard and
iRotate setting this is not available in xPlane mode.

Also, the motion of the heart throughout the cardiac cycle may result in a reference line
not transecting the region of interest at any time point in the heart cycle. For example, the
longitudinal motion of the mitral annulus® will limit the study of the dynamic changes of
the mitral annulus in the xPlane mode with lateral tilt.
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CONCLUSIONS

The SMPI modality allows full electronic rotation of 360° of the 2D image (iRotate) and

a simultaneously adjustable biplane 2D image (xPlane) from the same heart beat. This

quick, simple to use, and easy to understand echo modality may save on scanning time in

a high-volume echocardiography laboratory and will provide unique 2D information on

cardiac function and morphology. Also, SMPI may ultimately bridge the gap between 2D

and 3D thinking, making the integration of 3D echocardiography onto the work floor

easier.
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ABSTRACT

Aims
The aim of this study was to assess the value of two-dimensional (2D) transthoracic simul-

taneous multiplane imaging (SMPI) in the evaluation of suitability for percutaneous ASD
closure compared to the golden standard 2D transesophageal echocardiography (TEE).

Methods and results

Twenty-nine patients with an ASD underwent both SMPI and TEE. Ten patients (34%)
were male (age 41 + 18 years, range 20—74). SMPI assessment of ASD size and rims
included xPlane and iRotate modes. Rims were defined as suitable for ASD percutaneous
closure using a cut-off value of 5mm. There were no significant differences between SMPI
in xPlane mode and TEE regarding the sizes of the anterior-posterior dimension (13.7 +
4.5 mm vs. 14.5 vs. £ 5.2 mm) and superior-inferior dimension (13.5 + 3.9 mm vs. 14.1
vs. £ 5.0 mm, respectively). Agreement for the aortic, atrioventricular, inferior, right upper
pulmonary vein and superior rims was 100%, 100%, 100%, 96% and 96%, respectively.

Conclusion

The SMPT technique can reliably assess the dimensions and rim size of a secundum ASD
for pre-interventional selection when compared with TEE and has thus the potential to

replace TEE.
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INTRODUCTION

The atrial septal secundum defect (ASD) is one of the most common lesions in adult
congenital heart disease. In the past decade, transcatheter closure of an ASD has gradu-
ally become the treatment of choice, rather than surgery. " However, not all ASDs are
anatomically suitable for a transcatheter approach, as the ASD size should be limited
and sufficient rims of inter-atrial septal tissue between the defect and adjacent structures
are required to position the ASD device. Standard two-dimensional (2D) transthoracic
echocardiography (TTE) is limited in the assessment of these rims, due to the fixed num-
ber of set cut planes and the difficulty entailed in acquiring some of them. Due to these
limitations, transesophageal echocardiography (TEE) is considered the pre-interventional
imaging method of choice. >4 Nevertheless TEE is a semi-invasive method and is not
without procedural risk and it has the short comings of an observational blind area. >~
With the introduction of 2D transthoracic Simultaneous Multiplane Imaging (SMPI)
a new image modality has become available. * Alongside the standard 2D images taken
from the standard transducer positions, images can now also be acquired using the xPlane
(bi-plane) and iRotate (any-plane) modes, providing true orthogonal planes that can be
acquired in lateral and elevation directions, and an infinite number of 2D cutting planes.
The current study sought to assess the value of SMPI in measurement of ASD size and its

rims.

METHODS

Study population

Between March 2011 and June 2013, 39 consecutive adult patients with an ASD were
referred to our centre for evaluation of an ASD and suitability for treatment by either a
transcatheter device or surgical closure. There was an indication for ASD closure when
there was right heart dilatation reflecting the significant volume overload of the right
ventricle. A defect diameter of > 30mm and total or partial deficiency of rims (< 5mm)
were an indication for surgical closure. ' The institutional review board approved the study
and informed consent was obtained from all patients.

Transthoracic 2D SMPI echocardiography

A comprehensive 2D echocardiogram with SMPI was performed using an iE33 ultrasound
system (Philips Medical Systems, Best, the Netherlands) equipped with an X5-1 matrix
transthoracic probe composed of 3040 elements, with a 1-5MHz extended operating
frequency range. For the evaluation of the ASD and its surrounding rims, standard views
were examined including the xPlane mode in all patients and since November 2011
also including the iRotate mode in the most recent 23 patients. In the xPlane mode, an
orthogonal view can be acquired through the midline of a primary image and displayed
as a secondary image. From the midline, additional secondary images can be visualized
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by a lateral tilt of up to maximal +30° to -30°. In the xPlane mode, the frame rate will be
half of the frame rate of the original image. In the iRotate mode a full electronic rotation
of 360° (adjustable by 5° steps) can be performed in the primary image. In contradiction
to the xPlane modes the frame rate in the iRotate mode will not be compromised because
only the secondary image is displayed. ®

Measurement of the ASD dimensions

ASD dimensions were acquired by SMPI with the standard subcostal four-chamber (4CH)
view as the primary image and making a lateral xPlane sweep through the inter-atrial
septum to identify the secondary image with the largest ASD diameter. The end-systolic
maximal diameters of the ASD were measured, with the help of colour flow mapping. **"!

The atrioventricular (AV: inferior / anterior rim between the ASD and the AV valve)
and right upper pulmonary vein (RUPV: posterior rim between the ASD and the right
pulmonary veins) rims were assessed from the standard subcostal 4CH view. The inferior
(IVC: inferior/posterior rim between the ASD and IVC) and superior (SVC: superior/
posterior rim between ASD and the SVC) caval vein rims were assessed using xPlane SMPI
from the above-described standard subcostal 4CH view (Figure 1). "In four patients with
a poor subcostal window the right parasternal (RPS) view and its xPlane view were used

to assess the AV, RUPV, IVC and SVC rims. '*"* The aortic rim (superior/anterior rim

between the ASD and aortic valve) was assessed from the standard parasternal short-axis

Figure 1 Assessment of the major and minor ASD diameters and main rims: the standard subcostal 4CH
view (left) and its xPlane image (right) providing the superior-inferior ASD dimension and IVC and SVC

rims.
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(SAX) view at the level of the aortic valve view and in the most recent 23 patients also with
iRotate SMPI from a standard subcostal 4CH (or RPS) view.

For all rims, the maximal rim size was measured and the measures were subsequently
divided using a cut-off value of 5mm because a rim length < 5mm is considered unsuitable

.. . . 2,4,12
for positioning a closure device.

Two-dimensional transesophageal echocardiography

A 2D TEE examination was performed using an iE33 ultrasound system (Philips Medi-
cal Systems, Best, the Netherlands) equipped with a X7-2t matrix transducer composed
of 2500 elements, with a 2-7MHz extended operating frequency range. The inter-atrial
septum (IAS) was evaluated from the standard transverse (4CH) view, the longitudinal
view at the level of the caval veins, and the transverse view at the level of the aorta. ! The
end-systolic maximal diameters of the ASD were measured in the 4CH view and the
bi-caval view with help of colour flow mapping.

Contrast fluoroscopy

In the patients who underwent transcatheter closure, a sizing balloon was filled with
diluted contrast until the appearance of a waist and disappearance of left-to-right shunt.
Once this occurred, a cine-image was performed and the size of the waist was measured

using the markers positioned in the balloon for calibration.

STATISTICAL ANALYSIS

Continuous variables are presented as mean + standard deviation. The paired sample #test
was done because all variables were normally distributed. For comparison of normally
distributed continuous variables between two groups Student’s #test was used. Inter-
observer variability was tested by analysing the anterior-posterior and the superior-inferior
ASD dimensions and the rim cut-off values (binary) by two blinded observers (J.McG,
A.v.d.B). The results were analysed by the relative difference (expressed as the absolute
difference divided by mean) and Bland—Altman method, in which biases and 95% limits
of agreement were calculated. All statistical analyses were performed using SPSS version
20.0 (SPSS, Inc., Chicago, IL, USA). A P-value of < 0.05 was considered significant.

RESULTS

Of the 39 patients referred for ASD closure, 7 had no indication for ASD closure as there
was no right heart volume overload present and 3 had an indication for surgical closure
because of a defect diameter of > 30mm and total or partial deficiency of rims (< 5mm)
on the basis of 2D TTE. The remaining 29 patients had evidence of substantial right
heart volume overload at 2D TTE (and thus an indication for intervention), and therefore
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underwent not only a 2D SMPI study but also a TEE study. These 29 patients formed the
final study population. Ten patients (34%) were male, and the mean (+ SD) age of the
patients was 41 + 18 years (range 20-74). Sixteen patients were suitable for percutaneous
closure, 12 for surgical closure, and 1 no indication for closure.

Diameters of ASD

In the 16 patients who finally underwent percutaneous closure of the ASD, the SMPI
dimensions of the ASD could be compared to the dimensions measured with 2D TEE,
balloon sizing and device size. As seen in Table 1, there were no significant differences
between SMPI in xPlane mode and 2D-TEE regarding the sizes of the anterior-posterior
dimension (13.7 + 4.5 mm vs. 14.5. 5.2 mm) and superior-inferior dimension (13.5
3.9 mm vs. 14.1. + 5.0 mm). The mean echocardiographic SMPI (13.6 + 4.2 mm) and
TEE dimensions (14.3 + 5.1mm) were smaller than the balloon sizing diameter (16.7 +
5.8 mm, both P < 0.05) and the actual device size (18.2 + 6.0 mm, both P < 0.05).

Table 1 Atrial septal defect dimensions according to echocardiography and sizing balloon (7 = 16).

Dimension SMPI TEE Sizing balloon Device size
Anterior-posterior 13.7+4.5 14.5+£5.2

(mm)

Superior-inferior 13.5+£3.9 14.1 £5.0

(mm)

Mean (mm) 13.6 +4.2 143 5.1 16.7 5.8 18.2+ 6.0

* P < 0.05 compared to sizing balloon and device size

Visualization of ASD rims

As seen in Table 2, in the transthoracic subcostal 4CH view (or RPS view in the four
patients with poor subcostal window) and TEE transverse 4CH view, the AV rim could
be visualized in all patients. In the 29 patients, SMPI and TEE for assessment of the
AV rim size (using the clinically relevant cut-off value of 5mm) had a 100% agreement.
With TEE, the RUPV could not be visualized in one patient; with SMPI, the RUPV was
visualized in all patients. The IVC rim could be visualized in all patients with SMPI, but
not in two patients with TEE. The SVC rim could not be visualized in one patient with
SMPI and in two patients with TEE.

In the 23 patients with all imaging techniques (2D, iRotate SMPI and TEE) used for
assessment of the aortic rim, rim visualization was 100% for both the standard parasternal
SAX view, iRotate SMPI from the subcostal 4CH view (or RPS view in four patients), and
TEE. The agreement with TEE was 100% for SMPI and 79 % for the 2D TTE parasternal
SAX view. In the other four patients, rim size was underestimated by the transthoracic
SAX analysis when compared to TEE: 4 vs. 8 mm, 3 vs. 7 mm, and 4 vs. 6 mm and from
the RPS view 4 vs. 14 mm for TEE.
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Table 2 Atrial septal defect rim size when compared with TEE (7 = 29).

Rim of atrial septal 2D / SMPI TEE Visualization SMPI Visualization ~ Concordance® TEE —

defect technique (%) (%) SMPI (%)

AV Standard 4CH 100 100 100
subcostal view"

RUPV Standard 4CH 97 100 96
subcostal view"

Inferior caval vein Biplane SMPI 93 100 100
subcostal SAX view"

Superior caval vein Biplane SMPI 93 97 96
subcostal SAX view"

Aortic Standard parasternal 100 100 79
SAX view
iRotate SMPI 100 100 100

subcostal view

‘Based on patients with visible rims both in TEE and SMPI.
“In four patients the RPS view was used because of a poor quality subcostal window.

Agreement on suitability for percutaneous closure between SMPI and TEE

In 26 patients, all rims could be completely assessed with both SMPI and TEE. According
to SMPI, 20 of these patients were considered suitable for implantation of a percutaneous
device and in all 20 patients this was confirmed by TEE (positive predictive value 100%).
In six patients one or more rims were too small according to SMPI, in five patients this
was confirmed by TEE (negative predictive value 83%).

Inter-observer agreement for SMPI measurements

The inter-observer 95% limits of agreement for the anterior-posterior dimension of ASD
was -3.4 to 3.6 mm, with a bias of 0.1 mm, and a relative inter-observer variability of 10%
+ SD (Figure 2). The inter-observer 95% limits of agreement for the superior-inferior

Anterior-posterior dimension of atrial septal defect (mm) Superior-inferior dimension of atrial septal defect (mm)
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Figure 2 Results of Bland-Altman analyses from the anterior-posterior dimension (left) and the superior-
inferior dimension for 39 patients (right). Ant-post, anterior-posterior, sup-in, superior-inferior.
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dimension of ASD were -2.7 to 3.1 mm, with a bias of 0.2 mm, and a relative inter-
observer variability of 7% = SD. The inter-observer agreement, using the cut-off value of
5mm, was for all rims 100%.

DISCUSSION

Patient selection for percutaneous closure of an ASD relies on two essential criteria:
maximal ASD diameter and tissue rim length. A defect diameter of > 30mm and total or
partial deficiency of rims (< 5mm) exclude patients from referral to percutaneous ASD
closure. "'* The main finding of this study was that the SMPI technique could reliably
assess the dimensions and rim size of a secundum ASD for pre-interventional selection as

compared to 2D TEE.

ASD diameter

As an ASD may be oval or slit like in shape, it is important that both the major and minor
axis of the defect are visualized. Through a thorough 2D TTE multi-view examination
of the inter-atrial septum from the subcostal 4CH view, an experienced sonographer
may record sufficient data to decide whether a patient is suitable for percutaneous ASD
closure. '”"> However, one is never completely sure whether the true orthogonal plane of
the defect has been crossed and the maximum superior-inferior diameter measured. For
the less experienced sonographer, it is technically demanding to image the subcostal SAX
(lateral) view for the superior-inferior diameter. Incorrect measurements may easily be
made, and defects that are not within the oval fossa and not seen in the standard subcostal
4CH view could be missed. TEE is superior to TTE in evaluating an ASD not only
because of its superior image quality, but also because of its multiplane character. Once
the largest diameter has been visualized in the transverse (4CH) view, a true orthogonal
plane can be acquired with a simple 90° rotation. The same results may now be achieved
with transthoracic SMPI. Once the largest diameter of the ASD has been identified from
the standard subcostal 4CH view, the true orthogonal plane of the defect can be acquired
in xPlane mode and the superior-inferior diameter measured in the same heartbeat as the
anterior-posterior diameter. As shown in this study, no significant differences in the two
diameters were seen between SMPI and TEE. As well known, the anterior-posterior and
superiot-inferior dimensions measured with SMPI in xPlane mode and TEE were both
significantly smaller compared to balloon sizing (a stretch diameter) and the actual device

. 14,16
S1Z€.

An additional benefit of SMPI over standard TTE is that the diagnoses of an ASD
becomes less operator dependant. Also a controlled sweep across the inter-atrial septum,
with xPlane mode, from the standard 4CH subcostal view allows defects outside the oval
fossa (which are often missed) to be detected more easily (Figure 3).
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Figure 3 Grey scale standard subcostal 4CH view illustrating an intact atrial septum (4, left) and the sec-
ondary image with xPlane lateral tilt + 13° (A, right) illustrating the ASD (asterisk) with an absent inferior
rim. Colour flow mapping illustrating (B, left) intact septum and (B, right) the ASD.

ASD rims

To ensure stability of the closure device and to avoid encroachment on surrounding
structures, an adequate rim size of septal tissue (> 5Smm) around the defect is of vital
importance. "'” Apart from one SVC rim, all rims could be assessed with SMPI. The AV
rim was evaluated from the standard subcostal 4CH view (or in a few patients with a poor
subcostal window from the RPS view); in full concordance with TEE. The RUPV rim
was also evaluated from the standard subcostal 4CH view. Only one RUPV rim showed a
discrepancy in cut-off measurement between SMPI and TEE (3mm at SMPI versus 6mm
at TEE). Underestimation of this rim, which appeared thin and floppy at TEE, may have
been caused by reduced transthoracic image quality. The SVC and IVC rims were mea-
sured from an xPlane image taken from the standard subcostal 4CH view. The IVC rim
could be visualized in all patients with SMPI, in full concordance with TEE. The SVC rim
that was scored absent was most likely due to it being in alignment with the ultrasound
beam and its position in the far-field in combination with reduced transthoracic image
quality (the RUPV rim was also underestimated in this patient). In the patient in whom
the SVC rim could not be visualised, this was also true for the TEE so maybe this was due
to the rotation of the heart itself rather than the technique.

Assessment from the standard parasternal SAX of the aortic rim is known for its inac-
curate measurement, as was shown in six patients in our study. As seen in Figure 4A,
misinterpretation of the IAS as being intact and signal dropout due to the inability to

16,18,19 .
S1819 iRotate

evaluate the aortic rim perpendicularly will result in inadequate assessment.
from the subcostal 4CH and RPS view resulted in a more perpendicular visualization of
this rim and perfect correlation with TEE. With the ASD centred on the midline of the
sector, a complete 360° rotation around the defect can be performed and the full extent

of the rims evaluated (Figure 4B)
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Figure 4 Standard parasternal SAX view at the aortic valve level: showing the misinterpreted intact aortic
rim (left) whereas with a 310° rotation the true absent aortic rim can be appreciated (right).

Clinical Implications

Our results show that with an optimal quality SMPI echo, the diagnostic (especially in
patients with defects outside the oval fossa) and pre-interventional TEE could be avoided.
In children where a pre-interventional TEE is not routinely performed, SMPI would give
more detailed information. In addition, it has been reported in studies that catheter clo-
sure of central ASD’s can be successfully monitored by standard 2D TTE and fluoroscopic
guidance. ®”**° Because multiple cross-sectional views are needed throughout the proce-
dure, SMPI can reduce the number of transducer positions and provides bi-plane (xPlane)
imaging, the benefit of which has already been described with TEE, while monitoring the
positioning of the device. > iRotate may also accurately check if all aspects of the closure
device are well seated and no residual shunts are present before the final deployment of
the device. As TTE monitoring is a very economical (compared with the use of intra-
cardiac echocardiography) and patient friendly (compared with intra-interventional TEE
monitoring necessitating general anaesthesia) imaging technique, more centres may be
tempted to use it given the additional value of SMPI, especially in patients who have a
good acoustic window.

Limitations

We did not compare 2D-SMPI measurements to 3D TTE echo. Despite the valuable
‘enface views’, this technique is not without limitations. Difliculties in image acquisition,
loss of image resolution, and ASD size being dependent on 3D gain settings may result in
inaccurate measurements. >>**’

The spatial resolution of the X5-1 matrix transthoracic probe remains somewhat infe-
rior to the stand-alone 2D transducer and in addition the frame rate (temporal resolution)
drops by half when entering the xPlane mode. This latter can be problematic for colour
Doppler flow imaging that already suffers from lower frame rates in the standard (primary)
2D images. The drop in temporal resolution can be brought to a minimum by ensuring
that the smallest sector able to encompass the cardiac structure of interest is used. Also
this can be overcome with iRotate mode if the ASD can be positioned in the centre of the

sector as frame rate in this mode is not compromised at all.
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Two-dimensional TEE is considered the gold standard. However, in one patient the
RUPV rim could not be visualised due to a very large ASD and the position of the RUPV
in the corner of the sector. Also, in two patients the IVC and SVC rims were not visualized
on TEE. Both TEE studies suffered from reduced image quality, and it is known that due
to the extreme proximity of the VCI rim to the transducer it can be difficult to visualize. **

Finally, the motion of the heart throughout the cardiac cycle may result in the reference
line not transecting the ASD at any time point in the heart cycle.

CONCLUSION

The SMPI technique, which allows a full electronic rotation of 360° of the ASD and
displays the true orthogonal plane of the defect in xPlane mode, can reliably assess the
dimensions and rim size of a secundum ASD for pre-interventional selection when com-
pared with 2D TEE. If the SMPI study is of optimal quality, it has the potential to replace
the TEE for ASD evaluation and guidance of device placement.
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ABSTRACT

Purpose

This study sought to assess the value of two-dimensional (2D) transthoracic echocardiog-
raphy (TTE), 2D xPlane imaging and three- dimensional (3D) TTE for the definition of
the site and the extent of mitral valve (MV) prolapse.

Method and Results

Fifty patients underwent transthoracic 2D, 2D xPlane and 3D echocardiography. With
2D xPlane a segmental analysis of the MV was performed, by making a lateral sweep
across the MV coaptation line as seen in the parasternal short-axis view.

Inter-observer agreement for specific scallop prolapse was for 2D xPlane excellent (97 %,
kappa = 0.94) and for 3D TTE moderate (85%, kappa = 0.67). The respective sensitivities
of standard 2D TTE, 2D xPlane, and 3D TTE for the identification of the precise poste-
rior scallop prolapse were for P1 92, 85, and 92%, for P2 96, 96, and 82%, and for P3 86,
81, and 71%. In total, 5 (8%) prolapsing MV scallops were missed by 2D TTE, 7 (12%)
by 2D xPlane, and 12 (20%) by 3D TTE. The sensitivity of 3D TTE was significantly
lower than standard 2D imaging (80% versus 93%, P < 0.05). The extent of P2 prolapse
was under or overestimated in 5 patients with 2D xPlane and in 9 patients with 3D TTE.

Conclusion

2D xPlane imaging is an accurate, easy to use (compared to 3D TTE) and easy to interpret
(compared to 2D and 3D TTE) imaging modality to study the site and the extent of MV
prolapse.
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INTRODUCTION

Mitral valve (MV) prolapse (MVP) is one of the most common valvular abnormalities in
industrialized countries." The site and extent of the prolapse is essential in defining the
suitability for MV repair.”> Many physicians are of the opinion that two-dimensional (2D)
transthoracic echocardiography (TTE) is not reliable enough to provide the surgeon with
the essential pre-operative information and consider transesophageal echocardiography
(TEE) obligatory. However, it should be recognized that newer technology (beam formers
and harmonic imaging) has improved TTE quality and TEE is a semi-invasive imaging tech-
nique not totally without procedural risk.” More recently, three-dimensional (3D) TTE has
been developed; a technique that is thought to be able to define more precisely the site and
extent of the prolapse in a non-invasive manner.*” However, 3D imaging requires expertise
and suffers from limited temporal and spatial resolution.® With the 3D matrix transducer,
it is also possible to identify the prolapse site and the extent from multiple 2D xPlane views
taken from a standard parasternal short axis view of the MV by simultaneous multiplane
imaging (SMPI).”" This technique requires less expertise and the spatial resolution is only
minimally reduced compared to 3D imaging. Therefore, this study sought to assess the value
of 2D TTE, 2D xPlane imaging and 3D TTE for the definition of the site and the extent of
MV prolapse in patients that underwent MV surgery.

METHODS

Study population

Between May 2012 and August 2013, 57 consecutive patients with MVP were referred
to our center for surgical MV repair because of isolated severe mitral regurgitation (MR).
The institutional review board approved the study and informed consent was obtained
from all patients.

Prior to surgery a transthoracic 2D, 2D xPlane and 3D echocardiogram in harmonic
imaging was performed using an iE33 ultrasound system (Philips Medical Systems, Best,
The Netherlands) equipped with an X5-1 matrix probe composed of 3040 elements,
with a 1-5MHz extended operating frequency range, with the patient in the left lateral
decubitus position.

2D echocardiography

As recommended, four standard 2D imaging planes were used: the parasternal long-axis

and short-axis views and the apical four- and two-chamber views.

2D xPlane mode

A segmental analysis of the MV was performed with SMPI in xPlane mode, by making
a lateral sweep across the MV coapration line as seen in the parasternal short-axis view
(Figure 1). In the xPlane mode an orthogonal view can be acquired through the midline of
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Figure 1 Segmental sweep analysis of the mitral valve scallops with 2D xPlane imaging with lateral tilt. A - E
correspond to the P3,P2 medial, P2 central, P2 lateral and Pr scallops

a primary image and displayed as a secondary image. From the midline, additional second-
ary images can be obtained by a lateral tilt of up to a maximum of +30° to -30° allowing
precise visualization of the prolapsing scallop in the secondary image which will resemble
a parasternal long axis view. A clear example of a P1, P2 and P3 prolapsing scallop is seen
in Figure 2. The smallest sector able to encompass the mitral valve should be used because
in the xPlane mode frame rate will be half of the frame rate of the original image.'’ Mean
xPlane frame rate was 37 + 6 frames per second.

3D echocardiography

In patients in sinus rhythm a full-volume data set from four to six R-wave gated sub-
volumes during a single end-expiratory breath-hold was acquired and in patients with
atrial fibrillation a live 3D data set was acquired to avoid the concerns about stitching
artefacts. All full-volume and live 3D data sets were taken from a parasternal or an apical
window.'""* The 3D data set was manipulated, off-line, using QLAB version 9 (Philips
Medical Systems, Best, The Netherlands) to show an ‘en-face’ or ‘surgical’ view of the MV
as seen from the left atrium. The mean 3D volume rate was 36 + 16 volumes per second.
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Figure 2 Segmental analysis of the mitral valve scallops with 2D xPlane imaging with lateral tilt.
a P1 prolapse b P2 prolapse ¢ P3 prolapse
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Scoring protocol

A senior cardiologist with extensive experience in 2D and 3D echocardiography and MV
disease analyzed all echocardiographic data sets blinded to other patient information
with at least 10 days between each specific analysis in a random order. MV prolapse and
segmental visualization of the affected scallop was classified according to the Carpentier
nomenclature."” The extent of P2 prolapse was only assessed with 2D xPlane and 3D echo-
cardiography since standard 2D echocardiography is not capable of doing so. The surgical
findings served as the gold standard. However, in 6 cases the surgeon only described a P2
prolapse without a clear description on the specific extent of the prolapse. In these 6 cases,
intra-operative 3D transesophageal data were used as supplementary gold standard data to
describe the extent of the P2 prolapse.

The sensitivity of scoring a P1, P2 or P3 prolapse was calculated as the positive findings
of the different modalities divided by the positive surgical findings. The specificity was
calculated as the negative findings of the different modalities divided by the negative
surgical findings.

The identification of the extent of the P2 prolapse examined with 2D xPlane and 3D
TTE was split up into five categories and compared with the surgical finding. The five
categories are; Barlow disease (including P1 and P3 prolapse), broad P2 (central, includ-
ing the centro-medial and centro-lateral edges of the P2 scallop but without P1 or P3
prolapse), small P2 (only central prolapse without incorporation of the centro-medial
and centro-lateral edges), asymmetric P2 (central and only one edge) and edge P2 (one
centro-medial or centro-lateral part only).

Statistical analysis

Prolapse site sensitivity and specificity were calculated according to standard formulas.
The degree of inter-observer agreement between the two blinded observers (MLG and

JSMcGQ) for specific scallop prolapse using 2D xPlane and 3D echocardiography was as-

sessed by calculating the Kappa coefficient (a value > 0.80 indicating excellent agreement).

RESULTS

Of the 57 patients referred for surgical repair, 7 patients (12%) were excluded because
a 3D TTE was not possible due to inadequate 2D image quality. In the remaining 50
patients mean age was 61 + 16 years and 33 (66%) were men. Forty (80%) patients were
in sinus rhythm and 10 (20%) in atrial fibrillation. Eleven patients (22%) had Barlow’s
disease involving both the anterior and posterior mitral valve leaflet. In 24 patients (48 %)
the prolapse was confined to one or more posterior mitral valve scallops (P1in 1, P2 in 13,
P2+P3 in 2, P3 in 8 patients). In the remaining 15 patients (30%) no prolapse was seen
and MR was due to mitral annular dilatation with or without retraction in 10 patients
(20%), endocarditis in 3 patients (6%), and rheumatic disease in 2 patients (4%).
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Anterior mitral valve scallop

In 16 patients, a prolapsing anterior MV leaflet was seen. In the eleven patients with
Barlow disease all prolapsing anterior MV leaflets were recognized with all techniques,
apart from one patient in which 3D echocardiography missed the prolapse. In the 5 re-
maining patients the prolapse was confined to the A2 part in one patient, the A2-A3 part
in one patient and the A3 part in three patients. Standard 2D analysis detected anterior
MYV leaflet prolapse in all patients although distinction between the specific scallops was
problematic. 2D xPlane identified the specific prolapse part in all patients where as 3D
echocardiography missed the prolapse in two patients with A3 prolapse.

Localization of posterior mitral valve scallop

As seen in Figure 3a, the respective sensitivities of 2D TTE, 2D xPlane, and 3D TTE
for the identification of the precise posterior scallop prolapse were for P1 92, 85, and
92%, for P2 96, 96, and 82%, and for P3 86, 81, 71%. In total, 5 (8%) prolapsing MV
scallops were missed by 2D TTE, 7 (12%) by 2D xPlane, and 12 (20%) by 3D TTE. The
sensitivity of 3D TTE was significantly lower than standard 2D imaging (80% vs. 93%, P
< 0.05). As seen in Figure 3b, the respective specificities of 2D TTE, 2D xPlane, and 3D
TTE for the identification of the precise posterior scallop prolapse were for P1 100, 97,
and 97%, for P2 100, 91, and 91 %, and for P3 100, 97, and 97 %.
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Figure 3 Sensitivity (left) and specificity (right) for the identification of posterior mitral valve scallop pro-
lapse by the different echo techniques

Identification of the extent of the P2 prolapse

The results of 2D xPlane and 3D TTE for accurately diagnosing the extent of the P2
prolapse are shown in Table 1. All 11 patients with a Barlow MV (that is involvement
of the complete anterior and posterior MV leaflet) were correctly diagnosed by both
modalities. Seven patients had a broad P2 prolapse. With 2D xPlane 4 were identified
correctly and in 3 patients, a prolapsing P2 was seen, but the extent of prolapse was to
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some extent underestimated (one edge was missed). Whereas with 3D TTE, one was
missed completely and 3 were underestimated (in two patient’s one edge was missed and
in one patient only a prolapsing edge was identified). Five patients had a small central P2
prolapse, 2D xPlane identified three correctly, overestimated one (that is one edge was
also scored as prolapsing) and missed one. 3D TTE identified two correctly and missed
three. In the three patients with asymmetric P2 prolapse (center and one edge), all three
were correctly diagnosed with 2D xPlane, but two were underestimated (only a prolapsing
edge was identified in one patient and only a prolapsing central part in one other patient)
with 3D TTE. One patient had a P2 one edge only prolapse that was diagnosed correctly
with 2D xPlane and missed by 3D TTE. So, in total 4 and 9 scallop parts were missed or
underestimated with 2D xPlane and 3D, respectively.

Table 1 Identification of the extent of P2 prolapse with transthoracic xPlane and 3D echocardiography.

Broad P2 Small P2 Asymmetric P2 Edge P2
Surgical findings Barlow (central + 2 edges) (central) (central + 1 edge) (1 edge only)
Echo findings N=11 N=7 N=5 N=3 N=1
xPlane 3D xPlane 3D xPlane 3D xPlane 3D xPlane 3D

Broad 11 11 4 3 0 0 0 0 0 0
Small 0 0 0 0 3 2 0 1 0 0
Asymmetric 0 0 3 2 1 0 3 1 0 0
Edge only 0 0 0 1 0 0 0 1 1 0
Negative (missed) 0 0 0 1 1 3 0 0 0 1
Colour legend: © = correct, = overestimation, = underestimation, = missed.

Inter-observer agreement
Seven additional 3D TTE were excluded because the second observer determined the 3D
quality too poor to reliably assess the site of MV prolapse. Inter-observer agreement for

specific scallop prolapse is shown in Figure 4. For 2D xPlane the agreement was excellent

(97%, kappa = 0.94). For 3D TTE the agreement was moderate (85 %, kappa = 0.67)

P1 P2 P3 Total

+ - + - + - + -
oo + [ENKE - EIKE - EIKN - ElE
XPlane. 1 31 . 1 17 . 2 26 - 4 74

Agreement 98% Agreement 98% Agreement 95% Agreement 97%
Kappa 0.94 Kappa 0.95 Kappa 0.90 Kappa 0.94

+ - + - + - + -
o 2] =E] -EE] - [FE]
- BB 30 - BB 17 - BB 25 - P11 72

Agreement 91% Agreement 84% Agreement 79% Agreement 85%
Kappa 0.76 Kappa 0.67 Kappa 0.51 Kappa 0.67

Figure 4 Interobserver variability in assessment of posterior mitral valve scallop prolapse by 2D xPlane and
3D echocardiography
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DISCUSSION

In this study we sought to assess the relative value of transthoracic standard 2D imaging,
2D xPlane imaging, and 3D imaging for the definition of the site and extent of MV
prolapse. The main results of the study are (1) transthoracic 2D imaging has excellent
diagnostic value in detection of the prolapsing MV scallop, (2) 2D xPlane and 3D imag-
ing do not improve detection of the prolapsing MV scallop, (3) the extent and asymmetry
of P2 prolapse can, however, only be assessed by xPlane and 3D imaging, and (4) 2D
xPlane imaging may be superior to en-face 3D imaging in this latter aspect because it is (a)
easier to implement as it is a 2D technique, (b) has a better interobserver agreement, and
(c) misses less prolapsing MV scallop parts because of less artifacts (dropouts and side-lobe
artifacts) and better spatial resolution.

The definition of the site and extent of MV prolapse plays a crucial role not only in
surgical referral but also for the operative plan since different pathology require different
levels of surgical expertise based on the complexity of lesions seen with echocardiogra-
phy."*"> Some authors have reported poor sensitivities of 2D TTE for the identification of
prolapse,'® and in particular of the not centrally-located P1 and P3 scallops.*'”'® Minardi
et al. reported sensitivities of 64, 99 and 50% for respectively P1, P2, and P3 scallop
prolapse (although they claimed overall sensitivity was excellent since the middle scallop
P2 “represents almost the totality of prolapses”). Also, Beraud et al. reported a correct
description in only 22% in patients with a prolapse other than isolated P2 prolapse. Pepi
et al. reported a sensitivity of 40% for the antero-lateral commissure and 54% for the
postero-medial commissure.

In contrast, Monin et al. reported sensitivities of 95% and 93% for respectively the
central P2 prolapse and the not centrally-located P1 and P3 scallops based on a similar
2D analysis. Our results of sensitivities of 92, 96, and 86% for respectively P1, P2, and P3
prolapse are in line with these results of Monin et al. Of note, like in our study the echo
studies were performed by dedicated “senior” sonographers and analyzed by a cardiologist
with extensive experience in MV assessment. As a result of the excellent transthoracic 2D
diagnostic results 2D xPlane and 3D imaging was not able to add diagnostic value. On the
contrary, 2D xPlane imaging and in particular 3D imaging resulted in more false negative
results.

In the literature there is some controversy over the accuracy of 3D TTE for the evalu-
ation of the site and extent of the MV prolapse. All investigators stated that 3D TTE is
a feasible technique in the majority of patients. This was confirmed in our study as in
only 7 patients (12%) the 3D images were deemed not possible because of image quality
by the sonographer and in another 7 patients the 3D image quality was found to be
inadequate for analysis by one of the two observers. Several investigators stated that the
accuracy of 3D TTE for the identification of scallop prolapse is high”'”** and may even
be superior to 2D TTE """ or even 2D TEE. 7 Although Gutiérrez-Chico already noted
imperfect results for the not centrally-located (lateral and medial) scallops, ** Zekry et
al. pointed out clearly the difficulty in using 3D TTE to localize mitral valve segmental
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disease especially for the not centrally-located scallops: sensitivities were 7, 93, and 29%
for respectively P1, P2, and P3 scallop prolapse *'. In our 3D study the sensitivity for the
detection of P3 prolapse was also somewhat lower. Of note, Agricola et al. and Beraud et
al. used a combination of en-face “surgical” views and 3 to 5 reconstructed longitudinal
views (“representing the A1-P1, A2-P2, A3-P3 scallops and the two commissures”) and it
was claimed to be, in particular, helpful in patients with commissural prolapse, although
results were still sub-optimal.

The identification of 3D volume-rendered images may be difficult even for the experienced
observer since a prolapsing scallop should be identified as a convexity or bulge, and often as a
bright area when compared with the rest of the mitral valve. Despite exclusion of patients with
poor echocardiographic images, the current spatial and temporal resolution of 3D transthoracic
transducers in our opinion still limits the interpretation of images. This was evidenced not only
by the 12 missed prolapsing scallops (compared to 5 and 7 with respectively 2D TTE and 2D
xPlane), but also by the underestimation of P2 scallop extent by 3D.

2D xPlane imaging

With the introduction of 2D xPlane imaging it is possible to identify not only a prolapsing
MYV leaflet but also to assess, like 3D imaging, in a systematic manner the extent of MV
prolapse. It is important to realize that the xPlane technique in fact mimics the 3D mul-
tiplane reconstruction with as opposite to 3D imaging only a minimal impact on spatial
resolution compared to standard 2D imaging with a 2D transducer. Compared to the
surgical findings 2D xPlane was a sensitive technique (overall 2D xPlane sensitivity 88vs
80% for 3D) to identify MV prolapse and the inter-observer agreement for identification
of the prolapsing MV scallop was excellent. Also, the sensitivity of 2D xPlane imaging for
the identification of MV prolapse was not lower than standard 2D imaging, whereas 3D
TTE was significantly lower compared to standard 2D imaging. In addition, good results
were seen in the identification of the extent of P2 prolapse.

Any sonographer will be able to perform an accurate, rapid, online segmental analysis
of the entire coaptation line of the MV with xPlane imaging. Virtually the images do not
suffer from a loss in spatial resolution and rhythm irregularities will not affect the data.
Although in the present study the identification of MV prolapse presence was not superior
to standard 2D imaging it should be realized that the 2D images were interpreted by a
senior cardiologist highly experienced in MV evaluation

Clinical implications

Although not discussed in this article, 2D and 3D TEE imaging are excellent imaging tools
to describe the MV geometry and mechanism of regurgitation and to guide the surgical
approach. However, TEE is a semi-invasive imaging technique not totally without proce-
dural risk. >** Because 2D xPlane is an easy, accurate and noninvasive imaging modality
we suggest standard 2D supplemented with 2D xPlane to be used in the outpatient clinic
for optimal assessment of MV geometry and mechanism of regurgitation. Only in the few
patients in whom doubt persists (in particular the involvement of the para-commissural
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scallops) 2D and/or 3D TEE imaging should be performed in the outpatient’s clinic.
Finally, pre-operative TEE in the operating room (the ideal circumstance for studying
the geometry and mechanism of the MV) may further refine the diagnosis and guide the
surgical approach.

Limitations

The spatial resolution of the X5-1 matrix transthoracic probe remains somewhat inferior to
the stand-alone 2D transducer and in addition the frame rate (temporal resolution) drops by
half when entering the xPlane mode. This drop in temporal resolution however, does not seem
very important in the assessment of the site and extent of MV prolapse and can be brought to
a minimum by ensuring that the smallest sector able to encompass the MV is used.

Care must be taken with the interpretation of the extent of prolapse from the standard
parasternal short axis view analysis since the motion of the heart throughout the cardiac
cycle may result in the reference line not transecting the same region of interest at any time
point in the heart cycle.

The echo studies were performed by dedicated “senior” sonographers and analyzed by a
cardiologist with extensive experience in MV assessment. Therefore, our results may not be
generalized to less experienced centers. In addition, TEE imaging was not considered in the
design of the study because the aim of the study was to assess the relative value of transtho-
racic standard 2D imaging, transthoracic 2D xPlane imaging, and transthoracic 3D imaging
for the definition of the site and extent of MV prolapse defined by the surgical standard.

Finally, the anatomical findings at surgery served as the gold standard. It should be rec-
ognized that surgeons assess an immobile valve in a flaccid heart whereas echocardiography

assesses a dynamic valve. Unfortunately, there is no practical alternative to this approach.

CONCLUSION

2D xPlane imaging is an accurate, easy to use (compared to 3D TTE) and easy to interpret
(compared to 2D and 3D TTE) imaging modality to study the site and the extent of MV
prolapse.
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Chapter 5

ABSTRACT

Introduction

Parasternal short-axis (SAX) assessment of circumferential extent of paravalvular leakage
(PVL) in patients who had undergone transcatheter aortic valve implantation (TAVI)
potentially underestimates PVL. iRotate echocardiography from an apical recording may
be a new method to assess the circumferential extent of PVL.

Methods

The study included 41 consecutive outpatient patients (21 men, mean age 80+10 years)
who had undergone TAVI with the CoreValve System®. All patients underwent assess-
ment of PVL circumferential extent by SAX analysis and iRotate echocardiography. From
the standard 5-chamber view the probe was held in the same position and images were
recorded at 15 degrees intervals to cover the whole circumference of the TAVI prosthesis.

Results

iRotate echocardiography was feasible in all patients and induced no loss in spatial or
temporal resolution so image quality. Circumferential extent correlated well with SAX
(r = 0.84, p < 0.001) although a bias of 6.0% (limits of agreement: +19.7%) with a
significant larger circumferential extent with iRotate (13.7% + 17.0% vs. 7.7% + 10.1%,
2 <0.001) was observed. Individual case analyses revealed, apart from suspected underesti-
mation due to acoustic shadowing, impaired SAX quality and jets separated by echo-dense
areas as causes for PVL underestimation by SAX analysis and non-central alignment in
the stent by iRotate echocardiography as a possible cause for (relative) overestimation by
iRotate echocardiography.

Conclusions

iRotate echocardiography from an apical view is a feasible method to study the circum-
ferential extent of PVL after TAVI. Future studies should provide more insight whether
iRotate overestimates or SAX analysis underestimates circumferential extent of PVL.
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INTRODUCTION

Paravalvular leakage (PVL) is an important issue in transcatheter aortic valve implan-
tation (TAVI) because of its impact on mortality."” Ideally, the circumferential extent
of PVL serves as measure of severity. Unfortunately, the colour Doppler analysis of the
parasternal short-axis (SAX) TAVI view suffers from important limitations that may result
in PVL severity underestimation because of impaired echocardiographic window quality
and interaction of calcium, crushed native material or the stent prosthesis with the echo
beam.>* Colour Doppler imaging from an apical window does not suffer from this limit-
ing interaction but the routinely used 3-chamber and 5-chamber apical views reflect only
a very small proportion of the TAVI prosthesis circumference.

Newly developed iRotate echo transducers may allow a full electronic rotation of 360°
(adjustable by 5° steps) around the TAVI prosthesis with excellent spatial and temporal
resolution.”™ Similarly as studying the PVL extent of a mitral prosthesis with trans-
oesophageal echocardiography it may now be possible to study the circumferential PVL
extent of a TAVI prosthesis by use of iRotate colour Doppler from one standard trans-
thoracic apical view. Importantly, by this imaging PVL method interference by calcium,
crushed native material or the stent prosthesis is avoided. The aim of this paper is to
propose this novel approach to assess the extent of PVL in patients who had undergone
TAVI because of severe aortic stenosis.

METHODS

Patients

After exclusion of one patient with poor parasternal and apical window quality, forty-one
consecutive patients (21 men, mean age 80 + 10 years) were included in the study. All
patients had undergone TAVI with the CoreValve Revalving System® and were evaluated
by transthoracic echocardiography by one single highly experienced sonographer at 6
(n=11),12 (n=17), 24 (n = 10) and 36 (n = 3) months after TAVI, respectively.

Standard echocardiographic evaluation

Standard transthoracic echocardiographic evaluation was performed using an iE33 ultra-
sound system (Philips Medical System, Best, the Netherlands) equipped with an X5-1
three-dimensional transducer. The circumferential extent of PVL was determined in the
SAX view according to the standard method.*’ Stent shape eccentricity at the inflow part
of the CoreValve prosthesis was defined as described before."

iRotate echocardiographic evaluation

The ultrasound beam was aligned to the stent longitudinal axis in a standard apical long-
axis 5-chamber view. Care was taken to image the stent in its maximal diameter (central
axis) to avoid foreshortened views. With the probe held still in the same position, the
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iRotate feature was applied to obtain color Doppler images from the entire TAVI pros-
thesis circumference. Images were stored every 15° until 180°, identifying the presence of
PVL at both of the visible tips of the stent as seen in Figure 1. Thus, in total 14 images
- including 28 stent sites - covering the whole 360° circumference of the TAVI stent were
acquired (note the first and last image are mirror images and were only once considered).
An image was considered “positive” for PVL at that site as a regurgitant aortic jet was
clearly visible and in direct connection with the stent prosthesis. A color signal not directly
connected to the TAVI prosthesis was considered as spreading of adjacent jets, and thus
not scored. By counting the positive sites and multiplying for 15 degrees, derived the total
circumferential extent of PVL. This iRotate circumferential extent was than compared
with the circumferential extent assessed in the standard SAX view. By this method patients
were classified (according to the average score of the two observers) as, 1) no PVL (note
for this category no discrepancies were found between the two observers, 2) less PVL by
iRotate, or 3) more PVL by iRotate. For individual analysis the last group was divided
into patients with < 10%, between 10-20%, and > 20% larger circumferential extent by
iRotate echocardiography.

|-rotate

Figure 1 iRotate echocardiography from an apical window of PVL .Colour Doppler images are acquired at
15 degrees intervals covering the whole circumference of the TAVI prosthesis (in the Figure only 3 from the
total number of 14 acquired images are displayed).
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Inter-observer and test-retest variability

All 41 cases were analyzed independently by two observers for the assessment of inter-
observer variability of SAX and iRotate circumferential extents. Test-retest analysis of
iRotate was done in 10 patients studied at least 1 month apart but showing identical SAX
circumferential extent of PVL by one observer.

Statistical analysis

Continuous variables were compared using the Student’s t test, and the association
between them was tested using Pearson’s correlation and Bland-Altman analyses. A com-
parisons between populations was done according to the two-tailed Z-test. Test-retest
and inter-observer variability were expressed as coefficient of variation (CV) calculated as
the standard deviation of the inter-observer difference divided by the population mean;
and, as the intra-class correlation coeflicient with absolute agreement for single measures.
Statistical analysis was performed with SPSS 23.0 (IBM, Armonk, NY, USA). All prob-
ability values were two-tailed, and a value of P < 0.05 was considered significant.

RESULTS

Feasibility of iRotate imaging

In the 41 included patients iRotate was analyzable in all. Because iRotate induces no loss
in spatial or temporal resolution image quality was similar as standard apical 5-chamber
quality and frame rate was 19 + 2 frames per second.

Inter-observer and test-retest reproducibility

Reproducibility results are depicted in Table 1. Inter-observer variability was numerically
lower for the iRotate-derived circumferential extent than for the SAX-derived (coefficient
of variation 20% vs. 28%), while intra-class correlation coefficient was > 0.95 for both.
Test-retest reproducibility for iRotate-derived circumferential extent yielded a coeflicient
of variation of 17% and an intra-class correlation coefficient of 0.97.

Table 1 Inter-observer and test-retest reproducibility

n Parameter CV (%) ICC
42 SAX CE inter-observer 28 0.95
42 iRotate CE inter-observer 20 0.97
10 iRotate CE test-retest 17 0.97

n = number of subjects; CV = coefficient of variation; ICC = intra-class correlation coefficient; SAX = short-axis;
CE = circumferential extent.

Comparison of apical iRotate and parasternal SAX circumferential extent

Opverall, iRotate circumferential extent was highly correlated with SAX circumferential ex-
tent (r = 0.84, p < 0.001). A bias of 6.0% (limits of agreement: + 19.7%) with a significant
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larger circumferential extent with iRotate (13.7% = 17.0% vs. 7.7% + 10.1%, p < 0.001)
was observed. In 15 (37%) patients both the SAX and iRotate circumferential extent
were 0% (no PVL present). When only patients with PVL were included in the analysis a
larger difference was observed (20.8% + 17.0% vs. 11.7% + 10.4%, p < 0.001; r = 0.77,
2 < 0.001), with a mean bias of 9.2% + 22.0%. More PVL with iRotate was seen in 10
(25%), 5 (12%), and 7 (17%) patients for the groups with < 10%, between 10-20% and
> 30% difference, respectively. Mean differences in these groups between iRotate and SAX
circumferential extent were 2% = 2%, 15% + 2%, and 27% + 41%, respectively. Less
PVL with iRotate was only seen in 4 (10%) patients (3% + 1%).

Individual case analysis with large discrepant results (> 20 %)

To identify specific causes of discrepancies we looked in detail to all 7 patients with large
(> 20%) discrepancies in circumferential extent between the SAX and iRotate method.

False-negative SAX imaging

In 1 case with abnormal iRotate imaging at 6-months the SAX image was clearly false-
negative (also at earlier and later dates). In addition to a recorded SAX level probably not
distal enough from the stent reduced parasternal image quality may have contributed to
this finding. Although a large difference was found in circumferential extent between the
two techniques the overall impression with iRotate was that PVL was only mild because

jets were minimal.

Multiple PVL localizations in connection with iRotate imaging

In 2 patients multiple PVL localizations were seen. With iRotate echo these spots seemed

to be connected as one continuous jet (Figure 2).

Figure 2 A patient with two small jets at SAX, separated by an echo-dense area whereas iRotate shows only
one continuous broader jet
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Other reasons

In the 4 remaining patients it was noted that they all had abnormally shaped stent frames
(3 had a W-shape, 1 a R-shape, Figure 3) compared to 15 of the other 37 patients (100%
vs. 39%, P < 0.05). In two patients with more extensive abnormalities at iRotate echocar-

diography it was suspected that rotation did not occur around the central axis of the stent

(Figure 4).

Figure 3 Examples of abnormal stent shapes in 2 patients with discrepancies between the SAX and iRotate
circumferential extent of PVL.

Figure 4 Potential overestimation of PVL with iRotate echocardiography. Correct imaging around the cen-
tral axis gives a PVL circumferential extent of 105° (left) versus 160° with incorrect imaging (right).
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DISCUSSION

The main findings of this study are 1) iRotate echocardiography is a feasible method to
study the circumferential extent of PVL after TAVI from an apical view, and 2) although
well correlated to the parasternal SAX analysis, circumferential extent of PVL was higher
in a substantial number of patients.

The final estimation of PVL severity in TAVI patients should always integrate all avail-
able echocardiographic data. The parasternal SAX circumferential extent of PVL is an
essential part of the echocardiographic data.”"" Unfortunately, while giving an immediate
result, this view may suffer from serious limitations linked to the ultrasound scan plane,
inadequate parasternal window quality, eccentric jets and masking of PVL jets due to
acoustic shadowing by the stent or the crushed native aortic annular material.” The latter
is in particular important in the CoreValve prosthesis because compared to other TAVI
stent designs it is supra-annular positioned and thus more susceptible for interference
of crushed native material with imaging of PVL jets distal to the new leaflet plane. The
standard apical 3-chamber and 5-chamber views do not suffer from these problems, but
include only a very limited part of the TAVI prosthesis circumference. Three-dimensional
echocardiographic visualization of PVL may seem a promising technique but suffers from
reduced spatial resolution and extremely low color Doppler volume rates.'

The iRotate echocardiographic technique has recently been successfully used in multiple
clinical settings.”® In the present study it is shown that the whole TAVI prosthesis circum-
ference can be reconstructed without a loss in spatial and temporal resolution compared to
normal 2D scanning with a X5-1 transducer. When 15° intervals are used 13 images should
be acquired rather than the 2 standard (3-chamber and 5-chamber) views. Other intervals such
as 5°, 10° or 30° may also be chosen but the used interval is in our opinion a good balance
between not missing jets and time-consumption of acquisition and analysis. Of note, as the
standard apical views, iRotate echocardiography does not suffer from problems of acoustic
shadowing. Identical or quite similar results between SAX analysis and iRotate were seen in
29 patients (71%). iRotate echocardiography showed significantly more circumferential extent
of PVL in 12 patients (29%). The main issue not answered by this study is obviously whether
iRotate overestimates or SAX analysis underestimates circumferential extent of PVL. In general
several arguments can be given to support the hypothesis that parasternal SAX underestimates
PVL severity. It has been shown that echocardiography (in contrast to angiography) does not
correlate well with magnetic resonance in the assessment of PVL." Echocardiographic analysis
from a parasternal (long-axis) window underestimated regurgitation with approximately 25%
of patients having a false negative study and 25% having a positive but underestimated study.
In an echocardiographic study by our group also 14% of SAX images were false negative.’
Also, in studies in which post-implantation angiographic and transthoracic parasternal echo-
cardiographic data were compared the number of patients without PVL was clearly (up to
three times) lower for echocardiography.'* Apart from reduced parasternal window quality as
seen in one patient with discrepant results seen in our series it is well known that increased
gain settings and echogenic spots have destructive effects on color Doppler.” Interestingly, in
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2 patients in our series two separately localizations of PVL seemed on iRotate analysis one
continuous PVL jet. Finally, it remains intriguing that mild aortic regurgitation was linked to
mortality in studies such as the PARTNER trial. It is well understood why severe PVL is related
to mortality,"” but the mechanism that underlies the association between less than severe PVL
and mortality is still not well understood. Normally, patients with native aortic regurgitation
can withstand the volume overload relatively well with an excess of mortality only seen in
severe, symptomatic patients, as reflected in the surgical guidelines.15 'The relationship between
PVL in TAVI patients and mortality is sometimes explained by the sudden change from a
pressure overload to a volume overload regime in a stiff left ventricle.'®"” However, it should
be recognized that many patients have already aortic regurgitation before TAVI. One possible
other explanation could be the underestimation of PVL regurgitation by the current method of
analysis. Conversely, also arguments can be given that iRotate echocardiography overestimates
PVL. Because the TAVI prosthesis is in motion in diastole in both the longitudinal direction
and the elevation plane regurgitant jets in one part of the circumference may become visible
in more than one iRotate image. Also, the resolution in the elevation plane is worst (about
3.0 mm). An important reason in a few patients for (relative) overestimation of PVL may be
the non-central position of the echo beam in the TAVI stent, in particular in patients with
abnormally shaped stent frames. From Figure 4 it can be appreciated that imaging not along
the central axis of the stent prosthesis can easily lead to overestimation of the circumferential
extent of PVL.

Limitations of the study

As mentioned in the previous section this study does not provide an answer whether
iRotate overestimates or SAX analysis underestimates circumferential extent of PVL. This
issue should be explored in future studies. Ideally, the circumferential extent of PVL should
be correlated with regurgitant volumes. Unfortunately, calculation of regurgitant volumes
in TAVI patients by the echo Doppler method seems not reliable.'® A study incorporating
PVL volume assessment by magnetic resonance imaging seems therefore necessary.'>'

The role of iRotate echocardiography in the specific interpretation of severity of eccen-
tric PVL jets frequently seen in the CoreValve prosthesis should also be further explored.’

The exact orientation of the iRotate images with respect to the SAX can be extremely
troublesome because the angle from which the 5-chamber view is recorded is not a fixed
constant.

CONCLUSIONS

iRotate echocardiography from an apical view is a feasible method to study the circumfer-
ential extent of PVL after TAVI. It correlates well to the SAX analysis but in a substantial
number of patients circumferential extent of PVL is higher. Future studies should provide
more insight whether iRotate overestimates or SAX analysis underestimates circumferen-
tial extent of PVL.
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INTRODUCTION

Three-dimensional echocardiography (3DE) has become important in the management
of patients with congenital heart disease (CHD), particularly with pre-surgical planning,
guidance of catheter intervention and functional assessment of the heart. 3DE is increas-
ingly used in children because of good acoustic windows and the non-invasive nature of
the technique. The aim of this paper is to provide a review of the optimal application
of 3DE in CHD including technical considerations, image orientation, application to
different lesions, procedural guidance and functional assessment.

THREE-DIMENSIONAL ECHOCARDIOGRAPHIC IMAGING
TECHNIQUES

Transducers

The evolution of 3DE techniques and transducer technology has been well described.'”
The development of the matrix array probe with parallel processing has made real-time
3DE possible since the 1990s.*’ Later generations of transducers have become smaller
with footprints similar to two-dimensional echocardiography (2DE) transducers. The
development of a small high frequency paediatric 3DE transducer (2-7MHz) has en-
hanced spatial and temporal resolution; especially pertinent for small children with high
heart rates.*” Similarly, miniaturisation has enabled the development of adult-size 3D
transoesophageal echocardiography (TOE) probes.®

Workflow

Ideally, 3DE transducers should be capable of producing 2D images which are at least
equivalent to 2DE transducers. Some 3D transoesophageal transducers achieve this, but
transthoracic 3DE probes still do not generally match the image quality of a dedicated 2D
transducer. The difference remains most marked for high frequency paediatric 3DE probes
compared to the 2DE equivalent transducer. Consequently, the use of the combined 2DE-
3DE transducer is not routine in smaller patients. Manufacturer recommendations suggest
current 3D TOE probes are used for patients > 30kg. Some paediatric cardiologists will
extend use of such probes to smaller patients. Those undertaking such procedures should
be aware of the specific manufacturer recommendation for the transducer. In any patient,
the risk of complications such as damage to the oropharynx and oesophagus caused by
an oversized probe needs to be balanced against the additional value of 3DE. For patients
who are currently too small to accommodate 3D TOE transducers, epicardial 3D imaging
with a transthoracic 3DE transducer is a feasible alternative technique during surgery.’

Data Acquisition modes

Good spatial and temporal resolution in 3DE is a priority for imaging of CHD, particu-
larly valve pathology and complex lesions. The matrix transducer has different modalities
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of data acquisition whose use is dictated by the clinical question. For example, in the
assessment of double outlet RV, incorporation of the AV valves, ventricular septum and
great arteries is necessary for decision-making, whereas measuring the size of an isolated
VSD does not require such an extended field of view. The exact configuration and nomen-
clature of different modes is vendor specific but with features in common.

2D Simultaneous multiplane mode

Current matrix probes allow 360° electronic rotation of the imaging plane as well as si-
multaneous display of more than one 2D imaging plane that can be electronically steered
in the elevation or lateral plane. The crop plane is marked on the projection but with the
drawback that temporal resolution is reduced.'’ Applications include assessment of atrial
septal defect (ASD) size and rim length,'" size and shape of VSDs, AV valve morphology
and regurgitation (Figure 1A and B), outflow tracts and arterial valves.

Cut plane

Figure 1 Cross-plane imaging. (A) Cross-plane imaging of the mitral valve by transthoracic echocardiog-
raphy showing the user defined cut plane (dotted line and triangle) to show a short-axis view of the mitral
valve (left panel) and the corresponding long-axis view (right panel). (B) Cross-plane imaging of mitral valve
regurgitation which permits precise localisation of regurgitant jets in the long-axis (left panel) and short-axis
views (right panel). The cut plane is indicated by the triangle. LAX, long axis; SAX, short axis; LV, left ven-
tricle; LA, left atrium; MV, mitral valve.
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Real-time 3DE mode

Real-time 3DE permits a display of an adjustable pyramidal volume, minimising the issue
with poor co-operation in children because there is no potential for “stitch” artefacts be-
tween adjacent subvolumes. Increasing the region of interest decreases frame rate, and the
limited field of view is a disadvantage for complex CHD where the relationship of different
structures to each other is crucial for decision-making. Some manufacturers have a further
3D mode which permits the operator to select an area of interest but with relatively low
frame rates particularly if colour low Doppler is added. This mode is mainly used during
catheter intervention, particularly ASDs, VSDs and the AV valves. Depending on the
system, vendor settings may be adjusted to allow the operator to prioritise volume rate at
the expense of line density, thus achieving a higher temporal but lower spatial resolution.

ECG gated multi-beat acquisition

With current imaging technology, ECG-gated multi-beat image acquisition is frequently
used for paediatric 3DE because it acquires a large field of view with sufficient tempo-
ral resolution. However, the electronic “stitching” of narrow volumes of data over 2-6
heartbeats may produce artefacts related to patient breathing or movement, particularly
in young children. This is not an issue in ventilated children under general anaesthesia,
because ventilation can be suspended briefly, and is less of a problem during sleep or
with sedation. Although “single beat” volume acquisition has been introduced, the limited
temporal resolution is insufficient for high heart rates of infants and children unless the
region of interest is small thereby permitting narrowing of the imaging sector, or if the
region of interest is relatively static.

3DE colour flow Doppler

3DE colour flow Doppler can be added to any of the above modalities. In common with
2DE, the addition of colour flow Doppler reduces temporal resolution. Depending on
the size of the region of interest, the achievable frame rate may be too low for fast moving
structures such as AV valves. Some manufacturers may permit the user to prioritise tempo-
ral resolution over spatial resolution to maintain an acceptable frame rate. The alternative

is to use an ECG gated multi-beat acquisition to maintain an acceptable frame rate.

Principles of 3DE acquisition

3DE for CHD utilises the same transducers and ultrasound systems as adults with the addi-
tion of high frequency probes suitable for imaging babies and children. General points are
summarised below with emphasis on points relevant to the child or adult with CHD. In all
patients, meticulous attention to 2D image quality is necessary to optimise the quality of the
3DE dataset. A high-frequency 3DE transducer should be used where possible, especially
in small children where ultrasound penetration is not an issue, and the sector width nar-
rowed to include only the regions of interest. Axial resolution is higher than either lateral
or elevational planes which impacts on the optimal transducer position for the lesion being
evaluated. For example, the mitral valve may be interrogated ecither from apical or paraster-
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nal view to delineate both leaflets and the subvalvar apparatus.'” Review of the multiplanar
images is particularly important prior to display of rendered images to avoid diagnostic error.
Comprehensive reviews of 3DE artefacts have been published for reference."

Imaging of relatively static cardiac structures, such as ASDs and VSDs, may be achieved
using live 3DE or 3DE Zzoom’ modes because temporal resolution is sufficient. Gain settings
during acquisition and post-processing are particularly important in smaller patients with
thin valves to reduce ‘noise’ that may impede visualisation (Figure 2A and B) while avoiding
“holes” or other artefacts from inadequate gain. The normal gain setting for a 3DE acquisition
is slightly higher than conventional 2DE as gain can be reduced during post-processing to
optimise the image whereas if too little gain is used during acquisition, increasing gain during
post-processing does not restore parts of the image which have not been adequately visualised
during the acquisition. This affects thin structures such as valve leaflets in particular.

Figure 2 Effect of gain setting on 3D images. (A) Transthoracic PSLAX view of the LV with inappropriately
high gain settings. The cavity of the LA and LV is opaque and consequently there is no perception of depth in the
image. (B) With appropriate reduction of gain, intracavity noise has been removed and far-field structures can be
visualised. In this example, far-field structures are colour coded blue grey and near field brighter and yellow-brown.
LV, left ventricle; LA, left atrium

Presentation of 3DE images of CHD merits particular consideration, especially for valves,
and individualised tilt or rotation to display the region of interest can help (Figure 3A and
B). The 3D display modes for CHD are analogous to those used for adults and include
(i) volume rendering, (ii) surface rendering and (iii) multi-planar reformacted (MPR)
image display."*"> Volume rendered datasets can be electronically segmented, allowing the
operator to ‘crop’ the heart in multiple sections to expose the cardiac structure of interest
from any desired angle. This is especially useful for CHD prior to surgery or intervention.
Surface rendering presents the surfaces of structures or organs with a solid appearance
and is mainly used to visualise size, shape and function of cardiac structures.'® Analysis
software for this mode includes semi and fully automated endocardial border detection
for quantification of left ventricular (LV) and RV function'”'® as well as semi-automated
mitral leaflet motion detection for quantification of valve function, both of which may be
limited by the abnormal ventricular shape or valve morphology found in CHD.
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Figure 3 Rendered views of the mitral valve by transthoracic 3DE. (A) This is a projection of a normal mitral
valve viewed from the ventricular aspect. The mitral valve is viewed directly en face so that the leading edge
of the anterior and posterior leaflets can be visualised along with the aorta in the far-field. (B) This is a similar
projection of the mitral valve to that shown in (A). However, the rendered image has been angulated slightly so
that the depth of the anterior leaflet of the mitral valve can be visualised. This assists in imaging of abnormali-
ties in this region such as true clefts of the mitral valve or the bridging leaflets in atrioventricular septal defects.
Ao, aorta; AMVL, anterior mitral valve leaflet; PMVL, posterior mitral valve leaflet.

MPR allows the 3DE dataset to be viewed on a quad screen with the 3D dataset cut into
three planes (sagittal, coronal, transverse), which are configurable, by the user. Adjustment
of the MPR planes is illustrated in see Supplementary data online, Powerpoint 1. This
display of planes not available by 2DE can aid with understanding complex anatomies and
facilitate measurement of many CHDs such as ASD and VSD size. Valve areas, effective
orifice areas and vena contracta areas of regurgitant jets can all be measured by manipulat-

. . . . . 19-21
ing cutting planes to avoid foreshortening or oblique measurements."”

Future Directions
Improved temporal resolution of single-beat acquisitions or post-processing software to
deal with stitch artefacts would enhance 3DE in younger patients. Software packages that

can accommodate analysis of valves and chambers of abnormal morphology would also

benefit the patient with CHD.

Recommendations

The 3DE approach should be tailored according to the patient. Small footprint and high
frequency 3DE transducers should be used in infants and young children and for epicar-
dial 3DE.

3D TOE should be considered when patient size permits if 3D TTE provides insuf-
ficient imaging to plan therapy.
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IMAGE DISPLAY AND ORIENTATION

Published standards have been produced for the echocardiographic assessment of patients
with paediatric and CHD, including TTE,” TOE,” and quantification.* Recent published
work has defined standards for adult practice using 3DE," but the latter specifically ex-
cluded CHD. In the patient with CHD, cardiac position, situs, connections and alignments
may be abnormal which presents a major challenge compared to acquired heart disease.
3DE facilitates ez face projections of cardiac septums and AV valves,” which can be rotated
in the z-plane to any desired orientation. If the analogy of a clock face is used, use of z-
plane rotation turns the image in a clockwise or counter clockwise direction to achieve
an anatomically correct orientation (see Supplementary data online, Presentation I). The
retention of adjacent anatomic landmarks is desirable, where possible, to assist orientation.
Echocardiographic evaluation of the patient with CHD is often complemented by other
imaging modalities including magnetic resonance imaging (MRI), computed tomography
(CT) and angiography. To gain maximum value, the orientation of 3DE images should be
both consistent and intuitive, as exemplified by the ‘anatomic’ approach to image display,**
projecting the heart in the same orientation as a person standing in an upright position.
With this approach, superiorly positioned structures will be displayed uppermost on the
image. This anatomically correct approach is consistent with the projection of MRI and
CT images.”*” The application of an anatomic orientation can be illustrated with specific

examples.

The atrial septum

The atrial septum can be visualised from the right or left atrial aspect. A projection from
the right atrium permits visualisation of important landmarks such as the superior vena
cava, inferior vena cava, ascending aorta, tricuspid valve, oval fossa and os of the coronary

Figure 4 Normal atrial septum. Transoesophageal 3DE view of the normal atrial septum viewed from the
right atrial aspect. The orientation of the image is anatomic so the superior vena cava and inferior vena cava
are shown uppermost and lowermost on the image respectively. This image was acquired by 3D TOE using a
full-volume acquisition over 4 cardiac cycles. The asterisk marks the margins of the oval fossa.

SVC, superior vena cava; IVC, inferior vena cava; TV, tricuspid valve; CS, coronary sinus.
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sinus. The preferred anatomic image orientation has the superior vena cava uppermost and

tricuspid valve seen to the right of the atrial septum (Figure 4).

The ventricular septum

The ventricular septum can be visualised from either the RV or LV aspect. By convention,
the components of the ventricular septum are named as if the septum is viewed from the RV
side with the free wall of the RV removed. With the anatomic approach, the diaphragmatic
border of the heart is lowermost, the RV apex is seen to the right and the RV outflow tract
viewed uppermost on the projected image so that landmarks such as the tricuspid valve,

Pulmonary I
Valve

eptomarginal
beculation

- Post~\—Ant
"Diaphragmaties inf

Surface

Figure 5 (A) Transthoracic rendered 3DE image of the right ventricular side of the normal ventricular
septum. The free wall of the right ventricle has been cropped away in post-processing. The important land-
marks can be readily identified including the tricuspid valve (TV), ventriculo-infundibular fold (IVF) and
septomarginal trabeculation (septal band). This type of view can be used to project all types of ventricular
septal defects. (B) Left side of the normal ventricular septum. A full-volume 3DE dataset was obtained by
transthoracic 3DE in a parasternal long-axis view. The free wall of the left ventricle has been cropped away so
that the ventricular septum can be directly visualised from the LV cavity. The smooth wall of the left ventricle
can be appreciated.

VIE, ventriculo-infundibular fold; RA, right atrium; TV, tricuspid valve; Ao, aorta; LA, left atrium; LV, left
ventricle.

moderator band and septomarginal trabeculation are seen in anatomically appropriate posi-
tion (Figure 5A). Similarly, the LV aspect of the ventricular septum can be viewed in an
anatomic projection (Figure 5B), to include both the septum and LV outflow tract.

AV valves

In CHD, the left-sided AV valve may not be a bileaflet valve of ‘mitral’ type and the
right-sided AV valve may not be the tricuspid valve. Regardless of the morphology of
the valve, or whether an en face view is projected from the ventricular or atrial aspect,
the 3D rendered image is rotated so that the diaphragmatic surface of the heart is shown
lowermost (Figure 6A and B). This means, for example, that the superior bridging leaflet
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Figure 6 (A) Transoesophageal 3DE view of the mitral valve from the atrial side. The mitral valve, aortic
valve and left atrial appendage are visualised from the atrial aspect in an anatomic orientation. If the annulus
of the mitral valve is viewed as a clock-face, the aortic valve is at two o’clock with reference to the mitral valve.
(B) Transosophageal 3DE view of the mitral and tricuspid valves from the ventricular side. The mitral and
tricuspid valves are viewed from the ventricular aspect in an anatomic orientation. The aorta is at a 10 o’clock
position with reference to the mitral valve. The inferior, septal and anterosuperior leaflets of the tricuspid
valve are seen in anatomic orientation as well as the curved shape of the ventricular septum.

LAA, left atrial appendage; MV, mitral valve; ASL, anterosuperior leaflet of the tricuspid valve; IL, inferior
leaflet of the tricuspid valve; SL, septal leaflet of the tricuspid valve; PA, pulmonary artery; Ao, aorta; AMVL,
anterior mitral valve leaflet; PMVL, posterior mitral valve leaflet.

Common

AW - T —
Diaphragm

Figure 7 Transthoracic 3DE en face view of atrioventricular septal defect.En face view of a complete atrio-
ventricular septal defect from the ventricular aspect, obtained using a subcostal view. The depth of field
means that the superior bridging leaflet and the common atrioventricular valve are seen as well as the aorta

in the far field.
Ao, aorta; SBL, superior bridging leaflet; AVV, Atrioventricular valve.

in an AV septal defect will be shown uppermost on the image and the inferior bridging
leaflet lowermost (Figure 7).
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Aortic and pulmonary valves

The morphology, position and patency of the aortic and pulmonary valves cannot be
assumed in CHD. These valves are therefore projected in an anatomic format using the
standard conventions for nomenclature of the valve leaflets. For example, the aortic valve
may be projected as if seen from the ascending aorta or from the LV outflow tract. The
conventional nomenclature of left, right and non-coronary leaflets and sinuses is used in
exactly the same fashion as in 2DE. An example of the preferred orientation of the aortic
valve is shown (Figure 8) and a similar approach is used for the pulmonary valve.

Figure 8 En face view of the normal aortic valve. Transoesophageal 3DE view of a normal aortic valve
viewed from the aortic side of the valve.

R, right coronary leaflet; L, left coronary leaflet; N, noncoronary leaflet; LA, left atrium; RA, right atrium;
PV, pulmonary valve.

Complex abnormalities of cardiac connections

When the main cardiac connections are abnormal, an anatomic presentation of images is
particularly important so that the abnormal anatomy is displayed in a manner as close as
possible to the actual spatial locations. An accurate understanding of the relationship of
intracardiac structures has a direct impact on the surgical approach.

‘Surgical’ views of the heart

The term “surgical” view has been used to describe 3D projections that are most akin to
the surgeon’s view during an operation. There are specific considerations for this term,
particularly in contrast to the anatomic’ view. The anatomic view is projected as if the
person is standing upright, whereas a surgical view is projected as if the patient is lying
supine with the lead surgeon operating from the right side of the patient. The effect of this
is that an anatomic ez face view of the right side of the atrial or ventricular septum would
be rotated counter clockwise 90 degrees when projecting a ‘surgical’ view (Figure 9). Views
of the atrial aspect of the AV valves are often referred to as “surgical” even though the
surgeon may take a different access route to repair the valve in question. For example, the
truly surgical view of the mitral valve would be presented with the patient supine with
the left atrium accessed through the atrial septum. This contrasts with the usual projected
3DE view obtained by cropping away the posterior aspect of the atriums and rotating the
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AV valves en face with rotation of the whole dataset into an anatomic position. In practice,

our preference is an anatomic orientation, which maintains consistency with projections

of MRI and CT scans, knowing that ‘surgical’ visualisation of the structures may be dif-

ferent. A visual demonstration of the common manipulations of 3D datasets accompanies

this document (see Supplementary data online, Presentation I).

A Sup Sup B
Post~|»Ant Left +Right

Figure 9 3D TOE views of ‘Surgical’ versus anatomic views of an atrial septal defect. (A) Atrial septal defect
viewed from the right atrial aspect in an anatomic orientation with the superior vena cava uppermost and
inferior vena cava lowermost on the image. (B) Atrial septal defect viewed from the right atrial aspect in a
‘surgical’ orientation where the defect is viewed from the right side in an analogous fashion to the patient in
a supine position. This amounts to a 90° anticlockwise rotation of the anatomic projection.

SVC, superior vena cava; IVC, inferior vena cava; CS, coronary sinus.

Future Directions

The availability of orientation markers, already available for CT angiography and MRI, is
needed for 3DE to mark, for example, the true left/right or superior/inferior orientation
of an image. This should be coupled with the ability to landmark’ important anatomical
structures to enhance display of complex CHD as the data is manipulated. Fusion imaging,
where 3DE datasets can be co-registered with datasets from other modalities (luoroscopy,
CT angiography, and MRI), will allow for both automated anatomic orientation of 3DE
images and visualisation of regions which may be sonographically inaccessible. Widespread

implementation would require co-registration across vendors, modalities, and platforms.

Recommendations

An ‘anatomic’ approach to image display is recommended as it reflects the real position of
structures in space and is consistent with other modalities such as MRI and CT.

En face views of septums and AV valves should retain important landmarks and be
rotated into a correct anatomic orientation.

The term “surgical” view should be used only for projections that show anatomy as the
surgeon would visualise the region of interest.
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OPTIMAL SONOGRAPHIC PROJECTIONS FOR DIFFERENT

CONGENITAL HEART LESIONS

Standard imaging planes in 2DE have been developed from a combination of anatomical

constraints and accessible sonographic windows, forming the basis for published stan-

22 . . . . . . .
dards.™ 3DE is less constrained since post-processing will allow interrogation of structures

contained within the acquired volume. A corollary is that a structure of interest can be

displayed similarly after post-processing despite being acquired from a range of different

echocardiographic windows. However, the principles of imaging physics apply as much to

3DE as they do to 2DE. For this reason, there are optimal approaches for data acquisition

that should allow for optimal demonstration of the structure of interest. General recom-

mendations can be made about the optimal acoustic windows to show different regions of

interest. These include the following:

Table 1 Suggested transthoracic acoustic windows and utility of 3DE for CHD

Subcostal

Apical

PLAX

PSAX

3D-TOE

ATRIAL SEPTUM
ASD

SV ASD
AV JUNCTION
AVSD

Ebstein’s/TV dysplasia

MYV chordal structure

Double orifice MV

MVP

Parachute MV

Supra mitral membrane
VENTRICULAR SEPTUM
mVSD (except anterior defects)
Membranous VSD

Doubly committed subarterial
VSD

OUTLETS
Aortic valve
Pulmonary valve

Double outlet right ventricle

++

++

+++

++

+++

+

(modified)

++
(Anterior
angulation)

+

(smaller patients)
++
++
+

++

++

+
+

+

+

(modified)

++

(LAVY)

++

(Angled to PA)

++

+

(modified)

(LAVV)

++

++

++
++

++

++
+

+

++

++

++

PLAX — parasternal long axis, PSAX — parasternal short axis, ASD — atrial septal defect, SV — sinus venosus,
AVSD - atrioventricular septal defect, LAVV — left atrioventricular valve, TV — tricuspid valve, MV — mitral
valve, MVP — mitral valve prolapse, VSD — ventricular septal defect, PA — pulmonary artery.
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i. Clear visualisation of the region of interest on 2DE

ii. Insonation orthogonal to the plane of the structure of interest where possible

iii. Inclusion of clinically relevant adjacent structures

iv. Optimisation of volume width and depth

For example, acquiring a 3D dataset to display an ASD is best achieved in a subcostal
window because insonation from this view is orthogonal to the plane of the atrial septum.
With TOE there is less flexibility to adjust the sonographic window; however, this is
off-set by higher image quality than TTE.**

Although image quality is central to interrogation of regions of interest and good 3D
reconstruction, there are important differences from 2DE. For example, parasternal long
axis (PLAX) and parasternal short axis (PSAX) views are used in 2DE to evaluate a peri-
membranous VSD (pmVSD) because the defect is in the near field, and good alignment
to Doppler jets can be achieved. However, 3DE is especially useful for its ability to display
VSDs en face and to delineate adjacent structures. PLAX and PSAX views are limited
because of the small size of the ultrasound sector in the near field. Thus, subcostal and
modified apical views may better define adjacent structures because the VSD is in the
centre of the imaging field with a wider sector. This tailored approach is also employed for
more complex lesions such as double outlet RV where AV valves, ventricular septum and
outlets all have to be incorporated into the 3DE volume.”” Table 1 summarises optimal
TTE sonographic views and usefulness of 3D TOE for common forms of CHD.

Technical limitations may, however, persist irrespective of the imaging plane. Both the
aortic and pulmonary valves are thin, rapidly moving structures. These are often imaged
by 3D TTE using a PLAX or PSAX view where the plane of insonation does not lend
itself to good quality rendering of the entirety of individual valve leaflets, particularly
the body of the leaflet. This issue can be overcome by TOE in patients large enough to
accommodate the 3D TOE probe.

Recommendations

Optimal sonographic projections for different congenital heart lesions

The angle of insonation should be tailored to the region of interest and ideally should be
orthogonal to the relevant structure.
The size of 3DE region of interest should be adjusted to optimise temporal and spatial

resolution.

Added value of 3DE for different congenital heart lesions

The literature on application of 3DE to CHD covers a wide variety of lesions including
the AV valves, atrial septum, ventricular septum, as well as the outflow tracts. The use of
3DE techniques has increased as technology has improved, but there is wide institutional
variability in the adoption of the technique. A central point in this regard is the evidence
of additional diagnostic information compared to either 2DE or other imaging modali-
ties. There have been no randomised trials relating to procedural success, morbidity or
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Table 2 Use of 3DE in congenital lesions with normal cardiac connections

3D Information acquired (I) Strength of
Region of interest Modalities Comment (C) recommendation
Atrial septum GS / CFM I: Size / number / shape /location of defects HIGH for complex or
TTE/TOE C: High value for multiple defects, multiple residual defects
device deployment, residual leaks, spiral defects MODERATE for single
central defects
LOW for PFO
11,28,30-33
Tricuspid valve GS/CFM I: Leaflet morphology HIGH
abnormality TTE/TOE Chordal support 3439
Delineation of regurgitant jets
C: Mechanism/severity of regurgitation refined
Mitral valve GS/ CFM I: Leaflet morphology HIGH
TTE/TOE Chordal support 912.40-42
Delineation of regurgitant jets
C: Mechanism/severity of regurgitation refined
Ventricular GS / CFM I: Size / number / shape /location of defects HIGH for more complex
septum TTE/TOE C: High value for multiple defects, unusually defects
located defects or consideration of interventional ~ LOW for other defects
closure 548
Left ventricular GS/ CFM I: Morphology of subaortic obstruction and aortic HIGH
outflow tract TTE/TOE valve 19:49.50
C: Clarify mechanism of obstruction and/or
regurgitation
Aortic valve GS/CFM I: Measurement of aortic valve HIGH
TTE/TOE Morphology of aortic valve leaflets Especially by TOE
Mechanism of aortic regurgitation 215152
C: Imaging of aortic valve leaflets more difficult
by 3D TTE, 3D TOE preferred
Aortic arch GS/ CFM I: Morphology and sizing of aortic arch LOW / MOD
TTE C: Imaging may be difficult due to probe size, »
acoustic access
Right Ventricular GS / CFM I: RVOT morphology LOW /MODERATE
Outflow tract TTE/TOE Visualisation of site of RVOT obstruction o495
C: Questionable benefit over 2DE
Pulmonary valve - I: PV morphology and function Low
C: May be able to visualise PV morphology better  ***
than 2DE
Branch pulmonary - Not routinely used None

arteries

GS — greyscale, CFM — colour flow mapping, TTE — transthoracic echocardiography, TOE — transoesopha-

geal echocardiography.

mortality related to the application of 3DE. Rather, 3DE has been adopted into practice

on the basis of a clinical need to provide additional diagnostic information. Tables 2 and

3 present our consensus view of the added value of 3DE to assess some major groups

of lesions. A selection of the key references relating to each of the different lesions is
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Table 3 Use of 3D echo for the heart with abnormal cardiac connections

Abnormal cardiac Information acquired (I) Strength of
connection 3D modalities Comment (C) recommendation
Systemic venous - Not routinely used No recommendation
abnormalities
Abnormal pulmonary - Not routinely used No recommendation
venous drainage
Atrioventricular septal ~ GS / CEM I: Size of atrial and ventricular components of HIGH
defect TTE/TOE the defect 940415659

Leaflet morphology and chordal support

Delineation of regurgitant jets

Valvar and ventricular size in unbalanced defects

C: Enhances measurement of valve size, chordal

support and relative size of AV valves and

ventricles
Discordant GS / CFM I: TV and MV morphology and function HIGH
atrioventricular TTE/TOE Location and size of associated VSDs st
connections Right and left ventricular outflow tract

C: Improves assessment of feasibility of Senning

/ Rastelli approach. Improves localisation of

VSDs
Simple transposition - Not routinely used No recommendation
of the great arteries
Complex transposition ~ GS / CFM I: MV and TV morphology and size. HIGH
of the great arteries TTE/TOE Size, location of associated VSDs 6263

Anatomy of left or RV outflow tract obstruction

C: Suitability for procedures such as Rastelli,

Nikaidoh and arterial switch operations
Tetralogy of Fallot GS / CFM I: VSD size / location and RVOT anatomy LOW

TTE C: Indicated where specific concerns e.g. VSD

position or RVOT anatomy

More extensive use for RV volume estimation

postoperatively
Common arterial GS / CFM I: Truncal valve morphology / regurgitation HIGH for truncal
trunk TTE/TOE C: Not routinely indicated in infancy valve in older patients

May assist delineation of truncal valve LOW in infancy

morphology / regurgitation in older patients

by TEE
Double outlet RV GS / CFM I: Relationship of AV valves HIGH

TTE VSD size and location 263

Relative position of great arteries
C: High value for guiding appropriate type of

repair

GS — greyscale, CFM — colour flow mapping, TTE — transthoracic echocardiography, TOE — transoesopha-

geal echocardiography.

also included within the tables as well as a summary of the additional information pro-

vided. The type of lesions for which 3DE has a major role is heavily weighted towards

valvar lesions and defects in both the atrial and ventricular septum (see Supplementary
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Figure 10 Transthoracic 3DE of double outlet right ventricle from a subcostal projection using a multi-
beat acquisition. (A) Subcostal 2D echocardiographic view of double outlet right ventricle. The plane if the
ventricular septum is shown by the arrows (<) and the outlet septum between the aorta and the pulmonary
artery is shown by the asterisk. Note that the ventricular septal defect is not visualised as the outlet septum
is entirely within the right ventricle and the plane of the ventricular septum would be posterior to the plane
used in this image. (B) Subcostal 3D echocardiographic image of the same patient. The aorta (Ao) and the
pulmonary artery (PA) are separated by the outlet septum (*). Due to the depth of field provided by the 3D
image, the margins of the ventricular septal defect are clearly visualised. This is clinically important because
the size and position of the ventricular septal defect may determine whether the left ventricle may be baffled
to the aorta as part of the surgical repair. (C) MPR images showing the relationship of the ventricular septal
defect to the aorta. The red plane is en face to the ventricular septal defect which is profiled in the right
pane. This permits accurate measurement of the size of the ventricular septal. (D) 3D rendered image from
the ventricular apex. The left ventricle and right ventricle are shown in short axis. The ventricular septum
is shown by the arrowhead (<) and the ventricular septal defect is shown by the double-headed arrow. The
depth of field of this projection shows the location of the ventricular septal defect, the outlet septum (*), and
the relative position of the great arteries.

Ao, aorta; PA, Pulmonary artery; RV, right ventricle; LV, left ventricle; RV, right ventricle.
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online Appendix 1, Presentationl). A good example of the application of 3DE to more
complex CHD is decision-making in patients with double outlet RV where particular
considerations include the size and location of the VSD, and the relative position of the
great arteries (Figure 10A-D, Supplementary data online, Video 14-D). The depth of field
enhances visualisation of the position and size of the VSD relative to the great arteries, and
projections are achieved from the RV aspect and apex which cannot be achieved by 2DE.

Recommendations

Added value of 3DE for different congenital heart lesions

3DE is recommended for the assessment of valvar lesions, septal defects and complex
abnormalities of the cardiac connections.

3DE should be regarded as a technique that complements rather than replaces 2DE for
assessment of CHD

USE OF 3DE TO GUIDE CATHETER INTERVENTION

3D TOE is a rapid and useful imaging technique for the assessment of CHD during cathe-
ter-based interventions, including device closure of ASDs,'*32¢468 4 VS, #4570
3D TOE complements rather than replaces 2D TOE, and both modalities are used to
assess defects and adjacent margins, rims and structures. 3DE is particularly helpful for
irregularly or asymmetrically shaped defects where 2D assessment of size by rotation of
the TOE probe is insuflicient. En face views of defects permit more precise appreciation
of adjacent structures than 2D TOE alone, particularly for more complex lesions. 3D
TOE of younger patients is typically done under general anaesthesia and is only feasible
in patients large enough to accommodate the 3D TOE probe. Current manufacturers’
recommendations propose a minimum patient weight of 30kg. Time is limited during
the procedure; therefore rapid, simple, minimal post-processing real-time 3D acquisition
modes are often most effective. A 3D full volume acquisition is favoured at some centres to
produce a high-resolution view of the entire region of interest at the start of the procedure,
followed by more focused imaging using live techniques. Lesion-specific targeted views
have to be obtained, as discussed in subsequent sections. En face views are consistently
used to demonstrate the relevant anatomy and interventional hardware. In addition to
rendered 3D views, MPR imaging is useful for quantitation and image display during
interventions'’ (Figure 10).

ASD device closure

Transcatheter device closure of a secundum ASD has become the preferred method of
treatment when the anatomy is favourable.”"”> Accurate assessment of ASD type, size,
position, number of orifices, shape, and rim sizes (Figure 11) is essential for correct patient
selection, device selection and deployment. Detailed analysis of device position, configu-
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Figure 11 (A) 3D transoesophageal projection of MPR images of a secundum atrial septal defect. The blue
plane is orientated to include the margins of the defect (4 and B) which defines the en face projection shown
in cross-section in (C) and rendered view in (D). The rims of the defect can be measured either on the MPR
images or rendered image. (B).Transoesophageal 3DE rendered images of the morphology, size and rims of
the atrial septal defect (*) of atrial septal defects with deficient rims in different regions. The zones where
there is a deficient rim are marked with an arrow. The rims appear adequate throughout (4), deficient aortic
rim (B), deficient right pulmonary vein rim (C), deficient inferior vena caval rim (D) and superior vena caval
rim (E). Images (A4), (B), and (D) are viewed from the right atrial side and Image (C) from the left atrial
side. Image (£) cuts through the atrial septum so that the crest of the septum and the superior position of
the defect can be visualised. (C). Transoesophageal real-time 3DE image of deployment of a second septal
occluder to close a residual atrial septal defect. This 3D rendered projection from the left atrial aspect shows
the relative position of the two septal occluders, the residual defect and the delivery catheter.

SVC, superior vena cava; IVC, inferior vena cava; LA, left atrium; RA, right atrium; Ao, aorta; RPV, right
upper pulmonary vein; S, superior; P, posterior; A, anterior; I, inferior; LV, left ventricle; ASD, atrial septal
defect; AoV, aortic valve; MPR, multiplanar reformatted.

128



Three-dimensional echocardiography in congenital heart disease

ration, anchorage, residual shunt as well as the relationship of the device to the aorta,
mitral valve, tricuspid valve, superior and inferior vena cava, and the pulmonary veins is
necessary (Figure 11). Demonstration of these features is usually enhanced and at times
only possible with 3DE.**?"6+6773

The 3D TOE right atrial ez face views from the mid-oesophagus selecting the region of
interest to produce real-time 3D images can often demonstrate the key features during
secundum ASD intervention. 3D full volume acquisition may be needed if the volume
rate using focused live 3D acquisition is too low. The deep trans-gastric sagittal bicaval
view best demonstrates the inferior rim and septal length and provides a good view from
which to monitor device deployment. Precise measurement of the ASD is best performed
using the MPR 4 panel format, but measurement of the rendered image is an alternative
(Figure 10). Colour Doppler flow analysis of the size, position and mechanism of residual
shunts is best performed with live 3D colour or biplane imaging. There are reports of

using transthoracic 3DE to guide ASD closure from a subcostal view.>7*

VSD device closure

Transcatheter closure of VSDs has developed as an alternative treatment to surgical closure
of muscular VSDs (mVSDs) and pmVSDs.””*" Specific advantages of 3DE over 2DE are
improved visualisation of the VSD shape, size, and location as well as characterization

. . . 43,44,46,68-70
of the tricuspid pouch and surrounding structures. " En

face presentation of the
ventricular septum from both RV and LV aspects can be accomplished most expeditiously
from a four-chamber view using live 3D (Figure 12) or ECG-gated full-volume acquisition.
Monitoring of interventional device hardware and device deployment is seen in a frontal
four-chamber view (Figure 12). Following device deployment, live 3DE, cross plane or
MPR imaging with colour flow Doppler is optimal for assessing the interventional result.

Additional applications of 3DE guidance: 3D TOE has been used during catheter-based
closure of Fontan fenestrations,” ruptured sinus of Valsalva aneurysms,* coronary artery

84,85 86-88

fistulas atrial switch baffle leaks or obstruc-

89,90

prosthetic valve para-valvar leaks,
tion,*” atrial septum trans—septal puncture,”"and biventricular pacemaker synchrony
assessment and lead placement.””Recently, intracardiac echocardiography transducers
have been developed with 3D capability in a segment of ~60x15° using a 10-French probe.
Early work has demonstrated visualisation of the atrial and ventricular septums, aortic

valve, mitral valve and atrial appendages for guidance of intervention.” ™

Future Directions

Miniaturisation of 3D TOE probes for use in smaller patients and enhanced automation
are likely future developments. The introduction of 3D intracardiac probes will provide
an alternative to the TOE approach. The application of fusion imaging of 3D TEE with
fluoroscopy, 3D rotational angiography, cardiac MRI, and CT angiography is also likely

to expand as interventions become more complex.
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Figure 12 3DE permits en face visualisation of the ventricular septal defect to provide information on defect
location, size and adjacent structures. In this example, 3D TOE was used. A muscular defect is seen from the
right ventricular aspect (A) and LV aspect (B). During positioning of catheters (C) and device deployment
(D) 3DE can assist. In each pane of this figure, the ventricular septal defect (VSD) is arrowed. RA, right
atrium; LA, left atrium; RV, right ventricle; LV, left ventricle; PA, pulmonary artery; S, superior; L, left; R,
right; P, posterior; A, anterior.

Recommendations

Use of 3DE to guide catheter based interventions
3DE is recommended to assist interventional closure of selected ASDs and VSDs, particu-
larly multiple, irregularly shaped or residual defects.

Real-time 3D imaging is recommended for visualisation of catheters, delivery systems
and devices during catheter intervention in CHD.

Use of 3DE to measure defects (either MPR or rendered 3D images) is recommended
to assist interventional catheter procedures involving CHD.

THREE-DIMENSIONAL ECHOCARDIOGRAPHIC ASSESSMENT OF
VENTRICULAR VOLUMES AND VENTRICULAR FUNCTION

There are many challenges with assessment of the RV and LV in patients with CHD, in-

cluding abnormal cardiac position, abnormal connections, septal defects, non-contractile
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patch material, and abnormal loading conditions. These difficulties are additive to generic
considerations such as adequate temporal resolution to determine the chamber volume
throughout the cardiac cycle with accuracy. Above all, however, in CHD ventricular
geometry may be far removed from the normal geometry around which software pack-
ages have been designed, so that analysis algorithms may not be valid. Nonetheless, 3DE
has been applied in CHD because assessment of cardiac volumes and function are being

increasingly used to plan patient mamagement,54 and subjective assessment is unreliable.”

3DE assessment of the right ventricle

Assessment of RV size and function is important in clinical practice, particularly in pa-
tients with repaired tetralogy of Fallot (TOF) and other surgical repairs utilizing an RV to
pulmonary artery conduit where RV measurements impact on the timing of pulmonary
valve replacement. The position of the RV immediately behind the sternum complicates
imaging windows, and sub-costal imaging may not be adequate beyond the early child-
hood years. Prominent trabeculations complicate endocardial border delineation, and
normal RV geometry is complex with a triangular appearance in the sagittal plane and
a crescent shape in the coronal plane. RV inflow and outflow tracts are also located in
different imaging planes. All these hinder capturing the RV in its entirety by ultrasound
and preclude the use of a simple geometrical formula to calculate volumes and ejection
fraction (EF). 3DE has potential advantages for assessment of RV volume because it makes
few assumptions about ventricular shape. Three 3DE techniques have been applied to
measure RV volumes and EE, namely summation of discs, semi-automated border detec-
tion and knowledge-based reconstruction.

Summation of discs

The semi-automated method of disc summation is conceptually most comparable to MRI
analysis and has been validated in children by water displacement” and MRL.”® Feasibility
of this method is good in healthy children (Table 4), although a recent study in older
patients found feasibility in < 60%.” Although there is excellent correlation with MRI-
derived RV volumes, the values from 3DE tend to be lower.”®

The disc summation method retains landmarks which may be abnormally positioned or
absent in CHD."®'"® Unfortunately, summation of disks methodology has been removed

from some software packages, thereby removing the closest correlate with MRI.

Semi-automated border detection

This is the most common 3DE method to assess RV volumes and EF. A full-volume 3D data
set is acquired and segmented into four-chamber, sagittal, and coronal views (Figure 13A).
Key RV and LV anatomical landmarks are defined, and end-diastolic and end-systolic
contours are manually drawn in each view to construct a dynamic polyhedron model of
the RV (Figure 13A and B). In healthy adults, this methodology is feasible;'”"'**volumes
and EF correlate well with MRI, although 3DE underestimates volumes compared to
MRI (Table 4). Acquisition time is significantly shorter for 3DE than for MRI (-5 vs.

131



Chapter 7

%y¢

<01

0601 HW]  XewW ‘06- 680 =1 880 =1 34 AHO s SNpy [ 32 [emarDy
0°L¥9°11 I
£6°0 DOI “23u] Y1 9¥¢61- 9L0=1 60=1 160=17 %TS 143 AHD Ys ua1piyD e 32 ooy
g Ho (NN -
'S AOD fenu| 8 L1FT°81 ¢gp=1 86°0=1 86°0=1 %16 SA9E) 0L AHD YHMm uIpiyD) & 32 mosanBer(]
01%0 ‘9£°0 = 1 :191u] uonounysAp o
GF0 ‘16°0 =1 [WEFT 670 = 1 7yl W Or¥¢- 8L°0=1 6c0=1 90=1 %<6 143 SEIPIED [IM SINPY [ 39 supjua
$6°0 DD U] uonounysAp ot
€6°0 DD Byl [wQ1- 7L0=1 €g'0=1 $8°0 =1 %6 001 SRIPIED (UM SINPY [e 32 n8pungqo|
ﬂomﬂmo NHMHEH 101
6'9%¥CT°0 1°6%9°0 -enu] [WwQ1- - - - %¥6 544 sinpe Aeapy [E 39 TupIoquuIe],
%S1—L
AOD 19A13$qoIU]
%9'8—C
- AQD 12A135qORIIU] - - - - %¥6 0%S sinpe Aqieap] o0& 32 DUESSIPE
wond315p 1Bpioq
porPwmoImeTIEg
(1'2010'9°)
[wQ - :1o1u]
(€1 JHO pue Jewiou
(701 6°€-) 0570 01 [°G) W '~ enu] - - - - %8S 0L Surpnpur ‘parrep PRLEERCICIENT
%T 6%y G 1]
%€ SF %1°C -enul WO L¥T¢ 68°0=1 96°0 =1 86°0=1 %568 0T u1p[Iyd AqI[ea g6 [ER T
SISIp JO ORI
152300353, (qu) 3uowoaide AQE DA PW AW N P (%) N wopendog souasspy
Jo sy 30 (%) DDI DUGDPIP  UONEPIIO)  UONEJLIO)) wowooiSe  Ajiqiseag pue poypow oyoyg
(AQd) Anmqonposday ueopy a9 AST  /uopepiIo)
Add

“SurSewr 20urU0saI S1OUSEW WOIJ PIALIIP sanfea 01 paredwod sonbruyoa orydeidorpresoyos 1uaIdyIp £q sOWN[OA AY] JO UONIBWNSI UO BIEP PAYSIqN] ¥ [qeL,



Three-dimensional echocardiography in congenital heart disease

"JUSIOLJI0D UONIR[AIIOD SSE[O-BIIUT — DD ‘SISA[eUE UBUWN[Y PUB[( AQ PISSISSE SPOYIIW 0M] UIIMIDG IUIWIDISE JO SITWIT] PUE SeIq — Y] ‘Sl TOATISqOINUT
- 121U “I2A19SqOENUT - B1U ‘Surewr aoueuosar onaudew — PN O[PMIUA 1YSI — AY ‘UONILIJ UONDID — [ DUWIN[OA II[0ISAS-PU — AGH “QWIN[OA DI[OISEIP-PUd — AT

L1 91 VOT  §S1:VOT  I'STVOT uonounysAp
DUIYIP UBIW £6°0 DD 101u] 08°0 :serg 97 iseigq 91°7 :serg SRIPIED (IIM puE 2_
‘96'0 D01 Add £6°0 OOI *enu] [4 £0=1 96'0=1 L60=1 %L96 19 [ewou sinpe [e 32 Sueyy,
srmded swnjoa-[ny
1e0q-3[3uIg
A

%9y H9IU] orwIsAs YIm simpe .
%€ Tenu| %E Y 98°0 =1 78°0=1 08°0=1 %001 < pue s1u0s9[0pY [E 22 Ay
8'¢ AOD =] (TAN "sa 0%) yot
¥'¢ AQD enu] L01%99 $6'0=1 660 =1 66°0=1 %386 0L JOL P UIpIyD [e 30 nosanBeaq
G66°0 = 1:100U] ot
‘£66°0 = 1 enuy WL eFeT- £8°0=1 660 =1 66°0=1 %001 0¢ JOL P UIPIIYD [e 30 nosandeaq
UoNONISUOII
paseq a3pamouyy

[W9TS VO
STIVOT e 601
%901 68°0 DD :1ou] %¢ - $L0=1 ¢L0=1 08  HVdJ+pwiou sinpy [e 32 esdein)
68°0=00I 860=D00I  660=00I d0L 801
€' 0FFH 0 1] TTLFL81 98'0=1 86°0 =1 66°0=1 %26 B¢ paredar yum synpy e 32 3reL]

66 01

F 21Uy 7¢-VO1 covoot I8
%L CIF] *enuy W ¢ L0=1 160=1 €6'0=1 %18 9 dHD Ya sinpy 19 UTEAZ I9p UBA
159321389, (rw) yuowaa:3e Add IR LA E o b AR DN P (%) N vonemdog duIRPRY
Jo sy 30 (%) DDI DUARYIP  UOHEPIIO)  UONE[ILI0) ywowaaiSe  Anpiqiseag pue poypaw oy

(AQa) Lnpquonpoxday ueI il ASH  juonepiIo)

Add

(panunuoo) “Jurdew 0ULUOST ONAUSEW WOIJ PIAIIDP sanfea 03 paredwod sanbruypas oryder3orpreooyds 1UsIAPIp £q saWN]OA Ay JO UONEWINSD UO BIBP PAYSIqNJ ¥ I[qeL,

133



Chapter 7

Figure 13 Measurement of right ventricular volume by transthoracic 3DE. (A) Analysis packages designed
specifically for the right ventricle are based on user defined reference points and semi-automated tracking
of the endocardial border. The green lines show the endocardial border in reference planes including sagittal
(left panels), apical projection (upper right panel) and angled coronal planes (lower right panel). (B) Once
the user defined planes have been set, a representative model of the right ventricle can be produced, the
boundaries of which define EDV and ESV.

LV, left ventricle; RV, right ventricle; TV, tricuspid valve; RVOT, right ventricular outflow tract.

20 minutes)."””'* In healthy adults and children, intra- and inter-observer reliability is

goodqs’101 (Table 4) but agreement with MRI worsens in adults with cardiac dysfunction

(Table 4).10%1%

In adults after TOF repair, correlation with MRI is good for end-systolic volume (ESV),
end-diastolic volume (EDV)'*'°and EF; however, 3DE produces lower volumes com-
pared to MRI (Table 4)."” Individual differences between the techniques can be substan-
tial, and the limits of agreement are wide. The disparity between 3DE and MRI becomes
larger in the severely dilated RV where there are particular difficulties in the incorpora-
tion of the whole RV, particularly the RV outflow tract in a single volume,'*>?'%%1!
Intraobserver, interobserver and test-retest reliability varies among studies, but is generally
acceptable (Table 4).""*'°'”” In children with hypoplastic left heart syndrome, 3DE has
good reproducibility during serial follow up.'”” However, 3DE measurements are a mean
30% lower than MRI with larger differences in smaller patients, so the techniques cannot
be used interchangeably.''

Most published RV data utilise full-volume 3DE datasets acquired over several cardiac
cycles and normal adult ranges.'” Recently, 3DE RV volumes and function has been stud-
ied using single-beat acquisition in adults.""” Feasibility was very good (96.7%) as were
correlation and agreement with MRI; however, the reduced temporal resolution remains a
concern for application to younger patients with higher heart rates.
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Knowledge-based 3D reconstruction

Knowledge-based 3D reconstruction evaluates 3D RV volumes from a series of 2DE im-
ages localized using a magnetic tracking system (Figure 14)."" RV anatomic landmarks are
identified on the images, which are processed over the Internet using a reference lesion-
specific MRI database. This technique has been validated against MRI in children after
TOF repair.!'*""® Bias, intra- and inter-observer reliability were good, and knowledge-
based 3D reconstruction was slightly better than semi-automated border detection method

in this regard. In adults with a systemic RV'""""

and pulmonary arterial hypertension,
values have shown good agreement with MRL."*”"*" Limirations of the knowledge-based
technique include the necessity for a tracked ultrasound transducer and for the patient to

remain still throughout the study.

Figure 14 RV volume calculated using knowledge-based reconstruction. This technique is based on placing
reference points on transthoracic 2DE images of different projections of the right ventricle, using a defined
protocol and a tracked probe. Each of the points (red, blue, purple, pink, and orange) represents a specific
reference point. The full volume is reconstructed by uploading the information to a server which is linked to
a disease specific atlas to complete the contouring and volume generation.

TV, tricuspid valve; RV, right ventricle; PA, pulmonary artery.

3DE assessment of the LV

Reliable assessment of LV volume and function is important in patients with CHD. 2DE
has important limitations in CHD because, in contrast to 3DE, it makes assumptions
of LV shape, which are frequently invalid in this population. Thus, 3DE can contribute
significantly to the assessment of LV volumes, function and mass.

Analysis methods

The 3DE dataset is obtained from an apical or modified transducer position to include the
entire LV volume, which is usually feasible except when the LV is severely dilated. Current
software tracks the endocardium of the LV throughout the cardiac cycle and therefore
depends on adequate image quality and acoustic windows. Vendors typically display refer-
ence planes used to define the endocardial border (Figure 15) as well as the ‘shell’ of the
LV itself (Figure 16). Current tracking algorithms involve user definition of key reference
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points followed by semi-automated tracking of the endocardium, but the operator can
122

manually override the initial automated selection of the endocardial border.

Figure 15 ‘Triplane’ view of the left ventricle. This view permits visualisation of the apical four-chamber,
two-chamber and three-chamber views as well as the volume defined by the endocardial border of the three
reference planes.

LA, left atrium; LV, left ventricle; Ao, aorta.

LV

\ Segments

Figure 16 Segmental view of LV. 3DE can be used to assess LV volume, ejection fraction and synchrony based
on tracking of the endocardial border of the ventricle. A standard segmentation of the ventricle is used to colour
encode the basal, mid and apical segments. Most software algorithms assume a central axis from the mitral
valve to the LV apex so that this type of analysis has not been validated for ventricles of more complex shape.
AoV, aortic valve; MV, mitral valve.
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Despite difficult endocardial delineation and heterogeneous LV shapes, accurate determi-
nation of LV volume and function by 3DE has been reported in adults and children with
CHD using MRI as the gold standard. Potential errors can still occur in children who
have higher heart rates and smaller LV volumes compared with adults, which is offset by
superior image quality. 3DE compares favourably with MRI but has a bias to producing
lower LV EDV and ESV compared with MRI in patients with CHD in a meta-analysis of
3055 subjects from 95 studies.'”

The repeatability of 3DE for estimation of LV volume is good and supports its role for
serial follow up, although the values are not interchangeable with those obtained by MRI
in the CHD population. Validation studies in children and adults with CHD are listed
in Table 5.7%!"%125126122130 3DF is more accurate and reproducible than either M-mode or
2D Simpson’s biplane method and is as feasible as 2DE in children.'”"”! These findings
have also been validated in neonates and infants where 3DE has compared favorably with
MRI even when LV volumes are small and heart rates are high.'"”

LV mass

3DE has been used to assess LV mass in children and compared to both 2DE and M-
mode."” In younger patients, M-mode has remained the most widespread technique
because of the availability of normal paediatric ranges.'””'"** 3DE methods are based on
calculating the endo- and epicardial volumes, which are subtracted to compute the mass.
3DE values correlate well with MRI, with low inter- and intra-observer variability'* but
the limits of agreement remain wide’*''"*'**'*” Therefore, the clinical application of 3DE
for LV mass calculation in patients with CHD remains to be established.

3DE assessment of LV intra-ventricular dyssynchrony

The capability of 3DE to capture the entire LV volume offers the opportunity to assess global
and regional LV function (Figure 16). Ventricular dyssynchrony is expressed as the standard
deviation of the time taken for segments to reach their minimum systolic volume, indexed
to the cardiac cycle length (Systolic Dyssynchrony Index (SDI))."*® Normal values of SDI
in children and adolescents are lower than the adult population.””"”* 3DE estimates of LV
dyssynchrony appear to be most repeatable if a 16-segment model is used as opposed to 12
or 6 segment models."”” 3DE has been used to demonstrate increased LV dyssynchrony in
children with Kawasaki disease'* as well as dilated cardiomyopathy where the 16-segment
SDI correlated negatively with 3DE EF and 2DE fractional shortening."*' 3DE has also
demonstrated LV dyssynchrony in patients with tricuspid atresia after Fontan palliation'*
and a high incidence of LV regional wall motion abnormalities in CHD patients.'* Current
software packages define abnormal wall motion with respect to the central LV axis, which
has limitations for some CHD patients with an LV of unusual shape. Further difficulties in
measurement of dyssynchrony occur where LV function is poor due to difficulties in accu-
rate determination of the point of minimum systolic volume in segments where such curves
are of low amplitude."™* Caution is required when using 3DE as a modality to quantify

electro-mechanical dyssynchrony in CHD in the absence of a significant body of evidence.
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3D wall tracking of the left ventricle

Recent advances in 3D wall tracking have allowed for assessment of myocardial deforma-
tion in three dimensions from a single volume of the LV (Figure 17). The 3D technique
has a potential advantage over 2D strain in that loss of tracking due to through plane
motion can be avoided.'*’ This permits a semi-automated analysis of longitudinal, radial,
circumferential and 3D strain from a single volume. In addition, LV volume, EF and
LV twist and torsion can be computed from the same volume. The major limitations of
this technique remain temporal resolution and feasibility of incorporating the entire LV.
Recent publications have reported normal values in children and adolescents'*®'"” but this
currently remains a research tool, and the place of such analysis in the management of
patients with CHD remains to be established.

tl’ain [3D] LossyCR ?7:

Global

Figure 17 3D deformation analysis by wall tracking. Some software uses the 3D volume to track the myo-
cardium of the left ventricle rather than simply the endocardial border. This permits analysis of deformation,
twist and torsion of the whole of the left ventricle from a single volume. A limitation of the technique is that
the temporal resolution is lower than 2DE.
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Assessment of the functional single ventricle

Ventricular dysfunction is an important long-term complication in patients with func-
tionally single ventricle circulation. 3DE based on disc summation appears feasible and
compares favourably with MRI.'*'** Semi-automated border detection has been applied
to the serial assessment of RV volumes and EF in hypoplastic left heart syndrome'"” but
with systematic underestimation of RV volume compared to MRI.""® The differences may
reflect the tendency for semiautomatic methods to skim the surface of trabeculations,
geometric limitations and failure to include the entire ventricle by 3DE.

Future directions

Technical solutions such as the fusion of multiple 3DE volumes may assist in acquiring
the entire ventricular cavity for the purposes of RV functional assessment.'*® The avail-
ability of the semi-automated method of disks algorithm for RV volumetry is desirable,
as is the availability of analysis software that is purpose-designed, including the facility to
landmark structures in normal and abnormal hearts. The availability of large studies to
define normal RV and LV volumes and mass across a wide range of body size would enable
these measurements to replace 2D measurements in clinical practice. The availability of
automated, reproducible algorithms that provide for geometry-independent volumetric

analysis of congenitally abnormal ventricles would enhance application in serial follow-up.

RECOMMENDATIONS

Assessment of ventricular volumes and function in CHD

Measurement of ventricular volumes and EF by 3DE is highly repeatable.

3DE has a systematic bias to produce lower values of volume than MRI so that measure-
ments should not be used interchangeably.

Current implementation into clinical practice is hampered by a paucity of normal data
from infancy through to adulthood.

Software developed for the normal LV or RV should not be applied to patients with
congenitally abnormal ventricles without being validated.

The semi-automated summation of disc method is the least constrained by geometry
and should be included with post-processing software particularly for ventricles of abnor-
mal morphology.

3D ECHOCARDIOGRAPHIC ASSESSMENT OF
ATRIOVENTRICULAR AND ARTERIAL VALVE FUNCTION IN
CONGENITAL HEART DISEASE

3DE assessment of AV valves in CHD is one of the most frequently used applications of
the technology in a clinical setting."**"** 3DE provides comprehensive information on AV
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valve size, morphology and motion. The application of 3D colour flow Doppler can be
used to visualise regions of AV valve regurgitation including the size, shape and number
of regurgitant orifices.

The AV valves

Assessment of AV valve anatomy

3DE assessment of AV valves in CHD is driven by the need for better visualisation and
understanding of the mechanism of the valve regurgitation during surgical planning. AV
valve function is a complex interaction of atrial contraction”' annular shape, contrac-

154,155 h 156,157
bl

. . 152,1 . ..
tion and motion;"**"* leaflet size, shape and the changes in its tensor strengt

chordal length and tension as well as papillary muscle contraction and position."”*'”

. . . . 160,161
Ventricular coordination and contraction

also impact on AV valve function. 3DE
assessment focuses on the valve annulus, leaflets, chords and papillary muscles, as these are
the AV valve components that can be manipulated or repaired by current surgical tech-
niques. Although quantitative 3DE assessment of the AV valve in CHD has been reported
for AV septal defects"*”'® and tricuspid valves in hypoplastic left heart syndrome,"”®'® it
is still not part of routine clinical practice. Commercially available quantitation software
frequently assumes normal AV valve morphology and acquired disease, making it less valid
for use in CHD. Currently, the assessment of AV valve regurgitation by 3DE remains
largely qualitative*' and is tailored to the individual valve anatomy. There are no data on
the impact of 3DE on clinical outcomes in CHD but the technique may impact on the

. 164
surgical approach."®

Quantitation of AV valve regurgitation

Assessment of AV valve regurgitation severity by 2DE has been demonstrated to guide
management in the adult population'® despite significant interobserver variation."* 2DE
guidelines have been produced for quantitative assessment of valvular regurgitation in
adults'”"*® but not children.” Poor reproducibility and accuracy result from morpho-
logically abnormal valves, complex regurgitant jet morphology with an elliptical or linear
regurgitant orifice and multiple jets, and effective regurgitant orifice area (EROA) calcula-
tion has not demonstrated major benefit compared to qualitative assessment.'*”"”" EROA
reference values relative to patient or valve size are not available, which is a significant
limitation in the interpretation of results in growing patients with congenitally abnormal
valves. 3DE methods analogous to MRI for estimation of valve regurgitation are encour-
aging'””"7* but are limited by the requirement of no significant interventricular shunts.
3DE quantification of AV valve regurgitation vena contracta area in CHD is a promising
approach, is relatively simple to measure and is available on most 3DE navigation soft-
ware. After acquiring a 3DE colour mapping dataset, the clinician can navigate within the
MPR mode to directly measure the vena contracta area perpendicular to the regurgitant
jet. Multiple validation studies in the adult population have shown strong correlation
between 3DE vena contracta area of mitral regurgitation and MRI calculated EROA and
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regurgitation fraction with high reproducibility.'” Further validation in paediatric and
CHD patients is still required.

Quantitation of aortic and pulmonary valve stenosis and regurgitation by
3DE

The aortic valve

The central role of echocardiography in the investigation of aortic valve disease is well
established in both paediatric / congenital and adult practice.”*"*"”” As previously dis-
cussed, 3DE can define valve morphology and estimate LV volume and mass. Doppler
derived pressure drop across valves is flow dependent, and accurate measurement of ef-
fective aortic valve orifice area is clinically important. This is particularly important in
children where use of the continuity equation has not been recommended because of
the potential for measurement error** MPR images can be adjusted to ensure an en face
orientation to assist in direct measurement of the effective aortic valve area in children
with aortic valve stenosis.””'”® ‘Cut off values of area in children cannot be used because
this is impacted by the size of the aortic valve, which is in turn related to the size of the
child. Previous published work has addressed the normal aortic valve area across a wide
age and size range,179 but this normative data used a rotational probe rather than current
real-time 3DE techniques. Thus, it is feasible to planimeter the effective aortic valve area
in the paediatric population, but data on the impact of such measurements on timing of
intervention or prognosis is lacking.

Echocardiographic quantification of aortic valve regurgitation has been addressed in

24,176,1
several documents,”*"7"”’

and standard indices include LV dimensions, regurgitant jet or
vena contracta diameter, and diastolic reversal of flow in the aorta. Recent adult work has
used 3DE colour estimation of the size of the 3DE derived vena contracta against 2DE and
MRI with encouraging results."**'*" This technique has not been validated in paediatric
or congenital populations. Surgical planning for patients with aortic valve disease involves
quantitation of aortic root size, with evidence of improved accuracy using 3DE in chil-

dren’" and validation of automated 3DE in adults.'®

The pulmonary valve

Assessment of pulmonary valve stenosis in children and adults with CHD is normally
based on Doppler-derived pressure drop across the valve.”* Obtaining an en face image
of the pulmonary valve by 2DE may be challenging, which hampers definitions of ste-
nosis based on effective pulmonary valve orifice area. 3DE may assist in projecting the
pulmonary valve en face cither by real time 3DE, by cropping a multi-beat full volume,
or by utilization of cross plane techniques. Pulmonary regurgitation is an important
complication of many patients with CHD, particularly those with repaired TOF or with

conduits from the RV to the pulmonary artery. Recent publications“‘“/‘183

emphasise the
importance of quantifying the size and function of the RV by 3DE. The estimation of

pulmonary regurgitation by 3DE remains semi quantitative; although there are published
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data using 3DE to measure EROA, " it has not been adopted into CHD practice and has
not been validated against cardiac MRI.

Recommendations

Atrioventricular valves

The use of 3DE to visualise AV valves, papillary muscles and chordal support is recom-
mended to assist surgical planning.

3DE assessment of the location, size, shape and number of regurgitant jets and orifice
area is recommended.

Measurement of EROA needs to be validated in children and adolescents and in a wide
range of valve pathology before its measurement can be recommended to quantify AV
valve regurgitation and impact timing of valve repair or replacement.

Post-processing software for AV anatomy and valve function needs to be used with

caution as it may assume normal valve anatomy.

Arterial valves

3DE is recommended to assess the morphology of the aortic and pulmonary valves.

3DE is recommended for the measurement of annulus, root and effective orifice area
measurement.

3DE colour flow Doppler measurements remain to be validated as a means of quantify-

ing arterial valve regurgitation.

TRAINING IN THREE-DIMENSIONAL ECHOCARDIOGRAPHY

Requirements and recommendations for training have been an integral part of position
statements and guidelines for echocardiography in CHD."™""” No such proposals have
been produced for 3DE of CHD, and the European certification process for echocardiog-
raphy of CHD does not currently include 3DE at all."*® Training and education play a
critical role in increasing the utility of 3DE, particularly in terms of its ability to improve
outcomes."”” There is no question that the adoption of 3DE into clinical routine has a
learning curve and demands specific training.

Machines and transducers for 3DE are similar to those for 2DE. There are some funda-
mental differences in the approach to learning 2DE versus 3DE. In 2DE, the only image
that can be interpreted is the acquired 2D image. A central component of training is the
appropriate acquisition of images in planes that are largely predefined. In contrast, 3DE
involves acquisition of a 3D dataset with extensive potential for post-processing. Training
in 3DE must involve methods to develop and improve the ability to acquire optimal
3DE datasets and to post process the sonographic volumetric datasets to show cardiac
morphology or quantify ventricular function. Recognition and evaluation of ez face views

of valves and septums must be learned as well as other details of complex intracardiac
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anatomy uniquely available through 3DE. While these structures and views are familiar
to surgeons, pathologists, and others who have an implicit understanding of cardiac
anatomy, they pose a challenge to those who do not have such a frame of reference. One
approach to helping bridge this gap has been the development of educational programmes
and publications that include side-by-side depiction of pathology specimen photographs
and 3DE images for a wide range of CHD.*

Training in acquisition has, of necessity, involved live scanning of subjects in a classroom
or clinical setting. Although it provides an authentic learning experience, this mode of
learning has practical limitations, including class size, availability of cooperative subjects
with a wide spectrum of disease states, busy clinical settings, and issues related to privacy.
Over the past few years, simulators to teach 2D TOE and TTE have become available but
3DE simulators are lacking."”*"”"

Training in post-processing has primarily occurred in the format of workshops involving
manipulation of datasets from a wide range of pathologies.'”” This type of training requires
high-quality 3DE datasets of a variety of CHD, a large number of portable computers and
vendor-specific software. One of the challenges of 3DE training has been the high fre-
quency of modifications of the user interface for both acquisition and post-processing.'®
While this is to be expected in the evolution of the modality, frequent changes of user
interface may discourage adoption of 3DE. Stability of the user interface and consistency
between manufacturers would help greatly in developing robust tools for training.

A further consideration is the wide variability in the use of 3DE between centres and
adoption of 3DE within certification and training programmes. There are no specific
guidelines for education related to 3DE in the published North American guidelines for
core fellowship training in paediatric cardiology'® and the revised guidelines include
only vague references to 3DE experience for advanced fellowship training in non-invasive
imaging'” 3DE is not a current component of the European certification process in echo-
cardiography of CHD. The absence of specific training standards for 3DE has resulted
from the absence of guidelines and standards for the performance and interpretation of
3DE studies. This document should provide a framework for more structured 3DE train-
ing in the future.

With respect to what form such training should take, attendance at a formal train-
ing course in acquisition and post-processing of 3DE is essential to understand different
3D modalities and post-processing software. Sonographers and cardiologists in training
should continue to establish their core skills in 2DE according to established training
programmes. For trainees subspecialising in echocardiographic imaging, many should be
able to gain the further experience in data acquisition and post-processing within their
unit, provided 3DE is being widely used. Assessment should be competence based but
acquisition of and post-processing of at least 50 volumes (mixed TTE / TOE) of different
forms of CHD would seem reasonable. Competence should include assessment of cardiac
morphology as well as quantitation of left ventricular volume and EF. If a centre does not
offer exposure to a high volume of 3DE then a period of training of 3—-6 months at a high
volume centre would be appropriate. For the advanced practitioner, application of 3DE

144



Three-dimensional echocardiography in congenital heart disease

in the catheterisation laboratory and during surgery requires advanced and rapid acquisi-
tion and post-processing skills and will generally require more experience and training
than that outlined above. Application of 3DE to the RV or abnormally shaped ventricles
will also require further experience and training. Trainers in 3D echocardiography will be
drawn from cardiologists with many years of experience of acquisition and post-processing
of structure and function using 3D echocardiography. It is hoped that the recommenda-
tions in this document, for examples those relating to image orientation, may assist in

development of structured programs both for trainees and trainers.

Future Directions

Echocardiography simulators should be modified to include training in 3DE acquisi-
tion. The development of a comprehensive simulation-based educational resource would
require a large library of 3DE datasets encompassing a wide range of pathologic states.
Training in post-processing should involve web-based access to 3DE analytic software in
conjunction with an online library of 3DE datasets of various CHD lesions. In order to
develop such libraries, anonymisation tools for Digital Imaging and Communications in
Medicine (DICOM) datasets including removal of both DICOM headers and patient
data displayed in the image are essential.

Recommendations

Training in 3DE
Training in 3DE should be an integral part of the training of the congenital echocardiog-
rapher. This should include the indications for and added value of 3DE in surgical and
interventional planning and guidance.

Training should include 3DE dataset acquisition and post processing to demonstrate
competence in assessment of cardiac morphology and quantification of cardiac function.

Operators should learn to recognize and evaluate cardiac views which are uniquely
feasible by 3DE including ez face views of valves and septums.

A degree of consistency of the user interface and uniformity of terminology between
manufacturers would help greatly in developing robust non-proprietary tools for training.

ADVANCES IN THREE-DIMENSIONAL ECHOCARDIOGRAPHY

While the past decade has brought exciting advances to the fore in 3DE, there are many
aspects that would benefit from improvements in technology that are tailored to the
patient with CHD. We look forward to advances in transducer design and computer
post-processing as well as research into novel methodologies, such as frame reordering'**

148,195,196

and image compounding, which can achieve benefits in terms of field of view,

endocardial border definition, enhanced temporal resolution and intraventricular flow.
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197,198

Advances in 3D printing and in holographic displays promise the ability to view,
understand and utilize 3DE data better in clinical practice.

Novel measurements of ventricular volumes, 3D deformation, valvar morphology, val-
var function and flows should be validated, automated, and lead to publication of robust
normal ranges across a wide range of ages and body size. These enhancements should not
be limited to left heart structures but need to be comprehensive to include the right heart
and congenitally abnormal ventricles and valves. All of these measures need to undergo
robust assessment of their repeatability and accuracy versus other imaging techniques.

The assessment of the impact of 3DE techniques on patient outcome remains a chal-
lenge. Many current 3D techniques have been adopted in an ad hoc manner to address
specific clinical challenges such as surgical repair of CHD or guidance of interventional
procedures but without robust analysis of impact on outcome. Quantitation of ventricu-
lar volumes, myocardial deformation, and cardiac function by 3DE needs to stimulate
research studies that demonstrate whether or not 3DE measures can be used as surrogates
for outcome.

The technical advances and increased use of 3DE techniques in clinical practice will
place greater emphasis on improved methods for training and education in 3DE. This
needs to be matched at the research and development stage by improvements in the soft-
ware interface for acquisition and analysis of 3DE including, where appropriate, increased
automation to improve workflow and reduce observer error.
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Chapter 8

ABSTRACT

Aims

Evaluation of left ventricular (LV) myocardial deformation by speckle-tracking echocar-
diography (STE) is useful for clinical and research purposes. However, strain measure-
ments depend on the used software. Normative data for QLAB 10 (Philips) are scarce.
Additionally, little is known about the influence of anthropometric factors. We aimed to
establish normal adult STE-derived strain and strain rate values, and to evaluate associa-
tions with anthropometrics.

Methods

One hundred fifty-five healthy subjects aged 20 to 72 years (= 28 subjects per decile)
were prospectively gathered and examined with electrocardiography and two-dimensional
echocardiography. With STE, we assessed peak systolic LV global longitudinal strain
(GLS), segmental longitudinal strain and strain rate from the three standard apical views.

Results

We included 147 healthy subjects (age 44.6+13.7 years, 50% female, LV GLS -20.8+2.0%).
Men had significantly lower GLS than women (-20.1+1.8% vs. -21.522.0%, P< .001).
GLS was significantly lower in subjects with age above 55 years (P = .029), higher blood
pressure (P< .001), higher body surface area (BSA, P< .001), larger LV end-systolic and
end-diastolic volumes (both P< .001), lower LV ejection fraction (P< .001) and some
indices of diastolic function. After multivariable regression analysis, the correlation with
systolic blood pressure, E-wave and LV end-systolic volume remained significant. The
systolic strain rates of most segments correlated with BSA.

Conclusions

Our study resulted in normative LV GLS values assessed with QLAB 10. Male sex, higher
BSA and higher blood pressure negatively influence GLS. Therefore, these factors should

be taken into account for strain interpretation in clinical practice.
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INTRODUCTION

The quantification of cardiac chamber dimensions and function is the cornerstone of
cardiac imaging.' Conventional two-dimensional (2D) and Doppler echocardiography are
the most commonly used noninvasive modalities and are valuable tools, especially for the
assessment of global systolic and diastolic function. The most widely used measurement
for left ventricular (LV) systolic function in a clinical setting is ejection fraction. How-
ever, this parameter is limited in abnormally shaped or dilated LVs due to the geometric
assumptions used in the 2D-biplane method. In addition, regional systolic dysfunction
could be missed with this method.'

During the last decade, 2D speckle-tracking echocardiography (STE) has become avail-
able that provides quantitative assessment of global and segmental ventricular function by
measuring myocardial deformation, largely independent of angle and ventricular geom-
etry.”” Longitudinal strain (LS), one of the measures of deformation, is the most widely
used type of strain and is a robust index for clinical studies.* With the use of myocardial
deformation imaging, ventricular dysfunction may be detected in a pre-clinical phase.’

Although STE is widely used for the assessment of LV function, myocardial deformation
parameters are dependent on the equipment that is used and therefore, results of machines
and software packages from different vendors are not interchangeable.4’6 However, there
has been an improvement in between-vendor concordance in LV global longitudinal strain
(GLS) as the work of the joint standardization task force.” Erasmus MC routinely uses the
Philips iE33 and EPIQ7 ultrasound systems, and QLAB software for analyzing datasets
(Philips Medical Systems, Best, The Netherlands). Normal reference values of STE-derived
LS are scarce using QLAB software (Philips Medical Systems),’ especially strain values estab-
lished with the software versions after the standardization initiative.” Because of this lack of
adequate normal data, the clinical value of STE data in patients is suboptimal. In addition,
little is known about the influence of anthropometric factors on these strain values.

The aim of this prospective cohort study was to obtain normal LV LS and strain rate
values in healthy volunteers aged from 20 to 72 years. Secondly, we wanted to identify the
influence of age, sex, body mass index (BMI), body surface area (BSA), blood pressure,
ECG findings and ventricular size and volumes on strain.

METHODS

Study population

This prospective cohort study was conducted in 2014-2015 in 155 healthy volunteers
aged 20 to 72 years, who were stratified into five age groups: 20 to 29, 30 to 39, 40 to 49,
50 to 59, and 60 to 72 years (n2 28 in each group, equal distribution in sex). The subjects
were recruited via an advertisement for healthy subjects. The inclusion criteria required
that subjects had normal results on physical examination and electrocardiography (ECG).
Subjects were excluded when they met any of the following criteria: (prior) cardiovascular
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disease; cardiovascular risk factors consisting of hypertension, diabetes mellitus or hyper-
cholesterolemia; systemic disease or medication known to influence cardiac function; or
the finding of cardiac abnormalities during examination. Professional athletes, morbidly
obese subjects (BMI > 40 kg/mz), pregnant women and women with breast implants were
also excluded.

All procedures were in accordance with the ethical standards of the institutional research
committee and with the 1964 Helsinki declaration and its later amendments. Informed
consent was obtained from all participants.

Clinical assessment

The subjects’ visit consisted of physical examination, 12-lead ECG, venous blood sam-
pling, and 2D-echocardiography. Physical examination included height, weight, blood
pressure, saturation, and results of heart, lungs and abdominal findings. Blood samples
were taken to determine serum creatinine as an indicator for renal function.

Echocardiographic image acquisition

All echocardiographic studies were performed by 2 experienced sonographers (JM, WV).
Two-dimensional greyscale harmonic images were obtained in the left lateral decubitus
position using an iE33 or EPIQ7 ultrasound system equipped with a transthoracic broad-
band X5-1 matrix transducer (composed of 3040 elements with 1-5 MHz). Standard
apical 4-chamber (A4C), 2-chamber (A2C) and 3-chamber (A3C) views were obtained for

STE at frame rates of > 50 frames/sec.’

Conventional echocardiographic measurements

For chamber measurements we used the current guidelines of the American Society of
Echocardiography and the European Association of Cardiovascular Imaging.' From the
4C, pulsed-wave Doppler examination was performed to obtain peak mitral inflow veloci-
ties at early (E) and late (A) diastole and E deceleration time. Tissue Doppler imaging was
performed to obtain myocardial tissue velocity at the septal mitral annulus at early diastole
(E). LV end-diastolic, LV end-systolic and LV ejection fraction were derived with the
biplane method of disks based on one cardiac cycle using QLAB software.

Speckle-tracking analysis

The data sets were blinded regarding the subject’s ID. Offline analyses were performed
by 2 independent observers (MM, JM) using QLAB 10. Cardiac cycles were defined by
the positioning of R-waves. Aortic valve closure time was used to define end-systole’ by
selecting the frame of closure on the 3C view.

To assess peak systolic LV LS and strain rate, the endocardial and epicardial borders
were traced in the 4C, 3C and 2C on an end-diastolic frame. The program automati-
cally divided the walls in several segments (LV algorithm based on 17-segment model)
and tracked these points on a frame-by-frame basis. When tracking was suboptimal, we
readjusted the borders. Segments with persistently inadequate tracking were excluded
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from analysis. Peak systolic strain and strain rate values were defined as the peak values on
the curves during the ejection phase of one cardiac cycle. Figure 1 shows examples of LS
analyses (GLS, LS-4C, LS-3C and LS-2C). Data were exported to a spreadsheet program
(Excel; Microsoft Corporation, Redmond, WA, USA). All references to strain changes
consider the absolute value of the number, so that higher or increase in LS means a more

. . 1
negative number and lower or decrease means a less negative number. 0

A AP4 11 B AP3 11

16:19:53 L 16:20:51
HR = 50 bpm HR = 48 bpm
Time SD = 3.1 ms : i Time SD = 11.6 ms

e = -
PHILIPS PHILIPS

C AP2 111 A D

16:20:23
HR = 50 bpm
Time SD = 2.7 ms

Peak Systolic Strain
HR (Avg.) = 49 bpm ANT-SEPT
EDV (Bi-Plang)=-4i8:5:mi
ESV (Bi-pfang)= 66.4 mi
EF (Bi@élam)-
TimQ%D".“

3

AP2 L. Strain = -22.1 %

AP3 L. Strain =£24.5%
AP4 L. Strain = -21.8'%

it INF-LAT
AP2L. Strain =-221 %

Global L. Strain = -22.7 %

Figure 1 Example of left ventricular longitudinal strain measurements in a healthy individual

The left ventricle was traced in the apical four-, three-, and two-chamber views at end-diastole. The walls
were automatically divided into seven segments at each view, and the global longitudinal strain at each view
was calculated (A-C). The segmental strains were plotted in a bull’s eye, and the left ventricular global longi-
tudinal strain based on a 17-segment model was calculated (D).

AP2=apical two-chamber; AP3=apical three-chamber; AP4=apical four-chamber; GL=global longitudinal;
LV=left ventricle; RV=right ventricle
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Statistical analysis

The data distribution was checked using histograms and the Shapiro-Wilk test. Depending
on the distribution, continuous data are presented as mean + standard deviation (SD), or
median with first and third quartile [Q1-Q3] or interquartile range [IQR]. Categorical
data are presented as frequencies and percentages. For comparison of normally distributed
continuous variables in one group, we used the paired #test and between two groups the
Students #-test. In case of skewed distribution, the Mann-Whitney-U test was applied.
For comparison of frequencies the chi-square test was used. Linear regression analysis
was used to explore the relationship between strain and baseline characteristics. Variables
that reached P< .001 and did not show collinearity with other variables were included in
a multivariable model. In case of collinear variables, the variable with the highest correla-
tion coeflicient was included. All statistical analyses were performed using SPSS statistics
version 21 (IBM Corp., Armonk, NY, USA). The statistical tests were two-sided and a
P< 0.05 was considered statistically significant.

Intra-observer agreement (MM) was assessed by repeated analysis in a sample of 20 sub-
jects (n = 4 per decile, randomly selected) > 1 month after the initial analysis, in randomly
mixed order, and blinded to the initial results. Assessment of inter-observer agreement was
performed by a second observer (JM) in the same sample. The agreement between 2
measurements was determined as the mean of the differences +1.96SD." Additionally, the
coeflicient of variation was provided (SD of the differences of 2 measurements divided by

their mean).

RESULTS

Study population

Of the 155 subjects who came to our medical center, 147 were included (age 44.6+13.7
years, 50% female). Table 1 shows the characteristics of the study population per age group.
Eight subjects were excluded for various reasons: breast implants (n = 2), valvular pathology
(n = 2), surgically closed patent ductus arteriosus (n = 1), hypertension (n = 1), morbid
obesity (n = 1), and right bundle branch block on ECG (n = 1). Due to technological
reasons, the echocardiographic images of 2 subjects had not been exported to the QLAB
working station.

Left ventricular longitudinal strain

Among the 145 remaining subjects, the feasibility of LV peak systolic LS-4C and LS-2C
was 99%, LS-3C 97%, and GLS 97 %. Figure 2 shows the feasibility per segment on each
view. The mean GLS of the healthy subjects was -20.8+2.0%. The mean GLS, LS-4C,
LS-3C, LS-2C and segmental strains per age group are summarized in Table 2. GLS did
not decrease significantly with advancing age as continuous variable (Figure 3). However,
comparing GLS of subjects > 55 years old (n = 35) versus < 55 years (n = 106), resulted
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inferolateral

Apical four-chamber Apical three-chamber Apical two-chamber

Figure 2 The feasibility of strain calculation per segment. Each number reflects the percentage of possible
strain measurements of that segment in our cohort.
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Figure 3 Correlation between left ventricular peak systolic global longitudinal strain and age. This scatter
plot represents one person’s left ventricular peak systolic global longitudinal strain value versus his/her age.
No significant relationship could be observed between these two variables.

*To aid interpretation of the Pearson’s correlation coeflicient, global longitudinal strain has been analyzed as
positive number. V= left ventricular.

in a lower strain in the older subjects (-20.242.0% vs. -21.0£2.0%, P = 0.029). In all age
groups, the apical segments showed higher peak systolic strain than the basal segments.

Relationships with left ventricular global longitudinal strain
Males had significantly lower GLS than females (-20.1£1.8% vs. -21.5£2.0%, P< 0.001).
Figure 4 presents the median GLS for males and females stratified by age.

Table 3 shows the results of univariable and multivariable regression analyses with GLS
as dependent variable. There was a linear decrease in GLS with increasing blood pressure
and BSA, but no relationship was found with age as continuous variable. A higher GLS
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Figure 4 Median left ventricular global longitudinal strain stratified by sex and age. *P< 0.0s. Strain values
are presented as median [IQR] by sex and age group.
LV= left ventricular.

was associated with more favorable indices of diastolic function and with smaller LV end-
diastolic and end-systolic volumes.

Because of the relationship between GLS and BSA, we additionally performed univari-
able regression analysis of GLS indexed for BSA. Indexing for BSA strengthened most of
the significant correlations with the subjects’ characteristics. In multivariable analysis, sex,

systolic blood pressure, E wave and LV end-systolic volume remained significant predic-

tors for GLS indexed for BSA (Table 3).

Left ventricular longitudinal strain rate

LV peak systolic strain rates per age group are given in Table 4. Linear regression analysis
showed lower strain rates on the A4C and A2C with increasing age. Strain rates were
comparable between men and women. Correlation analysis between strain rate and BSA
showed that on the A4C 6 out of 7 segments correlated significantly, on the A3C 1 out of
7, and on the A2C 5 out of 7.

Intra-observer and inter-observer agreement

The intra-observer agreement for GLS was 0.01+0.57%, and the inter-observer agreement
-0.67+0.91%. Figure 5 presents the linear correlation and Bland-Altman plots for the
intra-observer and inter-observer measurements.
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Table 4 Left ventricular peak systolic strain rates per age group

Age (y) 20-29 30-39 40-49 50-59 60-72 P-value*

Apical four-chamber

Basal septal (s™) -0.79£0.12  -0.84+0.11  -0.81£0.18  -0.77+0.14  -0.69+0.13  0.002
Mid septal -0.92+0.15  -0.92+0.15  -0.85+0.18  -0.87+0.17  -0.78+0.13  0.002
Apical septal -1.26+0.18  -1.26x0.16  -1.25£0.19  -1.25£0.16  -1.16£0.20  0.134
Apex -1.22£0.17  -1.16£0.13  -1.12£0.18  -1.12£0.19  -1.02£0.14 < 0.001
Apical lateral -1.2240.22  -1.11+0.16  -1.01+0.23  -1.04+0.23  -0.90£0.13 < 0.001
Mid lateral -1.00+£0.13  -1.03+0.14  -0.98+0.17  -0.99+0.15 -0.91+0.13  0.026
Basal lateral -1.00+0.16  -0.97+0.17  -0.99+0.16  -0.90+0.16  -0.91:0.12  0.008
Apical three-chamber
Basal inferolateral -0.93+0.15  -1.01x0.17  -0.98+0.18  -0.94+0.14  -0.93+0.23  0.733
Mid inferolateral -1.03£0.18  -1.09+0.19  -1.06£0.17  -1.05+0.15  -1.02+0.20  0.547
Apical lateral -1.00£0.17  -1.05+0.13  -1.00£0.14  -1.02+0.21 -0.93+0.15 0.097
Apex -1.01+0.13  -1.06x0.11 ~ -1.05+0.17  -1.04£0.21  -0.99:0.19  0.948
Apical anterior -1.05£0.16  -1.11x0.15  -1.12£0.24  -1.09+0.26  -1.09+0.24  0.405
Mid anteroseptal -0.97+0.13  -0.99:0.16  -0.99+0.20  -0.97+0.16  -0.94:0.20  0.873
Basal anteroseptal -0.84+0.16  -0.95+0.16  -0.92£0.15  -0.92+0.18  -0.87+0.19  0.595
Apical two-chamber
Basal inferior -0.80+0.15  -0.79+£0.09  -0.80+0.15  -0.77+#0.13  -0.71£0.12  0.013
Mid inferior -0.92+0.15  -0.87+0.11  -0.89+0.16  -0.89+0.13  -0.83+0.13  0.053
Apical inferior -1.17£0.14  -1.17¢0.12  -1.12#0.15  -1.13%0.11 -1.06£0.16  0.004
Apex -1.08+0.14  -1.07+0.10  -1.01%0.15  -1.03+0.11 -0.96£0.13  0.001
Apical anterior -1.01£0.17  -1.00£0.12  -0.95+0.16  -0.99+0.16  -0.91+0.15  0.028
Mid anterior -0.98+0.17  -0.98+0.16  -0.92+0.14  -0.91+0.17  -0.91£0.16  0.005
Basal anterior -0.89+0.17  -0.89+0.15  -0.90+0.17  -0.87+0.13  -0.84:0.14  0.088

Values are presented as mean+SD. *Using linear regression analysis.

DISCUSSION

To our best knowledge, this prospective cohort study, consisting of 147 healthy volunteers
and who are stratified per age decade, is the first study reporting normal LV LS values after
the strain standardization initiative of the task force.'’ Sex, BSA and blood pressure were
the most important anthropometric factors that influence LV GLS assessed with QLAB,
whereas age did not. Strain rates were lower with increasing age and did not differ between

men and women.

Left ventricular longitudinal strain
LV GLS was feasible in 97% of the subjects, and LS-4C and LS-2C even in 99%, which

is an important amenity for the wider use of LS on a daily basis in the clinical setting.
The mean GLS of our study cohort was -20.8+2.0%, which is comparable with the
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Figure 5 Linear correlation and Bland-Altman plots for intra-observer and interobserver measurements of
left ventricular global longitudinal strain. First row (A) refers to intra-observer agreement with one observer
analyzing the same dataset twice. Second row (B) refers to inter-observer agreement with two observers ana-
lyzing the same dataset. In the Bland-Altman plots on the right side, the striped lines depict the mean differ-
ence of two measurements, and the dashed lines depict the limits of agreement (1.96SD). COV=coefficient
of variation.

reported -19.7% in a meta-analysis.” However, the majority of included studies in that
meta-analysis used software of another vendor. Moreover, the included studies are dated
and therefore newer versions of the software are already in use.

We observed LV segmental strain heterogeneity: LS gradually increased from the basal
to apical segments in all age groups, which is in line with the results reported by Sun et
al."” Nowadays, analyzing regional ventricular function becomes more and more impor-
tant. An increasing number of studies state that it is especially the function of some of
the regions that are impaired in different types of heart diseases, for example decreased
basal strain in hypertrophic cardiomyopathy and aortic stenosis.'>'* Even in patients with
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primarily right-heart pathology, evaluating regional LV deformation could be of particular
importance. Patients with repaired tetralogy of Fallot had a decreased LV septal strain
indicating that right ventricular dysfunction negatively affects LV function, which is called
ventricular-ventricular interaction."

In our study, GLS correlated well with LV ejection fraction. Kalam et al.'® performed
a systematic review and meta-analysis which compared GLS against LV ejection fraction
in predicting all-cause mortality and cardiac-related events. Both endpoints were stronger
associated with GLS than with LV ejection fraction. Therefore, GLS appears to have
superior prognostic value to ejection fraction for predicting major adverse events.

Relationships with sex, age and body surface area

The cutoff value for normal LV ejection fraction is higher in women than men.' The
same should be applied for LS, because we found significant greater values in women,

which corroborates with previous STE studies'*"”

and a recent study with feature-tracking
cardiovascular magnetic resonance (CMR)." In a relatively large sample of the general
population, where LS was measured with colour Doppler myocardial imaging,”” no sex
differences were found, neither in a meta-analysis by Yingchoncharoen et al.® The different
vendors that have been included might have had an influence.

We did not observe a clear relationship between GLS and the age decades. This might
be explained by our relatively low sample size. On the other hand, the absence of a rela-
tionship was also reported on GLS assessed with feature-tracking CMR."* However, we
found a significant difference in strain between subjects < 55 years old and subjects > 55.
Dividing subjects in groups younger and older than 55 years has also been performed by
Sun et al. resulting in a slightly lower strain in the older patients."” In a study including
over 1200 healthy individuals with a maximum age of 89 years, systolic strain was also
lower with increasing age.”” Due to the fact that age often goes along with higher blood
pressure and BSA, it seems plausible that at a certain age, decrease in strain could occur.
However, we did not include subjects > 72 years. Those subjects may have a lower GLS
than the subjects of our cohort, but this assumption has to be investigated. It is however
not easy to include subjects above 72 years of age without history of or risk factors for
cardiovascular disease.

We found a weak-to-moderate positive correlation between GLS and BSA. Such correla-
tion had also been described with the use of feature-tracking CMR in healthy controls,"®
and, though weaker, with STE."” Because of this correlation and the possible interac-
tion between BSA and other anthropometric and echocardiographic measurements, we
decided to index GLS for BSA. This indexation resulted in stronger correlations regarding
systolic and diastolic blood pressure, some diastolic function indices and LV end-diastolic
and end-systolic volumes. Regarding our results, we advise to use sex and/or BSA specific

values.
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Relationship with blood pressure

Even though all our subjects were healthy and did not have hypertension, we still observed
a moderate correlation between higher blood pressure and lower GLS. A similar cor-
relation was also found in a meta-analysis with a larger sample of healthy subjects.® In
patients with hypertension, decreased GLS was reported in the presence of a normal or
even supranormal LV ejection fraction.” As a compensatory mechanism for preserving
the ¢jection fraction, these patients had an increased twist compared to normal controls.”!
It is generally known that, besides aging™, hypertension is associated with alterations in
diastolic LV function.”” In our healthy cohort, some of the diastolic function indices,
such as E wave, deceleration time, E’, and E/A ratio showed significant relationships with
GLS. Even after implementation the “E wave” in a multivariable regression model, it
remained a significant determinant for GLS. A recently published paper of the CARDIA
study described that higher cumulative exposure to blood pressure over 25 years from
young adulthood to middle age was associated with lower LV LS and diastolic dysfunc-
tion, but not with LV ejection fraction.* These findings reflect that LS is a load dependent
parameter and that a relatively small increase in afterload will result in lower LS. The fact
that GLS correlates with blood-pressure values at the time of echocardiography in our
cohort, makes no distinction whether GLS is just a pure reflection of the current degree
of afterload or a reasonable and sensitive marker for incipient LV dysfunction caused
by chronic hypertension. The definition of hypertension is traditionally based on office
blood-pressure measurements.”” However, blood pressure could be elevated in the office
and normal out of the office which is termed white-coat hypertension, whereas masked
hypertension refers to a normal blood pressure in the office and abnormally high out of the
medical environment.” Hence, out-of-office blood-pressure measurements play an im-
portant role in hypertension management,”*> but home and ambulatory blood-pressure
monitoring both have their limitations. It would be helpful if STE-derived strain can
serve, already in a preclinical state, as an objective diagnostic tool to determine the severity
of hypertension without the interference of overestimation (white-coat hypertension) or
underestimation (masked hypertension). Whether decreased strain really can serve as an
early marker and reasonable predictor of hypertension and future heart failure in this
patient population has to be investigated in a follow-up study.

Left ventricular longitudinal strain rate

In contrast to LS, strain rates of most of the segments did significantly decrease over the
age decades, but regarding sex no clear differences were found. Studies evaluating the
effects of age on strain rate are scarce, and studies reporting strain rates measured with the
newer STE software versions even more. Although not measured with STE but with Dop-
pler imaging, strain rate showed significant dependence on age in some studies.””?** It
has been supposed that slower calcium cycling with age leads to longer systolic contraction
periods. This physiological mechanism may be an explanation for the fact that decrease in

26,

tissue displacement is less age-related than decrease in velocity.”*”” Therefore, peak systolic

strain could be preserved despite lower peak strain rate.
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Intra-observer and inter-observer agreement

The intra-observer and inter-observer agreement were excellent and evidently better than
previously reported by others.'*'” Recent publications showed that reproducibility of GLS
measurements was superior to LV ejection fraction.”®” The improvement is probably a
result of the more automated software that now have been used and is an important
finding making GLS more sound for clinical use.

Study limitations

Between-vendor variability is often mentioned as a limitation to the clinical application
of strain imaging. In this study, we only used Philips ultrasound equipment and QLAB
software. However, after the implementation of the standardization process, the vari-
ability of GLS in the later-developed software versions between two leading ultrasound
manufactures have been reduced” making the values reported by us more widely applicable
nowadays.

Due to the relatively small sample size and the single-center study design, conclusions
should be interpreted with caution. We did not obtain strain values of subjects from 73
years or older, which form a great part of the current patient population. We measured
strain on 2D views which could lead to through-plane artifact. The ongoing developments
of 3D strain are promising to overcome this limitation.

CONCLUSIONS

Our study resulted in normative LV LS values assessed with QLAB 10 in a healthy popula-
tion aged 20 to 72 years. Sex, BSA, older age and blood pressure influence GLS. For
interpretation of strain results in clinical practice, it is crucial to take these factors into

account.
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Chapter 9

ABSTRACT

Aims
The aim of this study was to evaluate the feasibility of transthoracic two-dimensional
(2D) iRotate, a new echo modality, to assess the whole right ventricle (RV) from a single

transducer position based on anatomic landmarks.

Methods and results

The anatomic landmarks were first defined based on three-dimensional echocardiographic
datasets using multiplane reconstruction analyses. Thereafter, we included 120 healthy
subjects (51% male, age range 21-67 years). Using 2D iRotate, four views of the RV could
be acquired based on these landmarks. The anterior, lateral, inferior wall (divided into
three segments: basal-mid-apical), and RVOT anterior wall of the RV were determined.
The feasibility of visualization of RV segments and tricuspid annular plane systolic excur-
sion (TAPSE) and tissue Doppler imaging (TDI) measurements were assessed. To evaluate
this model for diseased RVs, a small pilot study of 20 patients was performed. In 98% of
healthy subjects and 100% of patients, iRotate mode was feasible to assess the RV from
one single transducer position. In total, 86% and 95%, respectively, of the RV segments
could be visualized. The visualization of the RVOT anterior wall was worse 23% and
75%, respectively. TAPSE and TDI measurements on all four views were feasible 93% and
929%, respectively, of the healthy subjects and in 100% of the patients.

Conclusion

With 2D iRotate, a comprehensive evaluation of the entire normal and diseased RV
is feasible from a fixed transducer position based on anatomic landmarks. This is less
time-consuming than the multi-view approach and enhances accuracy of RV evaluation.
Imaging of the RVOT segment remains challenging.
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INTRODUCTION

Assessment of right ventricular (RV) function is increasingly recognized as a prognostic
factor in a variety of diseases such as left sided heart failure, pulmonary hypertension, and
congenital heart disease in the acute phase and during follow up.' In everyday clinical
practice, two-dimensional (2D) transthoracic echocardiography (TTE) remains the tech-
nique that is most often used for the assessment of ventricular function. Unlike the left
ventricle (LV) that can be completely visualized from one apical window, for a compre-
hensive evaluation of RV size and function a multiview approach is necessary.”* However,
this multiview approach is impractical in a routine setting. It is time-consuming, operator
dependent, and inaccurate due to the complex RV geometry. Current echocardiographic
methodologies do not provide a robust assessment of RV function. Serial follow-up of
RV measurements and function parameters result in significant inaccuracies from oblique
plane acquisitions due to the lack of fixed landmarks.>* A standardized echocardiographic
approach taken from one acoustic window where an anatomic landmark in the image
plane can be used to identify a specific RV wall could increase the accuracy of assessment
of RV function in routine follow up. The aim of this study was: (1) to investigate if there
are unique anatomic landmarks that could be used as a reference point to depict a specific
RV wall from one standard acoustic window, the apical window, (2) to evaluate the feasi-
bility of 2D transthoracic iRotate mode, a new echo modality, to comprehensively assess
the RV based on these anatomic landmarks, and (3) to demonstrate in a small pilot group
of patients with a diseased RV the feasibility of this technique for further investigation.

METHODS

Definition of Anatomic Landmarks Based on 3D Echo

In order to identify anatomic landmarks, seen in views that demonstrate specific RV walls,
and to determine how to steer a 2D imaging plane (iRotate, Philips Medical systems,
Best, The Netherlands) using a matrix-array transducer in order to acquire these views, we
first examined several three-dimensional (3D) echocardiographic datasets. A total of 15,
3D datasets, acquired from the apical window, from normal subjects, and from patients
with acquired and congenital (dilated RVs) heart disease, were examined with the TomTec
4D cardio-View 3.0 (TomTec-Arena version 1.2, TomTec, Munich, Germany) using the
multiplane reconstruction analysis (MPR). The TomTec software features a quad screen
display with three 2D cut planes (sagittal, transverse, coronal) and a 3D volume cube, cre-
ated from a 3D volume dataset. With MPR three planes (sagittal, transverse, coronal) can
be positioned through a region of interest and moved simultaneously. The four-chamber
(4C) view displayed in the sagittal plane was adjusted to center the inter-ventricular sep-
tum (IVS)-RV apex along the midline and then transected at the base of the right and left
ventricle (Figure 1A). The corresponding short-axis view, displayed in the transverse plane,
shows: anterior, lateral and inferior wall of the RV (Figure 1B, C). With the MPR, it is
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Figure 1 A. Display of the sagittal plane from the TomTec 4D Cardio-View multi-plane reconstruction
analysis program showing the right side of the inter-ventricular septum (IVS) along the centerline. The white
solid line depicts the position of the cut plane for the transverse image. B. Display of the transvers plane
showing the basal short axis view of the right ventricle (RV). The cut plane (white solid line) transverses the
lateral wall of the RV, IVS and left ventricle (LV). C. Schematic drawing of the transvers plane of the RV as
seen in B. The RV walls displayed are as follows: Ant: anterior; Lat: lateral; Inf: inferior.

possible to rotate around the IVS in this transverse plane; thereby, anatomic landmarks
could be defined in the corresponding sagittal plane.

Identified Anatomic Landmarks

In all examined 3D datasets, the four walls (anterior, lateral, inferior and RVOT anterior
wall) of the RV could be identified according to a unique anatomic landmark. The ana-
tomic landmarks that we identified were as follows:

— Mitral valve (standard 4C view): showing the lateral wall of the RV

— Coronary sinus: showing the anterior wall of the RV

— Aortic valve: showing the inferior wall of the RV

— RVOT: showing the RVOT anterior and inferior wall of the RV

The rotation around the IVS and the corresponding anatomic landmark identified in the
sagittal plane are shown in Figure 2.
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Figure 2 Schematic drawings and multiplane reconstruction of echocardiographic images displayed using
the TomTec 4D Cardio-View analysis program. Left: schematic drawing and echocardiographic images of
the cut planes A-D displaying the right ventricle (RV) in the transvers plane, viewed from the RV aspect.
LV=left ventricle. Right: schematic drawing and echocardiographic images of the cut planes A-D from the
RV and corresponding landmark in the sagittal plane. A. Four chamber view (0°). Landmark mitral valve
giving rise to the lateral wall. B. Coronary sinus view (+40°). Landmark coronary sinus (CS) giving rise to the
anterior wall. C. Aortic view (-40°). Landmark aortic valve (AoV) giving rise to the inferior wall. D. Coronal
view (-90°). Landmark right ventricular outflow tract (RVOT) giving rise to the RVOT anterior wall.
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Assessment of RV Function with iRotate Mode

The study was conducted in two phases: First, our proposed model was examined in
healthy subjects, and then, a pilot study on patients with a diseased RV was performed.

Healthy Population

We prospectively recruited 120 healthy subjects (51% male, age range 21-67 years) with
no medical history or current symptoms that suggested cardiovascular disease. All subjects
underwent physical examination, a standard 12-lead electrocardiogram and a detailed
echocardiogram with the addition of four apical views of the RV, according to the unique
anatomic landmarks as described above. Exclusion criteria were any abnormal findings on
the physical examination, electrocardiogram, or echocardiogram. The study was carried
out according to the principles of the Declaration of Helsinki and approved by the local
medical ethics committee. Written informed consent was obtained from all subjects.

Pilot Study Patients

An additional, pilot test population, which is comprised of 20 adult patients (55% male,
age range 18—70) with RV pathology, consequent to congenital heart disease, was studied
to observe if this 13-segment model was feasible in a diseased state. We did not perform
this pilot test to evaluate RV function in a quantitative manner. The patients prospectively
included were referred to the echocardiography department for routine measurements of
their cardiac function and had a sufficient acoustic window. Ten patients had a volume
overloaded RV due to atrial septal defect (n = 4), tetralogy of Fallot with severe residual
pulmonary regurgitation (n = 6). Ten patients had a pressure overloaded RV (Doppler
tricuspid regurgitation velocity > 3m/sec), pulmonary hypertension (n = 3), pulmonary
homograft stenosis (n = 2), systemic RV consequent to an atrial switch operation in
infancy for D-transposition of the great arteries (n = 5). All patients were in New York
Heart Association (NYHA) class I or II. A complete 2D echocardiogram including four
additional apical RV views was acquired as for the healthy subjects.

Transthoracic 2D iRotate Mode

Two experienced echocardiographers (JMcG, WV) performed the 2D echocardiograms
including four additional apical views of the RV acquired with iRotate mode. In iRotate
mode a full electronic rotation of 360° (adjustable by 5° steps) can be performed.” All
studies were acquired in harmonic imaging using an iE33 or EPIQ7 ultrasound system
(Philips Medical systems) equipped with a X5—1 matrix-array transthoracic probe. From
the apical window, a standard apical 4C view was adjusted to acquire a focused non-
foreshortened RV view with the (IVS)-RV apex centered along, or as near as possible, to
the midline of the sector. With the iRotate mode an approximate 130° electronic rotation
was performed. Using the anatomic landmarks, as defined above, four standard views of
the RV were acquired during end-expiratory breath-hold (Figure 3).
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Figure 3 Schematic drawing of the cut planes (A-D) with their corresponding echocardiographic images:
Left: 2D right ventricle (RV) image. Center: Tricuspid annular plane systolic excursion (TAPSE). Right:
Tricuspid annular peak systolic velocity (S’) for each cut plane in a healthy subject. Mean value of TAPSE
and S’ calculated from all views is 33mm and 13.9 cm/sec respectively.A. Four chamber view with segments
1-3; B. coronary sinus view with segments 4—6; C. aortic view with segments 7—9; D. coronal view with
segments 10-13.

— Four chamber view, 0°

— Coronary sinus view at approximately +40° (slight posterior angulation of the trans-
ducer maybe necessary)

— Aortic view at approximately -40° (slight anterior angulation of the transducer maybe
necessary)

— Coronal view (RVOT) at approximately -90°

Images of a pressure and volume overloaded RV acquired with 2D iRotate are shown in

Figure 4.

Learning Curve

The impact of a learning curve on the feasibility of endocardial borders delineation of RV
segments in our proposed model was sought by comparing data from the first consecutive
20 subjects with the following consecutive 20 subjects.

Right Ventricular Wall Segmentation according to the Echocardiographic
Views

We analyzed the walls of the RV in the four views and divided each wall into three seg-
ments: basal, mid-, and apical segment (segments 1-12). In the coronal view, the RVOT
anterior wall was defined as the 13th segment (Figure 3). The IVS was not included in this
model, as it does not exclusively reflect RV function.*® In total, the visualization of the RV
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Figure 4 Left (A-D): 2D iRotate in a patient with severe residual pulmonary regurgitation and impaired
RV systolic function. Left: 2D right ventricle (RV) image. Center: Tricuspid annular plane systolic excursion
(TAPSE). Right: Tricuspid annular peak systolic velocity (S’). Mean value of TAPSE and S’ calculated from
all views is 17 mm and 6.1 cm/sec respectively.

Right (a-d): 2D iRotate in a patient with a systemic RV and impaired systolic function. Left: 2D right
ventricle (RV) image. Center: Tricuspid annular plane systolic excursion (TAPSE). Right: Tricuspid annular
peak systolic velocity (S’). Mean value of TAPSE and TDI §’ calculated from all views is 17mm and 8.2 cm/
sec respectively.

Note: both mean values of TAPSE and S’ are lower than in the healthy subjects.

A(a)=four chamber view, B(b)= coronary sinus view, C(c)=Aortic view, D(d)= Coronal view.

wall was evaluated for 13 segments. An experience echocardiographer (JMcG) analyzed
all the 13 segments in a dynamic format and graded each segment: 0 = not visible; 1 =
partially visible (part of the segment or the whole segment is visible during only part of
the cardiac cycle); 2 = visible (the whole segment is visible during the entire cardiac cycle),
and 3 = optimal (excellent delineation of endocardium during the entire cardiac cycle).

TAPSE and TDI

Tricuspid annular plane systolic excursion (TAPSE) was measured with 2D echocardiog-
raphy-guided M-mode, and tricuspid annular peak systolic velocity (S”) was measured
with the pulsed wave tissue Doppler imaging technique (TDI) in all four RV images
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acquired with iRotate mode at the: (1) lateral tricuspid annulus in the four chamber
view, (2) anterior tricuspid annulus in the coronary sinus view, (3) inferior annulus in
the aortic view, and (4) inferior annulus in the coronal view. All measurements, as stated
in the guidelines, were obtained with the ultrasound beam as parallel as possible to the
direction of the tricuspid annular motion of that segment.” With sporadic use, when the
ultrasound beam was not parallel to the tricuspid annular motion, a TAPSE measurement
was taken directly on the 2D image at the end-diastolic position of the tricuspid annulus
taken at the beginning of the QRS complex and its greatest apical long-axis displacement.
All recordings were performed during end-expiratory breath-hold.

Statistical Analysis

Continuous variables are presented as mean + standard deviation (SD), and categorical
variables are presented as frequencies and percentages. Intra-observer agreement (JMcG)
and inter-observer agreement (JMcG and MM) of the TAPSE and TDI peak systolic
velocity (S’) were assessed by repeated analysis in 30 data sets at least 2 months after the
initial analysis. The agreement between two measurements was determined as the mean of
the differences + 1.96SD.” Additionally, the coefficient of variation (SD of the differences
of two measurements divided by their mean) was provided. All statistical analyses were
performed using SPSS statistics version 21.0 (IBM Corp., Armonk, NY, USA). A p-value
of < 0.05 was considered significant.

RESULTS

Healthy Population

The normal population comprised of 120 subjects with normal cardiac anatomy and func-
tion. Baseline characteristics of the normal population are listed in Table 1.

The additional acquisition time for our proposed model of 4 additional RV views is
approximately 1-2 minutes. The iRotate mode, to assess the RV from the standard api-
cal window, was feasible in 118 of the 120 (98%) healthy subjects. Two subjects were
excluded from the study due to absence of an apical window. One or more of the RV views
could not be acquired with iRotate mode in an additional 6 subjects.

Visualization of 13 Segments of the Right Ventricle

The feasibility of the RV segments is shown in Figure 5. In the first 20 subjects, 83%
(215/260 segments) of the segments could be visualized; when excluding the RVOT seg-
ment, this was 88% (212/240 segments). In the following 20 subjects, 86% (224/260
segments) of the segments could be visualized; when excluding the RVOT segment, this
was 91% (218/240 segments).

191



Chapter 9

Table 1 Baseline characteristics of Healthy Subjects

Characteristic n =120
Age, yrs 43+ 13
Men, n (%) 61 (51%)
Height, cm 174+ 9
Weight, kg 74+ 12
BMI, kg/m? 2443
Systolic blood pressure, mmHg 125 + 14
Diastolic blood pressure, nmHg 79+9
QRS duration, ms 96+ 9

Baseline characteristics are expressed as mean + SD or n

Healthy subjects Pilot study
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%

OOptimal
@Visible

mBarely visible

mNot visible

10
1"
12
13

Figure 5 Feasibility of the RV segments for each view. Left: Healthy subjects (n = 120). 1344 (86%) of the
total 1560 RV right ventricular segments were visualized. Note: this low percentage is mainly due to the poor
visibility of the 13th segment. Right: Pilot study (n = 20). 248 (95%) of the total 260 RV right ventricular
segments were visualized. Basal-mid-apical segment: 13 (four chamber view), 4—6 (coronary sinus view), 7-9
(aortic view), 1012 (coronal view), 13 (right ventricular outflow tract anterior wall).

In total, 1344 (86%) of 1560 RV segments could be visualized. The RVOT segment was
only visualized in 27 (23%) subjects. After exclusion of this segment, 1317 (91%) of the
total 1440 RV segments were visualized.

TAPSE and TDI Measurements

The feasibility per view and measurement of the TAPSE and the TDI velocity S’ are shown
in Table 2. The TAPSE and TDI velocity S’ were lower in the coronal view than the mitral,

aortic and coronary sinus views.

Intra- and Inter-Observer Variability

The mean differences and coeflicients of variation for the intra- and inter-observer agree-

ment of the TASPE and TDI velocity S’ are displayed in Table 3.
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Table 2 Mean values of TAPSE and TDI (S’) for each RV view (n = 120)

TAPSE mm TDI (S’) cm/sec
View N (%) Mean + SD Range N (%) Mean + SD Range
Four chamber 117 (98%) 26+ 4 17-37 116 (97%) 12.0 £2.0 7.9-16.9
Coronary sinus 113 (94%) 27 +4 17-36 111 (93%) 12.0 +2.0 6.7-18.1
Aortic view 116 (97%) 25+4 17-33 113 (94%) 11.1£2.1 6.3-15.6
Coronal view 111 (93%) 23+3 14-33 110 (92%) 9.9+1.9 6.1-14.0

Table 3 Intra- and Inter-Observer Variability Measurements for TAPSE and TDI (S’) (n = 30)

Intra-Observer Inter-Observer
Mean Difference Coefficient of Mean difference Coefficient of
Variation (%) variation (%)
TAPSE Four chamber 0.0+1.7 7 -0.4+1.5 6
Coronary sinus -0.4+2.5 10 0.0+2.1 9
Aortic view -0.2+£25 10 0.0+1.7 7
Coronal view -0.5+1.8 8 03+19 9
TDI(S) Four chamber 03+1.3 12 0.2+0.6 8
Coronary sinus 0.0+1.4 13 0.3+0.9 5
Aortic view 03+1.2 13 0.1+0.7 7
Coronal view 0.1+0.8 9 0.0+0.5 5

Pilot Study Patients

All patients in the pilot group had at least moderate RV dilatation. The RV systolic func-
tion varied between the diseased states. The iRotate mode was feasible in all study patients;
the feasibility of the RV segments is shown in Figure 5. In total, 248 (95%) of 260
RV segments could be visualized. The RVOT segment was classed partially visible in 12
and visible in three patients. TAPSE and TDI velocity S’ were feasible in all views in all
patients.

DISCUSSION

The current study shows that among unselected healthy subjects, a 13 segment standard-
ized model for RV assessment is feasible using 2D iRotate mode, based on unique ana-
tomic landmarks and achieved from a single acoustic window. The visibility of the RVOT
anterior wall remains challenging; however, the visibility was higher in the diseased RV.
It is recommended to record multiple 2D images for assessment of RV function.**'® This
multi-view approach, based on several acoustic windows, is susceptible to error (oblique
views, operator dependency) and is a major limitation of RV assessment due to the lack
of reproducibility on serial follow-up. Moreover, as this approach is not always feasible in
the routine setting, often only the apical 4C view is acquired and an RV analyses consists
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of dimension, right ventricular fractional area change (RVFAC), TAPSE and TDI (S)
measurements. RV linear dimensions and regional function assessment are dependent on
probe rotation and different views, and it is therefore recommended to state the window
from which the measurement was performed in order to permit inter-study comparison.
“¢ Our study provides a robust and standardized RV segmentation.

With the introduction of transthoracic 3D echocardiography, the assessment of RV
size and function in adults and children was thought to improve and solve some of the
problems of 2D echocardiography." Theoretically, 3D echocardiography could provide
all information that could be added using our proposed model. Several studies have
extensively investigated RV function and found that 3D echocardiography improved
the accuracy and reproducibility of RV assessment and identified RV dysfunction quite
accurately.'” However, most published data compose of small and rather selective patient
populations based on moderate to good image quality.” In a real-world setting Renella,
et al."” evaluated 3DE of the RV in pediatric and congenital heart disease patients (age
1-20yrs), and they found that RV volumes were measurable in only 58% of the patients.
Moreover, current ASE/EACVI recommendations acknowledge the limitations of per-
forming 3D RV assessment in every patient.’

In this study, a comprehensive evaluation of the RV can be achieved, from one acoustic
window, with 2D iRotate mode based on anatomic landmarks. Compared to the standard
multiview approach, 2D iRotate evaluation of the RV takes only a few minutes making
it very attractive and robust for routine use in the echo laboratory and at bedside. There
is a short learning curve for data acquisition based on the fact that there was minimal
increase in the feasibility score (83—86%) after the first 20 subjects. However, with less
experienced echocardiographers, the learning curve could possibly be slightly longer. Of
note, the 2D iRotate mode is limited to the matrix-array transducer. Furthermore, a true
non-foreshortened right-ventricular view with the IVS-RV apex centered along, or as near
as possible, to the midline of the sector is mandatory.

The feasibility of the RV segments, excluding the RVOT anterior wall is good, with
81% of the segments adequately visible. The feasibility of the apical segments is less when
compared to the mid and basal segments, probably due to the sharp curvature of the RV
apex and also, the known difficulty in obtaining high quality 2D images in the near field,
which could contribute to this finding."

The feasibility of RVOT anterior wall is poor, visible in only 23% of the subjects of
which 16% were scored partially visible. Reduced feasibility was also observed in the
anterior wall in the coronary sinus view when compared to the feasibility of the lateral
wall (mitral view), inferior wall (aortic view), and inferior wall (coronal view). This sub-
optimal visualization of the most anterior segments of the RV could be explained by the
retrosternal position of the heart in the thorax. Also the long axis of the normal sized heart
is superior-inferior (vertical), which again would contribute to the difficulty in visualizing
the most anterior segments, with echocardiography.”

RV wall deformation consists of three components: radial, longitudinal, and circum-
ferential. Despite their limitations, TAPSE and TDI (S’) are simple and reproducible
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measurements used to assess RV longitudinal systolic function.*'®"” As far as we know
our current study is the first study to assess multiple TAPSE and TDI (S¢) measurements
from the tricuspid annulus. TAPSE was feasible in one view or more in 93% or more and
TDI (S¢) 92% or more healthy subjects. Both measurements fell into consistent ranges
for normal subjects as stated in the guidelines for the apical 4C view (reference values:
TAPSE 16-30mm, TDI 10-19 cm/s).” Inter- and intra-observer variability were accept-
able as coefficients of variation were < 10% and < 14% respectively. Recently, Forsha et
al investigated RV strain in an 18-segment model of the RV in 40 healthy subjects.'* The
RV strain analysis was feasible and the global peak strain and peak dyssynchrony measures
fell into consistent range for normal subjects. The authors acknowledged that the lack of
universal standardized RV views is an obvious limitation of the study. In our study we
provide standardized RV views and segmentation as the basis for future RV analysis.

The Pilot Study

These patients were included simply to demonstrate whether this model is feasible in the
diseased RV. The results are encouraging; the feasibility of the segments is similar to the
normal RV. The feasibility of the apical segment, as in the healthy subjects, remains less
when compared to the mid- and basal segment. However, feasibility of the segments in
the coronal and RVOT view appears to be slightly better than in the healthy subjects. This
could be explained by the fact that in the diseased RV (dilated or hypertrophic), the long
axis of the heart is often more horizontal and therefore the sternum will compromise the
image quality to a lesser degree.”” Also in the dilated RV, the apex is moved automatically
more to the center of the 2D sector and the rotation around the RV with iRotate mode be
noted to be easier than in the normal RV.

Clinical Implementations

One of the critical limitations of 2D echo recordings is the potential for variability in the
2D planes during follow-up. Well-defined anatomic landmarks result in robust image ori-
entation, precise echocardiographic follow-up, and less oblique plane acquisition, implying
that this simple approach could minimize or avoid such variability. With this method of
scanning, the RV walls are visualized in their long axis. This could allow strain and strain rate
imaging to be performed on more segments of the RV and its complex contraction pattern
to be evaluated in more detail. Further studies are warranted to investigate these issues.

Limitations

This study provides a novel model of RV assessment of a potential value. There are some
study limitations. First, we did not perform test-retest repeatability in this study. Our
study comprised of a relatively small sample of RV pathology. Our model might not be
feasible in patients with extremely dilated LVs because we will be unable to align the
(IVS)-RV apex in the center of the imaging sector. Therefore, the clinical utility and the
incremental value of our proposed model need to be confirmed in a larger population.
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Moreover, a direct comparative study between our 2D iRotate model and 3DE in a large

consecutive series is warranted.

CONCLUSION

2D transthoracic iRotate mode enables a comprehensive evaluation of the normal and dis-
eased RV. Our proposed approach provides a standardized protocol for RV acquisition and
assessment from a single acoustic window with a fixed transducer position, using simple
anatomic landmarks. The anterior, lateral, inferior, and outflow tract anterior wall of the
RV could be assessed, reducing acquisition time compared to the multiview approach and
enhances the accuracy of RV evaluation. Further studies are warranted to discover the full
potential of this new technique for evaluation of the RV in various diseased states.
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ABSTRACT

Aims

The aim of this prospective study was to evaluate the feasibility and establish normal
values of functional right ventricle (RV) parameters as assessed in our four, long-axis view
RV model using iRotate echocardiography. Furthermore, we evaluated the potential use of
this model in patients with abnormally loaded RVs.

Method and results

One hundred and fifty-five healthy subjects aged 20-72 years (= 28 subjects per decile)
were prospectively recruited. We used non-dedicated RV speckle-tracking software to test
the feasibility and to establish normal range values of peak systolic global longitudinal
RV strain (RV-GLS) from the RV free-walls (septum was excluded). Also normal range
values for: dimensions, tricuspid annular plane systolic excursion (TAPSE) and tricuspid
annular peak systolic velocity (TDI-S’) were established. The feasibility of RV-GLS was
88, 84, and 62%, respectively, in the lateral, inferior, and anterior free wall. Mean RV-
GLS normal value was -24.5 + 4.9% for lateral wall and -25.4 + 5.0% for anterior wall.
Mean RV-GLS for the inferior wall was -23.2 + 4.4% in the aortic (Ao) view and -20.7 +
5.0% in the coronal (CV) view. The feasibility of mean RV-GLS was 100% in the anterior,
lateral and inferior walls in abnormally dilated RVs.

Conclusion

The feasibility of all RV parameters assessed in the four-view iRotate model is good to
excellent. Normal values for RV dimension and function of the anterior, inferior and
lateral RV walls have been established. Further studies and dedicated RV speckle-tracking
software are warranted to discover the full potential of this new technique.
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Quantitative assessment of the entire right ventricle from one acoustic window

INTRODUCTION

Right ventricular function (RVF) has been increasingly recognized as a prognostic fac-
tor in a variety of disease states such as left sided heart failure, pulmonary hypertension
and congenital heart lesions." Therefore, accurate and reproducible quantification of RV
function is a cornerstone in cardiac imaging.2 Ideally, RV assessment should be simple,
accurate and inexpensive. In current routine clinical practice systolic RVF is commonly
assessed by measuring tricuspid annular plane systolic excursion (TAPSE), right ven-
tricular fractional area change (RVFAC), and tricuspid annular peak systolic velocity (S')
using tissue Doppler imaging (TDI). More recently, peak global RV longitudinal strain
from the apical four-chamber (A4C) view using two-dimensional (2D) speckle-tracking
echocardiography (STE) has demonstrated an incremental value to conventional echo
parameters.” However, the accuracy of these parameters for assessing the RV is inherently
limited because the parameter reflects only a limited region of the RV.

Structured multiple-view strain analyses assessment of the RV could be of incremental
value in patients with RV dysfunction. We previously introduced a 13-segment standard-
ized model, based on anatomic landmarks for assessing the RV from one apical view using
2D-transthoracic echocardiography (TTE) iRotate mode.* This novel four-view approach
with the RV walls visualized in their long-axis may have the potential to allow analyses
of all of the above mentioned function parameters resulting in an extensive and concise
evaluation of the RV.

The aim of this prospective study was to evaluate the feasibility and establish normal
values of different RV parameters as assessed in this multi-view iRotate RV model. In
addition, the influence of age, sex and body surface area (BSA) will be studied and finally
the potential use of this method in patients with abnormally loaded RVs investigated.

METHODS

Study population

From 2014 to 2015, 155 healthy subjects aged 20-72 years were prospectively recruited
and were stratified into 5 age groups: 20-29, 30-39, 40—49, 50-59 and 60-72 years
(n> 28 in each group, equal distribution in sex). The inclusion criteria required that all
subjects had normal results on physical examination and electrocardiography (ECG).
Subjects were excluded when they met any of the following criteria: professional athletes,
morbidly obese subjects (BMI > 40 kg/mz); (prior) cardiovascular disease; present car-
diovascular risk factors; systemic disease or the finding of cardiac abnormalities during
examination at our outpatient clinic.

The study was carried out according to the principles of the Declaration of Helsinki and
approved by the local medical ethics committee. Written informed consent was obtained
from all subjects.
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Pilot Study Patients

Twenty adult patients (55% male, age range 18-70) with RV pathology, consequent to
congenital heart disease, were prospectively studied to evaluate RV function using this
novel four-view approach.* All patients were referred for routine echocardiographic as-
sessment of cardiac function and had a sufficient acoustic window. Ten patients had a
volume overloaded RV due to an atrial septal defect (n = 4) and tetralogy of Fallot with
severe pulmonary regurgitation (n = 6). Ten patients had a pressure overloaded RV (Dop-
pler tricuspid regurgitation velocity > 3m/sec), due to pulmonary hypertension (n = 3),
pulmonary homograft stenosis (n = 2) and a systemic RV consequent to an atrial switch
operation (n = 5). All patients were in New York Heart Association (NYHA) class I or II.

Echocardiographic acquisition

Two experienced sonographers (J.S.M., W.B.V.) performed a standard 2D-TTE. All stud-
ies were acquired, in the left lateral decubitus position, in harmonic imaging using an iE33
or EPIQ7 ultrasound system (Philips Medical Systems, Best, the Netherlands) equipped
with an X5-1 matrix-array transducer (composed of 3040 elements with 1-5 MHz). Four
additional RV views, based on anatomical landmarks, were acquired with iRotate mode
which allows an electronic rotation of 360° (adjustable in 5° steps). The views acquired
were: a focused non-foreshortened RV view with the interventricular septum (IVS)-RV
centred along or as near to the midline of the sector (4C, 0°) showing the lateral RV wall,
coronary sinus view (CS + +40°) showing the anterior RV wall, aortic view (Ao + -40°)
showing the RV inferior wall and coronal view (CV + -90°) showing the RV outflow tract
(RVOT) anterior wall and inferior wall of the RV as seen in Figure 1.7 All images were
acquired at frame rates of > 50 frames/sec.’” Real-time 3D-TTE was performed immedi-
ately after the 2D-TTE with the same ultrasound unit and transducer. A four-or six-beat
full volume data set (27 + 8 vol/s, range 13-51) of the RVwas acquired from the apical
window during a single breath hold.

Conventional echocardiographic measurements

2D-TTE and Tissue Doppler

RV linear dimensions were measured in the four focused RV views as stated in guide-
lines.” RVFAC, (calculated as end-diastolic area - end-systolic area / end-diastolic area
x 100%), was only measured in the focused 4C view. TAPSE was measured with 2D
echocardiography-guided M-mode and TDI-S’ in all four RV views. With sporadic use,
when the ultrasound beam was not parallel to the tricuspid annular motion, a TAPSE was
measured directly on the 2D image at the end-diastolic position of the tricuspid annulus
taken at the beginning of the QRS complex and its greatest apical long-axis displacement.
Intra- and inter-observer variability test was not performed for TAPSE and TDI-S’ as this
has been presented in our previous article.’
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Figure 1 Schematic drawings of the cut planes (A-D) with corresponding echocardiographic images.

Top left: displaying the right ventricle (RV) in the transvers plane viewed from the RV aspect.Top right:
displaying the RV in the sagittal plane.(A) focused four-chamber view (0°), lateral wall; (B) coronary sinus
view (+40°) anterior wall; (C) aortic view (-40°), inferior wall; (D) coronal view (-90°), inferior wall and
RVOT anterior wall. Left: 2D RV image. Centre: Tricuspid annular plane systolic excursion (TAPSE). Right:
Tricuspid annular peak systolic velocity (TDI-S’).LV, left ventricle; CS, coronary sinus; AoV, aortic valve;
RVOT, right ventricle outflow tract.
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RV 2D Speckle-Tracking

The four RV datasets were digitally exported to a TomTec server (TomTec Imaging Sys-
tems, Munich, Germany). Data analysis was performed offline by two independent ob-
servers (J.S.M., M.E.M.), using DICOM grayscale images. To assess peak systolic global
longitudinal RV strain (RV-GLS) the endocardial boarder was traced in the RV; focused
4C, CS, Ao and CV-view using an LV algorithm based 16-segment model wall motion
tracking software (2D CPA 1.2.3.6; TomTec Imaging Systems, Munich, Germany).

Two cardiac cycles were analysed; all views were flipped displaying the RV on the right
of the screen. The endocardium was manually traced in the chosen end-diastolic frame. If
the tracking results were inadequate, an end-systolic frame was traced; if this persisted the
data set was excluded. The RVOT anterior wall in the CV-view was excluded in this study
due to poor visibility and persistent inadequate tracking.

Peak systolic RV-GLS was obtained from each segment from software generated curves.
Free wall three-segment peak systolic RV-GLS (analysed in this manuscript) was calculated
from the arithmetic mean of the strain values in 3 segments of the RV free-wall obtained
from the six-segment model. In all four views, the IVS strain values were excluded (Fig-

ure 2).

Figure 2 Peak systolic (three-segment) global right ventricular longitudinal strain measurement (dotted
line). Left; 2D iRotate RV-GLS in a healthy subject. Right; 2D iRotate RV-GLS in a patient with a systemic
RV. (Note: All images are flipped displaying the right ventricle on the right of the screen). (A, a) Focused
four-chamber view, lateral wall; (B, b) coronary sinus view, anterior wall; (C, ) aortic view, inferior wall; (D,
d) coronal view, inferior wall.

Real-time 3D echocardiography

The 3DE datasets were digitally exported to a TomTec server (TomTec Imaging Systems)
and analyzed offline using TomTec 4D- RV function 2.0 software. After placing set land-
marks RV volume and ejection fraction (EF) were automatically calculated over the entire
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cardiac cycle. If inadequate tracking occurred the endocardial contours were manually
adjusted.

Statistical analysis

The distribution of data was checked using histograms and the Shapiro-Wilk test. Depend-
ing on the data distribution, continuous data are presented as mean + standard deviation
(SD). Categorical data are presented as frequencies and percentages. For comparison of
normally distributed continuous variables in one group we used the paired #-test, between
two groups the Student’s #-test. In case of skewed distribution, the Mann-Whitney U-test
was applied. For comparison of frequencies the x’-test or Fisher’s exact test was used.
Linear regression analysis was used to explore the relationship between echocardiographic
measurements and baseline characteristics. All statistical analyses were performed using
the Statistical Package for Social Sciences version 21 (SPSS Inc., Armonk, NY, USA). The
statistical tests were two-sided and a P< 0.05 was considered statistically significant.

Intra-observer agreement was assessed by repeated analysis in a representative sample
of subjects at least one month after the initial analysis and blinded to the initial results.
Assessment of inter-observer agreement was performed by a second observer (M.E.M.) in
the same sample. The agreement between two measurements was determined as the mean
of the differences +1.96SD.° Additionally, the coefficient of variation was provided (SD of
the differences of two measurements divided by their mean).

Venn diagrams illustrate the sensitivity of TAPSE, TDI-S” and RV-GLS in the diseased
RV for this four view RV model. Cut-off values were determined as the normal range
mean + 1.96SD. Comparisons of proportions were done with a two-sided Z-test.

RESULTS

Study Population

Of the 155 subjects who participated in this study, we included 147 (mean age 44.6+13.7
years, 50% female). Eight subjects were excluded for one of the following reasons: breast
implants (n = 2), valvular pathology (n = 2), surgically closed patent ductus arteriosus
(n = 1), hypertension (n = 1), morbid obesity (n = 1), and right bundle branch block on
ECG (n = 1). Table 1 shows the characteristics of the study population per age group.
From 147 participants the focused 4C view was feasible in 145 (95%) subjects, CS view
in 142 (97%), the Ao view in 142 (97%) and CV view in 139 (95%).

Conventional echocardiographic measurements

RV chamber parameters

The standard parameters from the focused 4C view are displayed in Table 2 together with
the basal and longitudinal diameter of the three additional views. The focused 4C view
RV diameters were: basal 28-49mm, longitudinal 67-97mm. The basal diameter in the
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Table 1 Characteristics of the study population

Age group (years)

20-29 30-39 40-49 50-59 60-72

Characteristic n=32 n=28 n=28 n=31 n=28
Sex, female 16 (50%) 14 (50%) 14 (50%) 16 (52%) 14 (50%)
Age (years) 26+3 35+3 44+3 55+3 64+3
Current smokers 2 (6%) 1 (4%) 4 (14%) 5 (16%) 1 (4%)
Physical examination

Height (m) 1.75+0.08 1.75+0.09 1.76+0.12 1.74+0.08 1.73+0.09

Weight (kg) 68.8+10.0 74.0+12.2 76.6£15.0 77.2+£12.2 77.1£12.9

Body mass index (kg/mz) 22.3+2.1 24.1+3.4 24.6%3.7 25.4+2.8 25.8+3.1

Body surface area (m’) 1.84+0.17 1.89+0.18 1.92+0.22 1.92+0.18 1.90+0.19

Systolic blood pressure 124+13 121£10 123+12 13015 137+17

(mmHg)

Diastolic blood pressure 76+8 78+7 80+10 83+11 8318

(mmHg)
ECG

Sinus thythm 32 (100%) 28 (100%)  28(100%)  31(100%) 28 (100%)

Heart rate 6111 60+8 6110 6219 6510

PR interval 15624 150+21 156+24 15916 173£18

QRS duration (ms) 96+8 97+9 97+9 95+10 97+10

focused 4C and CS view and longitudinal diameter in all four views were larger in men
than women. RV end-diastolic and end-systolic areas were larger in men than women.

RV function parameters

TAPSE and TDI-S’ measurements were analysable in, respectively, 99 and 98% of the RV
walls. The standard functional parameters measured from all RV views are displayed in
Table 2 and 3. TAPSE showed no statistically significant correlation with the sex and with
the age only in the inferior wall in the Ao and CV view. TDI-S’ correlated significantly
with age in all four views (all 2 < 0.01).

Right ventricular longitudinal strain

Adequate tracking for strain analyses was obtained in 448 of the 588 RV walls (76%).
The feasibility of STE was lowest in the anterior RV wall (CS view) 62% compared to the
lateral RV wall (4C view), 88%, and inferior RV wall (in Ao and in CV view), 84%. Mean
RV-GLS normal values measured were; lateral wall (4C view): -25.4 + 5.0%, anterior
wall (CS view): -24.5 + 4.9%, inferior wall (Ao view): -23.2 + 4.4% and inferior wall
(CV view): -20.7 + 5.0%. The RV-GLS of the inferior wall (CV view) was decreased

compared to the anterior and lateral wall. Mean strain values were comparable between
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Table 2 Right ventricular chamber echocardiographic parameters stratified by sex

Total Mean Male Mean  Female
Parameter +SD Range* +SD Mean + SD  P-value
RV basal-diameter (mm)
Four-chamber view ( = 142) 38.8+5.2 28.4-49.2 40.8£5.3 36.7 + 4.4 <0.001
Coronary sinus view (7 = 131) 40.7 £6.2 28.3-53.1 42.4 + 6.1 389+5.8 0.001
Aortic view (7 = 135) 35.0+6.9 21.2-48.8 35.1+7.8 35.0+5.8 0.901
Coronal view (7 = 128) 37.8+5.7 26.4-49.2 38.3+5.9 37.3+5.5 0.341

RV longitudinal diameter (mm)

Four-chamber view (1 = 141) 82.1+7.6 66.9-97.3 84.7+7.3 79.5+7.0 <0.001
Coronary sinus view (7 = 127) 80.8+7.6 65.6-96.0 83.5+7.4 78.1 £6.8 <0.001
Aortic view (7 = 131) 81.4+7.2 67.0-95.8 84.4+6.9 784+ 6.4 <0.001
Coronal view (7 = 123) 87.2+8.4 70.4-104.0 91.3+79 83.3+7.0 <0.001

Four-chamber view
RV end-diastolic area (cm?) 24.9 £5.1 14.7-35.1 28.0+4.2 21.9 £4.0 <0.001
(n=125)

RV end-systolic area (cm?) 14.5 £ 3.7 7.1-24.0 16.6 £ 3.4 125+29 <0.001

Normalized to BSA
RV end-diastolic area 13.2+23 8.6-17.8 13.9+2.2 125+2.2 <0.001
RV end-systolic area 7.7 +1.7 4.3-11.1 82+1.7 7.1+1.6 <0.001

TAPSE (mm)

Four-chamber view (7 = 144) 26.0+3.8 18.4-33.6 26.0 £ 4.0 26.3+3.5 0.334
Coronary sinus view (7 = 140) 26.4+3.5 19.4-33.4 26.6 + 3.6 26.2+3.4 0.481
Aortic view (7 = 143) 24.5+3.6 17.3-31.7 24.0+3.7 25.0+3.5 0.111
Coronal view ( = 136) 229+33 16.3-29.5 22.4+34 23.0 +3.1 0.064
TDI-S’ (cm/s)
Four-chamber view (n = 143) 12.0 £ 2.1 7.8-16.2 11.9 £2.0 12.1+2.1 0.564
Coronary sinus view (7 = 138) 12.0 £ 2.0 8.0-16.0 11.8 +2.0 11.2+£2.0 0.386
Aortic view (n = 140) 11.0 £ 2.0 7.0-15.0 10.8 £ 2.0 11.8 2.0 0.245
Coronal view (7 = 135) 9.8+1.8 6.2-13.4 9.7+ 1.7 9.8+2.0 0.946
RV-GLS (%)
Four-chamber view (7 = 128) -254+5.0 15.4-35.4 -25.0+5.0 -25.8 +£5.0 0.368
Coronary sinus view (7 = 88) -24.5+4.9 14.7-34.3 -24.6+5.2 245+ 4.5 0.920
Aortic view (7 = 119) 232+ 4.4 14.4-32.0 224+ 4.2 -23.8+4.5 0.079
Coronal view (7 = 113) -20.7 5.0 10.7-30.7 -19.2 + 4.1 -22.1+54 0.002

* Range = mean + 25D
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Table 3 RV function parameters (TAPSE, TDI, RV FAC, 3DE) per age group

Age group (years)
Mean + SD 20-29 30-39 40-49 50-59 60-72 P-value*
TAPSE (mm)
Four-chamber view (n = 144) 264+39 272+33 24739 256+3.2 259143 0.264
Coronary sinus view (7 = 140) ~ 26.5+3.6  26.8+2.9 258+3.6 264+33 262 +4.3 0.661
Aortic view (7 = 143) 26.1+3.4 253 +3.0 23.7+3.8 23.6 +4.0 235+3.3 0.001
Coronal view (1 = 136) 24.4+3.1 24.0 + 2.4 22427 21.9+39 21.6+3.3 <0.001

TDI-S’ (cm/s)
Four-chamber view (n = 143) 127+ 1.8 12.8+1.7 11.7+2.4 11.6+ 1.8 11.3+22  <0.001
Coronary sinus view (7 = 138) 12.5+24 12.6 £ 1.5 11.7£2.2 11.8+ 1.6 11.2+1.9 0.005
Aortic view (1 = 140) 11.9+1.9 115+ 1.8 109 +2.2 10.6 £ 1.9 10.1+1.9 <0.001
Coronal view (7 = 135) 10.5+ 1.6 10.7 £ 1.5 9.7+ 1.8 9.3+1.9 8.6+1.7 <0.001

RV-GLS (%)
Four-chamber view (7 = 128) 24.8+45 -262+46 -268+64 -256+4.7 -23.8+4.8 0.459
Coronary sinus view (7 = 88) 248+4.4 -243+50 -258+6.0 -233+4.0 -244+54 0.646

Aortic view (7 = 119) -24.0+5.2 -23.6+35 -220+4.0 -22.7+4.8 -232+4.2 0.410

Coronal view (7 = 113) 21.0+5.6 -21.2+45 -202+48 -20.6+58 -20.7+4.8 0.851
RVFAC (% ) (n = 125) 41.2+6.6 43.6+6.2 42685 42.6+87 44572 0.196
3DE

End-diastolic volume (mL) 108.7 +33.2 102.6 +17.1 110.1 +30.9 111.4+22.3 117.3 +31.5 0.386

End-systolic volume (mL) 44.4+15.7 424+86 473+15.0 46.4+103 524+13,4 0.077

Stroke volume (mL) 63.2+16.7 60.5+10.5 62.7+17.3 652+13.9 64.8+19.2 0.804

EF (%) (n=97) 59.1+3.7  59.0+3.7 573+47 587+t4.1 54.9 + 3.1 0.003

RV, right ventricle; TAPSE, tricuspid annular plane systolic excursion; TDI-S’, tissue Doppler imaging;
RVFAC, right ventricular fractional area change; 3DE, three dimensional echocardiography
*Using linear regression analysis

men and women except in the inferior wall in the coronal view (male, -19.2 + 4.4%
versus female, -22.1 + 5.4%, p = 0.002; Table 2). No statistically significant correlation
was found between RV-GLS and age (Figure 3), blood pressure (systolic and diastolic) or
QRS duration in all 4 views.

Intra and Inter-observer variability

Intra-and interobserver variability for RV strain was evaluated in a random subset of 20
subjects for all four views Intra-observer variability was: 4C, 0.2 £ 2.6%; CS, 0.7 £ 3.2%;
Ao, 0.2 £ 2.4% and CV, 0.5 £ 2.5%. Inter-observer variability was: 4C, 0.2 + 2.9%; CS,
0.1 +3.0%; Ao, -1.1 + 3.9% and CV, -0.1 £ 3.1%.
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RV peak systolic longitudinal strain (%)

4C lateral wall CS anterior wall AQ inferior wall CV inferior wall

Figure 3 Peak systolic (three-segment) global right ventricular longitudinal strain per age group.
RV, right ventricle; 4C, four-chamber; CS, coronary sinus; Ao, aortic; CV, coronal view

Pilot Study

In the pilot group, the basal and longitudinal dimensions of the RV were in all four
views increased compared to the normal values. TAPSE, TDI-S' and strain measurements
were feasible in all views in all patients. Figure 4 shows a Venn diagram of the three RVF

4-chamber view: RV lateral wall

RV-GLS < -15.4%

TAPSE< 17mm TDI < 9.5cm/s

All parameters normal =7

Figure 4 Venn diagram of the standard apical four-chamber view (7 = 20).Patients in the pilot group with
RV dysfunction. Cut-off values are shown in the figure. Pink circle, peak systolic (three-segment) global right
ventricular longitudinal strain RV-GLS; blue circle, tricuspid annular plane systolic excursion (TAPSE); yel-
low circle, tricuspid annular peak systolic velocity TDI-S’
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parameters as evaluated in the 4C-view using the cut off value for TAPSE and TDI-S" as
stated in the 2015 guidelines and the RV-GLS lower level of normal as determined in this
study (calculated as mean + 1.96SD). Figure 5 shows a Venn diagram of the 4 RV views,
only using lower level of normal values as determined in this study (calculated as mean +
1.96SD). Abnormal values were seen in 45% for TAPSE, 39% for RV-GLS and 20% for
TDI-S' (TAPSE vs RV-GLS P < 0.001 and TAPSE vs TDI-S' P < 0.001). The inferior wall
from the coronal view seems relative insensitive for detection of abnormalities: abnormali-
ties were seen in 30 vs. 61% an average in the other three walls (P< 0.001)

A

RV-GLS < -15.4% B RV-GLS < -14.7%

TAPSE< 18mm TDI < 7.8cm/s

TAPSE< 19mm TDI < 8.0cm/s

All parameters normal = 7 All parameters normal = 5

RV-GLS < -14.4% RV-GLS <-10.7%

TAPSE< 17mm TDI < 7.0cm/s TAPSE< 16mm TDI < 6.0cm/s

All parameters normal =9 All parameters normal = 14

Figure 5 Venn diagram of the four right ventricular views (# = 20). Patients in the pilot group with RV
dysfunction. Cut-off values are shown in the figure. (A) Four-chamber view (lateral wall), (B) Coronary sinus
view (anterior wall), (C) aortic view (inferior wall), (D) coronal view (inferior wall). Pink circle, peak systolic
(three-segment) global right ventricular longitudinal strain RV-GLS; blue circle, tricuspid annular plane
systolic excursion (TAPSE); yellow circle, tricuspid annular peak systolic velocity TDI-S’.
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DISCUSSION

This is a new step in the assessment of RVF providing a reproducible and fast assessment
of regional and global function of the RV that is easily applicable in daily clinical practice.
Multi-view imaging of the RV using iRotate mode has a short- learning curve and ad-

.. . e . 4
ditional acquisition time.

Conventional echocardiographic RV dimensions and areas

Interpretation of data depends upon the availability of robust reference limits that define
‘normalcy’.” The two most recent large studies for reference ranges for the RV stress the
importance of incorporating sex, age and biometric data.”® This prospective study consist-
ing of 147 healthy volunteers who are stratified per age decade is the first study publish-
ing normal recommendations for RV dimensions and function for this novel four-view
iRotate approach.

The unindexed focused 4C-view RV diameters in our study were found to be larger
than the normal range values as stated in the EACVI/ASE 2015 guidelines; basal 28-49
versus 25—41mm and longitudinal 67-97 versus 59-83mm. RV areas indexed for BSA
(as recommended in the 2015 guidelines) were also increased. In concordance with the
literature dimensions and indexed areas were significantly larger in men than women.”*

The larger RV size could be explained by the non-foreshortened RV view which is ac-
quired with the (IVS)-RV apex centred along the midline of the 2D sector.” Thereby, the
heart is sectioned in a slightly different way than the standard 4C-view and the focused
4C-view stated in 2005 and 2015 guidelines respectively.”” In addition, for the non-
indexed parameters it is important to note that the average height in our cohort of Dutch
healthy subjects was 175 + 9 cm compared with 170 + 10 cm in the NORRE study and
171 + 10 cm in the study from D’Oronzio ez al.”*

RV function parameters (TAPSE and TDI-S’)

Despite their limitations TAPSE and TDI-S' are simple and reproducible measurements
used to assess RV longitudinal systolic function in daily practice. In our study, the feasibil-
ity of these parameters were > 90% for all four views compared to 85% for RVFAC and
66% for real-time 3DE. This study presents normal values for TAPSE and TDI-S' taken at
four points around the tricuspid annulus giving additional information and a more com-
plete assessment of this complex RV. Both measurements from all four views fell within
the normal range for the 4C-view as stated in the 2015 guidelines.” The lowest TAPSE and
TDI-S' value measured was from the inferior wall in the CV-view. A significant difference
between TAPSE and age groups could only be found in the inferior wall and for TDI-S'

measurements in all four views.

Right ventricular longitudinal strain

Adequate tracking for RV strain analyses was obtained in 76% of the RV walls and the
feasibility of STE was lowest in the anterior (CS-view) RV wall. These suboptimal findings
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most probably result from the retrosternal position of the RV in the thorax and its thin
walls.

Prognostic value of peak systolic global longitudinal (excluding the IVS) STE derived
strain from the apical 4c view has been shown in diseased states.”'’

This multi-view study, differs in two-fold from the recent multi-view studies from
Forsha and Rajagopal; (1) standardized RV views were assessed, Forsha et al acknowledge
that the lack of universal standardized views is a limitation in their study, (2) focuses on
tracking of the RV free walls, excluding the septum which reflects not just RV but also LV
contractile function.>"'™"

Normal values for RV-GLS are scarce; the 2015 recommendations state -29% + 4.5%
but add that the data is limited and may vary depending on vendor and software version.
The RV-GLS values from all four RV views fell within the normal range of the RV lateral
free wall strain as stated in the 2015 guidelines.2 It is interesting to note that the lowest
strain values were seen in the inferior wall (CV-view) along with the lowest TAPSE and
TDI-S’ value. Compared with several published studies we did not find a significant cor-
relation with strain and age and it was only in the inferior wall (CV-view) that we found

. . . . . . . 11,14,1
a statistically significant difference in the strain values between men and women. ’

The Pilot Study

These patients were included to examine whether RV-GLS was feasible in the diseased RV.
It is encouraging to see that feasibility is 100% in the varying diseased states. No definite
conclusions can be taken from the Venn diagrams as the group is too small. However,
it’s interesting to note that functional parameters from the inferior wall were found to
be normal in more of the patients from this pilot group when compared to the anterior
and lateral wall and that TDI-S' seems the least discriminative. Further larger studies are
needed to evaluate the full potential of this model with normal range values as mentioned
by us.

Limitations

This is a single centre study on a cohort of Dutch healthy subjects with the use of single
vendor specific software so our reference values may not apply to other populations and
equipment.

Secondly, STE is dependent on good image quality. The visualization of the anterior
wall of the RVOT was only possible in a small group in the normal and pilot study
population and was thus omitted from this study. Third, the software used is designed for
the LV, which we adapted for the RV.

CONCLUSION

Two-dimensional transthoracic iRotate mode is a very attractive way to assess the RVF of
anterior, lateral, inferior and sporadically the RVOT anterior wall in a standardised way.
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The feasibility is good for all RV parameters, especially in the dilated RV. Normal values
of RV dimension and function have been established. Further studies and a dedicated RV

speckle tracking software are warranted to discover the full potential of this new technique

for evaluation of the RV in various diseased states.
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SUMMARY AND GENERAL DISCUSSION

In this summary and general discussion I will address the research questions, discuss my
findings and deliberate on clinical implications and future directions of Simultaneous
Multiplane Imaging (SMPI).

The general introduction (Chapter 1) of this thesis gives a short summery of the
evolution of echocardiography and provides the reasoning why I found it necessary to
investigate the potential contributions of this new imaging modality to cardiovascular im-
aging. A new generation transthoracic two-dimensional and three-dimensional (2D/3D)
echocardiographic matrix transducers have opened up a new way of echocardiographic
imaging. One of the new features of this transducer is (SMPI) which permits the use of a
full electronic rotation of 360° (iRotate) and a simultaneous adjustable biplane (xPlane)
of the 2D image. Because of the shortcomings of 3D echocardiography (3DE) as it stands
today this thesis would probably not have been written. Unlike 2D images, which are
instantly available, 3D datasets in most applications only reveal their true information
after they have been analysed. This requires special knowledge of the 3D analysis software,
skills on 3D dataset cropping and 3D orientation. This is time consuming and has a
longer learning curve than 2D image analysis, and therefore physicians and sonographers
in many hospitals are dissatisfied with 3D echocardiography.'

From our earlier experience of SMPI with transesophageal echocardiography (TEE)
and applying SMPI in transthoracic echocardiography (TTE) in daily clinical practice we
found a dedicated article on this technique warranted. In Chapter 2 we present several
ways in which we think SMPI can be of benefit on a daily bases in a routine echocar-
diography-laboratory. Transthoracic biplane and triplane echocardiographic imaging has
been available since 2003, the scarcity of literature and data suggest that the potential
of this technique was not fully appreciated and/or the technology was not sufficient.”
With SMPI modes, a goal-orientated or limited echocardiogram will only require two
acoustic windows without manual rotation of the transducer. This would cut down scan-
ning time and produce accurate cross-sectional images of the heart for 2D quantitative
analyses. The sonographer and/or young doctor in training is expected to benefit greatly
from this approach. Sengupta et al in 2004 already concluded that biplane imaging ef-
fectively reduces sonographer time in a high-volume echocardiography laboratory but
also recognized that improvements in technology and transducer size were still necessary.’
We agree with Sengupta’s statement from 2004. The benefit of simultaneously displayed
images from the apical window not only reveals that you are scanning from the true apical
long axis but also gives the ability to perform measurements on two orthogonal planes
in the same heartbeat. This will increase the accuracy of 2D-TTE-volume calculations.
In other echocardiographic calculations i.e. stroke volume and regurgitant volume; both
calculated with geometric assumptions, xPlane imaging may also improve the accuracy
of the calculation. Both the mitral annulus (MA) and the LV outflow tract (LVOT) are
often assumed to be circular in shape, whereas they have been confirmed, in multiple
studies with different imaging modalities, to be saddle-like or oval.*® In this thesis we
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demonstrated that xPlane imaging enables us to measure the major and minor axis and/or
the true cross sectional area of the MA and LVOT. Obviously dedicated studies should be
performed to confirm these advantages.

SIMULTANEOUS MULTIPLANE 2D-ECHOCARDIOGRAPHY IN
CONGENITAL AND VALVULAR HEART DISEASE

The atrial septal secundum defect (ASD) is one of the most common lesions in adult
congenital heart disease. In the past decade, transcatheter closure of an ASD has gradually
become the treatment of choice, rather than surgery.”* The choice between surgical or
percutaneous closure of the ASD relies on four essential criteria; location, diameter, tissue
rim length and morphology. In this study (Chapter 3) we sought to assess the value of
SMPI in measurements of the ASD and rim length. SMPI (iRotate and xPlane) could
reliably assess the dimensions and rim length of an ASD when compared with 2D TEE.

SMPT allows the sonographer, once the largest diameter of the ASD has been visualized
in the subcostal four-chamber view, to make a 90° rotation with iRotate or apply xPlane
mode, by placing the cursor in the center of the defect giving the corresponding orthogo-
nal plane. Both diameters and rim length of the ASD can be measured, in xPlane mode
also from the same heartbeat. If the defect can be centered in the middle of the sector, a
full 360° of the defect can be performed and all rims including the aortic rim visualized. In
xPlane mode, as the frame rate drops by half and imaging is performed from the subcostal
window with the region of interest in the far field, the true edges of a thin floppy inter-
atrial septum maybe difficult to interpret. The ASD diameter can be overestimated and
the rim length underestimated. Therefore, it is suggested that only in patients with a poor
acoustic window a TEE is still required for pre-intervention evaluation.

In non-dedicated congenital heart disease centers, it is often assumed that an ASD
is always in the center of the inter-atrial septum and circular in shape. However, this
is often not the case.” In general cardiology, echocardiographic textbooks, the subcostal
four-chamber view is advised for scanning of the inter-atrial septum.” As an ASD maybe
oval or slit like in shape it is important that both the major and minor axis of the defect is
visualized. A thorough multi-view examination of the inter-atrial septum from the subcos-
tal window applying sweeps is mandatory, the defect may lie outside the region of the fossa
ovalis or there maybe multiple defects present. For a less experienced sonographer this is
a virtually impossible task, and often results in the patient being referred for a diagnostic
TEE. The xPlane mode allows a controlled sweep across the inter-atrial septum from the
standard subcostal four-chamber view, defects outside the oval fossa will now be easier to
be detected by a non-congenital sonographer. The diagnoses of an ASD will become less
operator- dependent but most importantly a diagnostic TEE will not always be necessary.
A study should be initiated involving several peripheral hospitals to investigate, if there is
a reduction in diagnostic TEEs performed by non-congenital cardiologist when SMPI is

applied.
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Mitral valve (MV) prolapse (Chapter 4) is one of the most common valvular abnormali-
ties in industrialized countries.'’ The definition of the site and extent of MV prolapse plays
a crucial role not only in the surgical referral but also for the operative plan. Different
pathology requires different levels of surgical expertise based on the complexity of lesions
seen with echocardiography.'"'* Our study sought to assess the value of transthoracic
2D, 2D xPlane and 3D echocardiography for the definition of the site and extent of
MYV prolapse in patients who underwent MV surgery. We found that 2D xPlane imaging
can assess the MV in a systematic manner and correctly diagnose the site and extent of
the prolapse. Most patients may thus be operated on without the need for an outpatient
pre-operative TEE. If necessary, a pre-operative TEE in the operating room may further
refine the diagnosis and guide the surgical approach.

Unfortunately, many physicians are of the opinion that 2D TTE is not reliable enough
to provide the surgeon or interventionist with the essential pre-intervention information
and consider TEE obligatory. However, it should be recognised that the newer technology
has improved TTE quality and we stress that TEE is a semi- invasive procedure that is not
without procedural risk."”™"> More recently, with 3D TTE, we have been introduced to the
unique “enface” view and the spatial relationship of structures can be seen more clearly. We
found that 2D xPlane imaging may be superior to enface 3D imaging as this requires more
expertise, is more critically dependent on image quality and suffers from limited temporal
and spatial resolution. Thin and curving structures like the fossa-ovalis and non-thickened
valves often appear with large holes within them, the size of which can be easily influenced
by the 3D gain setting.'® In 3DE, the angle of insonation must be tailored to the region
of interest and ideally should be orthogonal to the relevant structure. The ease of SMPI
(xPlane and iRotate mode) to explore the heart for eccentric regurgitation jets, visualized
with colour Doppler, makes it an attractive technique to explore cardiac morphology.

Paravalvular leakage (PVL) is an important issue in transcatheter aortic valve implanta-
tion (TAVI) because of its probable impact on mortality (Chapter 5)."”'® Ideally, the
circumferential extent of PVL serves as measure of severity. Unfortunately, the colour
Doppler analysis of the short-axis TAVI view suffers from important limitations that may
result in PVL severity underestimation because of impaired echocardiographic window
quality and interaction of calcium, crushed native material or the stent prosthesis with
the echo beam."”** Colour Doppler imaging from an apical window does not suffer from
this limiting interaction but the routinely used 3-chamber and 5-chamber apical views
reflect only a very small proportion of the TAVI prosthesis circumference. iRotate echo-
cardiography may be able to study the whole circumference of the TAVI prosthesis from
an apical view.

In a study in 41 consecutive patients the value of iRotate echocardiography was investi-
gated. It was shown that the whole TAVI prosthesis circumference could be reconstructed
in all patients without a loss in spatial and temporal resolution compared to normal 2D
scanning and with good inter-observer variability and test test-retest reproducibility.
Overall, iRotate PVL circumferential extent was highly correlated with short-axis (SAX)
circumferential extent (r = 0.84, p < 0.001). A bias of 6.0% (limits of agreement: + 19.7%)
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with a significant larger circumferential extent with iRotate (13.7% + 17.0% vs. 7.7% +
10.1%, p < 0.001) was observed. The main issue not answered by this study is obviously
whether iRotate overestimates or SAX analysis underestimates circumferential extent of
PVL. One potential factor that could have led to overestimation by iRotate may be the
non-central position of the echo beam in the TAVI stent, in particular in patients with
abnormally shaped stent frames. This issue may be explored in future studies in which the
circumferential extent of PVL should be correlated with regurgitant volumes assessed by
magnetic resonance imaging.

A transcatheter tricuspid valve intervention (TTVI), via repair or replacement of the
tricuspid valve, is much less common compared to transcatheter pulmonary or aortic
valve replacement.”*” However, in patients with residual TR, often found after complex
initial surgical repair and with numerous comorbidities there is a high risk of a poor
outcome after TV reoperation.23 Therefore, TTVI could be an attractive alternative and
a comprehensive pre-intervention evaluation of the TV apparatus mandatory. Detailed
literature on scanning of the TV using echocardiography but more importantly the pros
and cons of these individual echocardiographic modalities is scarce. In Chapter 6, a book
section to be published in the “Practical manual of tricuspid valve disease”, we describe
in detail the transthoracic imaging modalities and scanning procedure alongside the
incremental advantages of 3D-TTE over 2D-TTE. There is accumulating evidence that
3D-TTE has incremental values in the assessment of TV disease, in particular for the
annulus, compared with 2D-TTE. However, assessment of right-sided structures with
echocardiography is more difficult due to the anterior location of the right heart and since
3DE is dependent on 2DE quality, this will be very challenging. The SMPI modalities we
speculate could have incremental value when 3D-TTE image quality is not optimal. The
xPlane imaging mode allows the measurements of the two axes diameters of the TV annu-
lus in the same heartbeat. Also we have demonstrated in earlier studies that the 2D-TTE
iRotate mode provides a standard methodology for serial assessment of right ventricular
function.” The feasibility of segmental RV wall analysis approached 95% in subjects with
normal- and patients with dilated-RVs. Likewise, assessment of right ventricular strain in
subjects with normal and dilated RV has been shown feasible and reproducible using the
2D-TTE iRotate mode.” Translating our initial feasibility studies of the 2D-TTE iRotate
mode into direct TV assessment could be speculated in several aspects. It could be used for
more robust serial follow up of disease progression before- and reverse remodelling after
percutaneous interventions or surgery involving the TV. Likewise, recovery of RV func-
tion after TV repair or replacement could be more accurately quantified. The 2D-TTE
iRotate mode could be used as well for comprehensive and robust serial assessment of TV
annulus size and function

For paediatric cardiology, SMPI is available on their 2DE/3DE matrix transducer; the
operating frequency range is 2-7MHz. These frequencies are lower than the dedicated 2D
paediatric transducer entailing that it remains superior to that of their matrix transducer
for this patient group. Even with this known drawback, 3DE has become important in
the management of these patients, particularly with pre-surgical planning, guidance of
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catheter interventions and functional assessment of the heart. The acoustic window of
the paediatric patient is clearly superior to that of the adult patient making 3D imaging
more attractive, and the role of SMPI maybe of less importance. In this consensus paper
(Chapter 7), providing a review of the optimal applications of 3D echocardiography in
congenital heart disease (CHD), we also address the technical limitations of the technique
in this patient population. The acoustic window of the older and /or operated child can
sometimes be disappointing and it is this group that could benefit from SMPI. The full
use of SMPI in CHD still has to be explored.

SIMULTANEOUS MULTIPLANE 2D-ECHOCARDIOGRAPHY AND
VENTRICULAR FUNCTION

Quantification of cardiac chambers and function is the cornerstone of cardiac imag-
ing.”® During the last decade, 2D speckle tracking echocardiography (STE) has become
available and offers objective measurements to quantify regional and global ventricular
function, independent of angle and ventricular geometry.” With the use of STE, ven-
tricular dysfunction can be detected in a pre-clinical phase.””** However, information on
normal ranges of STE-derived measures and the prognostic value of is limited.” > We
initiated an echocardiographic study with 155 healthy individuals, the Navigator study,
to obtain normal values of all echocardiographic parameters. These subjects were recruited
in a stratified fashion to provide at least fourteen participants of each sex, representing
each age decade from 20 to 72 years. In Chapter 8 we established normal values for LV
global longitudinal strain (GLS). Sex, body surface area and blood pressure were found to
influence LV GLS whereas age did not. The apical 4-chamber (A4C), 2-chamber (A2C)
and 3-chamber (A3C) images for strain analyses were acquired randomly by two highly
experienced sonographers, using the standard manual rotation technique or with iRotate
mode. Two interesting points were observed during the acquisitions acquired with iRotate
mode. First; the known anatomic landmarks better depicted the view than the degree of
rotation, the correct orientation for the A2C and A3C were often not seen at the suggested
60° and 120° orientation as stated in the text books.*® Second, when the transducer was
not correctly placed on the true LV apex, rotating to the A2C view would immediately
show an incorrect image, indicating that the LV has not been cut in its true long axis.
Correct alignment of the A4C and A2C cannot be guaranteed with manual rotation. Dur-
ing manual rotation, you tend to lift; tilt and turn the transducer whilst optimizing the
image quality, correct alignment to your original A4C view however, is not guaranteed.
As all trained sonographers appreciate, in the normal heart, if the transducer position is
incorrect the LV will be foreshortened and appear more spherical with minimal tapering
of the apex.” In a dilated LV this difference in shape is less distinct and an incorrect
transducer position could go unnoticed. Incorrect alignment will lead to incorrect volume

calculations with the modified bi-plane -Simpson’s method of disk summation.”"

221



Chapter 11

The ease and use of iRotate mode from a fixed transducer position to assess the LV
using anatomic landmarks triggered us into thinking about the possibility of applying
this technique to assess the right ventricle (RV). Assessment of RV function is increasingly
recognized as a prognostic factor in a variety of diseases such as left sided heart failure,
pulmonary hypertension and congenital heart disease in the acute phase and during follow
up.” Repeated assessment of RV size and function represents a crucial step in initiation
and guiding of therapy, follow-up and prediction of out-come in patients with acquired
and congenital heart disease.” > The RV has a complex geometric shape which requires a
2D multi-view scanning protocol to fully assess it. Current echocardiographic methodolo-
gies do not provide a robust assessment of RV function. Since the introduction of 3DE a
lot of data has been collected and studies performed. The feasibility varies between 52%
and 94%.°*" In a real world setting Renella et al, evaluated 3DE of the RV in paediatric
and congenital heart disease patients (age 1-20 years), and found that RV volumes were
measurable in only 58% of the patients.” This patient group, expectably, has a better
image quality compared to the adult patient population. Feasibility of 3DE of the RV
in the adult patient population group in a real world setting is expected to be lower and
stresses the need for a robust non-3D echo technique to assess the RV.

A standardized echocardiographic approach taken from one acoustic window, where
an anatomic landmark in the image plane is used to identify a specific RV wall, increase
the accuracy of assessment of RV function in routine follow up. We found (Chapter 9)
that the anterior, lateral, inferior and right ventricular outflow tract (RVOT) anterior wall
could be identified according to a unique anatomic landmark among normal subjects and
patients with dilated RVs. Our proposed 13 segment standardized model for RV assess-
ment using iRotate mode, from a single acoustic window, was highly feasible. However,
the visibility of the RVOT anterior wall remains challenging. This suboptimal visualization
of the most anterior segments of the RV could be explained by the retrosternal position
of the heart in the thorax. Also the long axis of the normal sized heart is superior-inferior
(vertical), which again would contribute to the difficulty in visualizing the most anterior
segments of the RV.” Luckily, the visibility was higher in the diseased RV, probably due to
the fact that the long axis of the diseased RV (dilated or hypertrophic) is more horizontal
and will be less compromised by the sternum. Additional RV function information was
also accessible through the multiple; tricuspid annular plane systolic excursion (TAPSE)
and peak systolic velocity tissue (S¢) using tissue Doppler imaging (TDI) measurement
around the tricuspid annulus.

Our new approach will reduce acquisition time and should enhance the accuracy for
evaluating the RV. Well defined anatomic landmarks result in robust image orientation,
precise echocardiographic follow up and less oblique plane acquisition compared to the
standard manual multiview approach entailing several acoustic windows.

Interpretation of data depends upon the availability of robust reference limits that define
‘normalcy’.”’ In Chapter 10 we publish normal recommendations for RV dimensions and
function based on our novel four-view iRotate approach from the 155 healthy individuals
included in the Navigator study. The RV diameters in our study were found to be larger
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than the normal range values as stated in the EACVI/ASE 2015 guidelines; basal 28-49
versus 25—-41mm and longitudinal 67-97 versus 59-83mm. RV areas indexed for BSA
(as recommended in the 2015 guidelines) were also increased. The larger RV size could
be explained by the non-foreshortened RV view that is acquired with the (IVS)-RV apex
centred along the midline of the 2D sector.* Thereby, the heart is sectioned in a slightly
different way than the standard four chamber (4C) view and the focused 4C-view stated
in 2005 and 2015 guidelines respectively.%’31 In addition, for the non-indexed parameters
it is important to note that the average height in our cohort of Dutch healthy subjects,
known for their tallness,* was 175 + 9cm compared to 170 + 10cm in the NORRE study
and 171 £ 10cm in the study from D’Oronzio et al.“*** In accordance with the literature
dimensions and the indexed areas were significantly larger in men than in women.***
TAPSE and TDI-S' taken at four points around the tricuspid annulus gave additional
information and a more complete assessment of the RV. A significant difference between
TAPSE and age groups could only be found in the inferior wall and for TDI-S" measure-
ments in all four views.

In the last decade, 2D STE has become available which offers objective measurements
to quantify regional and global ventricular function independent of angle and ventricular
geometry.” However, the accuracy of these parameters for assessing the RV is inherently
limited because the parameter reflects only a limited region of the RV; the lateral wall from
the A4C view. Our model allows RV global longitudinal strain (GLS) values to be acquired
from all four RV views. RV-GLS values for all four RV views fell within the normal range
of the RV lateral free wall strain as stated in the 2015 guidelines.26 Compared with several
published studies we did not find a significant correlation with strain and age and it was
only in the inferior wall (CV-view) that we found a statistically significant difference in the
strain values between men and women.*

Pilot study patients were included in this thesis to examine first whether this novel four-
view approach was feasible (Chapter 9) and second whether RV-GLS could be measured
in all four views (Chapter 10) in pressure and volume overloaded RVs. It is encouraging

to see that the feasibility for the RV walls, TAPSE, TDI-S" and RV-GLS is good. It is now

important that large studies are carried out to evaluate the full potential of this technique.

CONCLUSIONS AND FUTURE PERSPECTIVES

This thesis introduces a new echocardiographic imaging modality: Simultaneous Multi-
plane Imaging (SMPI), and provides practically based studies demonstrating the added
value of SMPI in daily clinical practice. SMPI allows you to record multiple 2D images
from one transducer position. With the primary image being based on anatomic land-
marks and the secondary image depicted by the number of degrees the reproducibility of
follow up echocardiograms should increase. Also, the accuracy of cross-sectional imaging
is more robust, for example showing the LV in its true long axis is more reliable. This is ex-
tremely important when LV volume and function are quantified. SMPI gives more insight
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into structural and congenital heart disease compared to standard 2D-echocardiography.
With percutaneous procedures becoming more routine, detailed pre-and-post procedural
information on morphology is essential. Further studies exploring the full ability of SMPI
in this field are warranted. Analyses of the RV has reached a new dimension, similar to the
LV we now have a 13-segment model, recordable from one transducer position. Since it
is known that peak global RV longitudinal strain has incremental value over conventional
echo parameters our novel four-view approach may play an important role in the assess-
ment of RV function. However, the analyses software as written in Chapter 9 makes use
of an algorithm developed for the LV whose geometric form is totally different to that of
the RV. Accuracy and reproducibility in quantification analyses is of utmost importance,
therefore new analyses software with a dedicated RV algorithm and fully automatic border
detection, with minimal manual correction, is essential. This would allow along with
segmental RV-GLS more accurate time-to-peak analyses. Subsequently studies with our
13-segment model will obviously be required to critically evaluate this new software in
various diseased states.

Prior to two-dimensional SMPI, a similar modality was already available in 3D-
echocardiography analyses software, known under various names including multiplane
reconstruction (MPR) mode. Using this MPR mode, a 3D image can be interpreted and
calculations performed for area and volume measurements. With our SMPI experience
further development should be made in the 3D analyses software to allow an increased
number of standard 2D cross-sections to be displayed simultaneously on one screen. You
would immediately have a direct overview of all images and reporting will become more
accurate and less time consuming. If needed extra cross-sections can always be created.

Whether SMPI is here to stay will depend upon future developments, I think for the
next ten years 3D will still be an “add on” imaging technique with SMPI playing a very
important role in daily routine echocardiographic examinations. In the real-world setting
of tomorrow further development in hard and software is essential for optimal image
quality along with a higher frame rate. With the increased number of obese patients pen-
etration and resolution in the far field needs to improve. The same applies for the near field
resolution for optimal visualization of the RVOT anterior wall. Secondly, the possibility
to steer the ultrasound beam electronically in the elevation plane would be advantageous;
overcoming the loss of transducer contact due to the acute angle needed to visualize this
wall from the apical window. To achieve these goals, a good working relationship between
clinicians and engineers is essential.

New technology of today and in the future in all aspects of echocardiography places
great pressure on the day-to-day running of a department. For example, a major issue
faced in many institutions is the integration of 3D echocardiography onto the work floor.
SMPI is a quick, simple to use, and easy to understand echo modality which could bridge
the gap between 2D and 3D thinking. At the moment, in many departments, top of the
range echo-machines are functioning as elaborate ECG machines, the workload is so high
that all the extra-modalities are left dormant. Time has to be created to ensure that these
new echo modalities including analyses software can be learnt and applied. A tailored
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request for an echocardiogram for example would ensure scanning time is used more
q g p g

efficiently and the sonographer would have time to invest in gaining knowledge of present

and future echocardiographic technology. The cost-effectiveness would be seen in the long

term as expensive imaging techniques are replaced by a cheaper dedicated echocardiogram

to answer the same clinical question.
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In 2011 kreeg het Erasmus MC, Thoraxcentrum, de beschikking over een nieuwe gene-
ratie transthoracale tweedimensionale en driedimensionale (2D/3D) echocardiografische
matrixtransducer, met aanzienlijk hogere 2D-echocardiografische beeldkwaliteit. Door
deze aanzienlijk hogere beeldkwaliteit ontstond een nieuwe beeldvormingsmodaliteit:
simultaneous multiplane 2D-echocardiografie imaging (SMPI). Bij deze nieuwe modaliteit
kan er gebruik worden gemaakt van een volledige (360°) elektronische rotatie van een 2D-
opname (iRotate) en een gelijktijdig instelbare biplane 2D-opname gedurende dezelfde
hartslag (xPlane).

Dit proefschrift is gericht op de potentiéle voordelen van deze nieuwe beeldvormings-
modaliteit voor cardiovasculaire beeldvorming en patiéntenzorg. Het proefschrift bestaat
uit drie delen, namelijk een algemene inleiding over de techniek van SMPI, de waarde
ervan bij aangeboren hartafwijkingen en klepafwijkingen, en de waarde bij de beoordeling

van ventrikelfunctie.

DEEL I: SIMULTANEOUS MULTIPLANE 2D-ECHOCARDIOGRAFIE

Hoofdstuk 1 bevat zowel een algemene inleiding, waarin een korte samenvatting van
de ontwikkeling van de echocardiografie wordt gegeven, als een onderbouwing voor het
onderzoeken van de potentiéle voordelen van deze nieuwe beeldvormingsmodaliteit voor
cardiovasculaire beeldvorming. Deze nieuwe 2D-echocardiografische modaliteit, simul-
taneous multiplane imaging (SMPI), wordt uitgebreid besproken in Hoofdstuk 2. Dit
hoofdstuk bevat tevens praktijkvoorbeelden van dagelijkse toepassingen van SMPI in het
echolaboratorium en het voordeel van deze beeldvormingsmodaliteit ten opzichte van de

huidige gangbare 2D-echocardiografische beeldvorming.

DEEL II: SIMULTANEOUS MULTIPLANE 2D-ECHOCARDIOGRAFIE
BIJ AANGEBOREN HARTAFWIJKINGEN EN KLEPAFWIJKINGEN

In Hoofdstuk 3 beoordeelden we de waarde van simultancous multiplane imaging (SMPI)
voor het bepalen van de grootte van een atriumseptum secundum defect (ASD) en de
afmeting van de weefselrand. ASD is een van de meest voorkomende aangeboren hartaf-
wijkingen bij volwassenen. In de loop der tijd is percutane sluiting de meest voorkomende
behandeling van een ASD geworden. De grootte van het defect en de afmeting van de
weefselrand zijn echter van belang bij de keuze van de behandeling, waarbij transoe-
sofageale echocardiografie (TEE) wordt gezien als de meest geschikte pre-interventie
beeldvormingsmethode bij de volwassen patiént. Volgens onze bevindingen kunnen de
afmetingen van een ASD en de weefselrand betrouwbaar worden ingeschat met behulp
van SMPI (iRotate en xPlane) in vergelijking met 2D TEE. Aangezien een ASD ovaal- of
spleetvormig kan zijn, is het belangrijk dat zowel de lange als de korte as van het defect in
beeld wordt gebracht. Voor een grondig multi-view onderzoek van het interatriale septum
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van het subcostale venster moeten sweeps worden toegepast, aangezien het defect zich ook
buiten de regio van de fossa ovalis kan bevinden of er meerdere defecten zouden kunnen
zijn. Dit is een vrijwel onmogelijke opgave voor de minder ervaren echocardiografist. De
xPlane-modaliteit maakt een gecontroleerde sweep over het interatriale septum vanuit een
gangbare subcostale vierkameropname mogelijk, waardoor defecten buiten de fossa ovalis
makkelijker te detecteren zijn voor een niet-congenitale echocardiografist. Hierdoor zal de
diagnose van ASD minder operatorafthankelijk worden, maar het belangrijkst is dat een
diagnostische TEE niet altijd zal hoeven te worden verricht.

Het doel van Hoofdstuk 4 was om de waarde te beoordelen van 2D-, 2D-xPlane beeld-
vorming en 3D-echocardiografie voor de vaststelling en uitgebreidheid van de mitralisklep-
prolaps (MKP) bij patiénten die een mitralisklepoperatie hebben ondergaan. De locatie en
uitgebreidheid van de MKP zijn essentieel voor het beoordelen van de toepasbaarheid van
mitralisklepreparatie. Volgens onze bevindingen kan de mitralisklep systematisch worden
beoordeeld en de locatie en uitgebreidheid van de MKP juist worden vastgesteld met
behulp van 2D-xPlane beeldvorming. De meeste patiénten zouden dus wellicht kunnen
worden geopereerd zonder dat poliklinische preoperatieve transoesofageale echocardiogra-
fie (TEE) noodzakelijk is. Indien nodig zou een preoperatieve TEE in de operatickamer
de diagnose kunnen verfijnen en een leidraad voor de chirurgische benadering kunnen
vormen. Bovendien suggereren onze bevindingen dat 2D-xPlane beeldvorming superieur
zou kunnen zijn ten opzichte van en-face 3D-beeldvorming, aangezien laatstgenoemde
modaliteit meer expertise vereist, sterker afhankelijk is van beeldkwaliteit en een beperkte
spatiale en temporale resolutie heeft.

In Hoofdstuk 5 beoordeelden we de waarde van iRotate echocardiografie voor het
inschatten van de omvang van paravalvulaire lekkage van een transkatheter aortaklep im-
plantatie (TAVI) bij een gestandaardiseerde apicale opname. Paravalvulaire aortaregurgita-
tie na TAVI wordt regelmatig waargenomen, met name bij oudere versies van de protheses.
Korte as-doorsneden hebben last van schaduweffecten veroorzaakt door kunstkleppen en
verkalkingen, waardoor paravalvulaire lekkage moeilijk waarneembaar is. Met iRotate
echocardiografie, bij een gestandaardiseerde apicale opname zonder last van schaduwef-
fecten, kan de gehele omtrek van de TAVI protheses in alle patiénten gevisualiseerd en de
uitgebreidheid van de paravalvulaire lekkage vastgelegd worden. Met de opgedane ervaring
van transkatheter pulmonaal- en aortaklepvervanging is er een behoefte ontstaan deze
katheterinterventies uit te breiden naar de tricuspidalisklep. Hoewel deze zogenoemde
‘vergeten klep’ opnieuw in de belangstelling is gekomen, bevat de huidige literatuur weinig
relevante informatie. Hoofdstuk 6, een boekdeel, bevat een gedetailleerde beschrijving
van het belang van de verschillende transthoracale echocardiografische modaliteiten voor
een uitgebreide beoordeling van de tricuspidalisklep. Ook wordt er gespeculeerd op de
toegevoegde waarde van SMPI voor beeldvorming van de tricuspidalisklep. Hoofdstuk
7, een consensus paper, bevat een expert-evaluatie van de optimale toepassingen van 3D-
echocardiografie op aangeboren hartafwijkingen (AHA). Ook de technische beperkingen
van de techniek in deze patiéntenpopulatie worden besproken. Het akoestische venster
van het oudere en/of geopereerde kind kan soms tegenvallen, en deze groep zou baat
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kunnen hebben bij SMPL. De volledige toepassing van SMPI op AHA moet nog worden
onderzocht.

DEEL III: SIMULTANEOUS MULTIPLANE
2D-ECHOCARDIOGRAFIE EN VENTRICULAIRE FUNCTIE

Kwantificering van hartkamers en functie vormt de hoeksteen van cardiale beeldvorming.
Steeds meer gepubliceerde informatie suggereert dat ventriculaire dysfunctie in een prekli-
nische fase kan worden gedetecteerd met behulp van speckle tracking echocardiografie (STE).
Wij hebben een echocardiografisch onderzoek opgezet met 155 gezonde proefpersonen,
de Navigator-studie, om de normaalwaarden van echocardiografische parameters in de
Nederlandse populatie te bepalen. Bij de werving van de proefpersonen is gebruikgemaakte
van een gestratificeerde steekproef, zodat er van elk geslacht en van elk leeftijdsdecennium
van 20 tot 72 jaar minimaal veertien deelnemers waren. In Hoofdstuk 8 richten we ons
op de linkerventrikel (LV). Beelden van de LV werden opgenomen vanuit het apicale
venster met de gebruikelijke of iRotate 2D-echocardiografie. Met behulp van STE werden
longitudinale strainwaarden bepaald en antropometrische associaties vastgesteld. Volgens
onze bevindingen werden de longitudinale strainwaarden van de LV wel beinvloed door
geslacht, lichaamsoppervlak en bloeddruk, maar niet door leeftijd. In tegenstelling tot
patiénten met verworven hartafwijkingen, waarbij de LV een belangrijke rol speelt, heb-
ben patiénten met aangeboren hartafwijkingen vaker problemen met de rechterventrikel
(RV). Voor aanvang van de Navigator-studie hebben we een concept ontwikkeld om met
de iRotate-modaliteit de hele RV te beoordelen vanuit een vaste transducerpositie op basis
van anatomische oriéntatiepunten, zoals reeds gedaan voor de LV.

In Hoofdstuk 9 beschrijven we hoe we (zoals voor de LV) unieke anatomische oriénta-
tiepunten hebben bepaald die zouden kunnen worden gebruikt als referentiepunten voor
een nauwkeurige opname van de hele RV, waardoor een gestandaardiseerd 13-segmen-
tenmodel voor de beoordeling van de RV kon worden voorgesteld. Vervolgens hebben
we de toepasbaarheid van deze four-view iRotate approach en dit voorgestelde 13-segmen-
tenmodel geévalueerd in een populatie van normale gezonde volwassen proefpersonen,
de Navigator-studie, en in een kleine cohort van patiénten met abnormaal belaste RVs.
Volgens onze bevindingen is het door ons voorgestelde gestandaardiseerde 13-segmen-
tenmodel zeer toepasbaar bij het beoordelen van de RV met de iRotate-modaliteit vanuit
één akoestisch venster. De anterieure wand van de RV-uitstroombaan is echter nog altijd
moeilijk waarneembaar. Aanvullende informatie over de RV-functie was ook toegankelijk
via het meerdere; tricuspid annular plane systolic excursion (TAPSE) en peak systolic velocity
tissue (S¢) met behulp van een tissue Doppler imaging (TDI), meting rond de tricuspida-
lisannulus. Onze nieuwe benadering zal opnametijd verminderen en zou nauwkeurigere
beoordeling van de RV mogelijk moeten maken.

De toepasbaarheid van de techniek die is beschreven in Hoofdstuk 9 was veelbelo-
vend. Hoofdstuk 10 bevat standaard-aanbevelingen voor RV-dimensies en RV-functie,

235



Nederlandse Samenvatting

gebaseerd op onze four-view iRotate approach van de 155 gezonde proefpersonen in de
Navigator-studie. De RV-diameters in onze studie bleken groter te zijn dan de normale
bereikwaarden in de European Association of Cardiovascular imaging and the American Soci-
ety of Echocardiografie 2015 guidelines. Dit verschil zou kunnen worden verklaard door de
niet-verkorte RV-opname die wordt verkregen wanneer de (IVS)-RV-apex is gecentreerd
op de middellijn van de 2D-sector. Zodoende wordt het hart op een iets andere manier
verdeeld dan bij de gangbare 4-kameropname en de gerichte 4-kameropname die in
respectievelijk de 2005 en 2015 guidelines worden vermeld. Bovendien is het voor de niet-
geindexeerde parameters belangrijk om te vermelden dat de gemiddelde lengte in onze
cohort van gezonde Nederlandse proefpersonen 175 + 9 cm was, ten opzichte van 170 =
10 cm in de NORRE-studie en 171 + 10 cm in de studie van D’Oronzio er al. TAPSE en
TDI-S', gemeten op vier punten rond de tricuspidalisannulus, verschaften aanvullende
informatie en maakten een vollediger beoordeling van de RV mogelijk. Evenals bij de LV
werden met STE longitudinale strainwaarden voor de RV bepaald en antropometrische
associaties vastgesteld. In vergelijking met een aantal gepubliceerde studies hebben wij
geen significante correlatie tussen longitudinale strain en leeftijd gevonden. Alleen in de
inferieure wand (coronale opname) hebben we een statistisch significant verschil in deze
strainwaarden tussen mannen en vrouwen gevonden.

Een pilotstudie van patiénten met volume en/of door druk overbelaste RVs werden gein-
cludeerd in dit proefschrift om ten eerste te onderzoeken of deze nieuwe four-view iRotate
approach toepasbaar was (Hoofdstuk 9) en ten tweede te onderzoeken of longitudinale
strainwaarden van de RV konden worden gemeten in alle vier de opnamen (Hoofdstuk
10). De goede toepasbaarheid op de RV-wanden, TAPSE, TDI-S’ en longitudinale strain
is bemoedigend. Uitgebreide studies moeten nu worden opgezet om het volledige poten-
tieel van deze techniek te evalueren.

Tot slot bespreken we in Hoofdstuk 11 onze bevindingen en de positie van simultaneous
multiplane 2D-echocardiografie in de dagelijkse cardiale beeldvorming. Gezien de voortdu-
rende innovaties op het gebied van ultrageluidtechnologie reflecteren we op de druk die
er rust op de dagelijkse bedrijfsvoering van de echocardiografie-afdeling en het belang van

een goede werkrelatie tussen clinici en technici voor het bereiken van deze doelen.
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