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CHAPTER 1

Introduction





1.1 Ultrasound imaging
Three-dimensional (3D) ultrasound is a safe, non-invasive and portable imaging
technique that is widely applied in biomedicine. Due to its high temporal resolu-
tion it is especially suited for real-time imaging of fast moving structures, like the
heart.

1.1.1 Properties of ultrasound
In ultrasound data acquisition, a transducer that consists of an array of piezoelec-
tric elements sends an ultrasonic pulse into the tissue. While traveling through the
body, a portion of the ultrasound energy will be reflected and will be returned to
the transducer. This causes the piezoelectric crystal to deform, by which an electric
current is generated. The amount of ultrasound energy that is reflected depends
on the differences in acoustic impedance of the various tissues that the ultrasound
wave encounters as well as on the angle of incidence of the ultrasound beam.
To illustrate this, ultrasound waves penetrate deeper into soft tissue and blood
compared to gaseous tissue (e.g. the lungs). Both the amount of energy that is
returned to the transducer and the time that has elapsed between the emission of
the ultrasound wave and the arrival of the reflected signal are required to construct
the ultrasound image from the raw data.

Clinical ultrasound has a frequency of 2 to 8 MHz. These high-frequency signals
are associated with short wavelengths, which will result in images with high
spatial resolutions, though the imaging depth will be relatively small.

1.1.2 Echoes and artefacts
During ultrasound image acquisition, both specular and scattered echoes are cre-
ated. The specular echoes are caused by reflectors that have a large size compared
to the ultrasound wavelength, such as the endocardial surfaces and the valves.
Scattered echoes, or Rayleigh scatters, originate from small reflectors and con-
tribute to the visualization of surfaces parallel to the ultrasound beam.

Several types of artefacts are commonly observed in ultrasound data. Shadow-
ing will occur behind objects that have an unusually high degree of attenuation,
like prosthetic valves and calcified structures, since the ultrasound beam can not
propagate through these objects. Near-field clutter can hamper the visualization of
structures close to the transducer and is produced by high-amplitude oscillations
of the piezoelectric elements. Speckle has a textured appearance and is caused by
the interference of scattered ultrasound signals that originate from the surface of
small structures within a tissue (Armstrong and Ryan, 2009).



4

Figure 1.1: Two-dimensional TEE views of the mitral valve at mid-esophageal window.
From left to right: Mitral bicommissural view visualizing the mitral valve (MV), left atrium
(LA), left ventricle (LV), aorta (AO), and left atrial appendage (LAA). | The orthogonal
view of the mitral bicommissural view, resembling the long-axis view. | The cross-sectional
view of the bicommissural view resembling the mitral valve surgical view.

1.1.3 Real-time three-dimensional echocardiography

Real-time 3D echocardiography (RT3DE) is an imaging technique to acquire 3D
volumes of the heart, i.a. using transthoracic or transesophageal ultrasound probes.
An example of a transesophageal echocardiography (TEE) data set is shown in
Figure 1.1. Typical echocardiography systems have axial resolutions ranging from
0.4 to 0.6 mm and lateral and elevation resolutions of 2 to 4 mm at an imaging
depth of 10 to 12 cm. The superimposition of multiple ultrasound volumes that
are acquired during successive cardiac cycles increases the spatial resolution of the
data, though this approach can lead to the occurrence of stitching artefacts. This
type of artefact is induced by patient motion or variabilities in heart beat during
the subsequent data acquisitions.

RT3DE serves a variety of clinical purposes, such as accurate assessment of left
and right ventricular size, volume, and function or the assessment of mitral regur-
gitation. Next to this, RT3DE becomes incrementally important in the guidance
of beating heart procedures, like mitral valve repair, transapical aortic valve im-
plantation, transatrial septal puncture and pulmonary vein isolation (Burri et al.,
2012).

Disadvantageously, RT3DE suffers from a limited field of view (FOV) and the
more pronounced presence of noise, compared with other imaging techniques,
such as cardiac magnetic resonance (CMR) imaging and computed tomography
(CT). The registration and subsequent fusion of multiple ultrasound volumes is
helpful to overcome these limitations and will be described in the next section.
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1.2 Image registration

The registration of two image volumes involves the establishment of the spa-
tial correspondence between the volumes and is used to combine or compare
the information that is present in the individual data sets. For example, the
registration of two volumes that are acquired in the same subject at different
time points allows monitoring the progress of a disease. Another application is
intermodality registration, where two images that are acquired using different
imaging modalities are registered to each other. These modalities offer comple-
mentary information about the same structure, e.g. functional and high-resolution
anatomical information. Intersubject registration is required for building an atlas
that consists of aligned data of multiple subjects, which is, amongst others, used
in atlas-based segmentation approaches.

Rigid transformation models are suited for registration problems where only
rotational and translational differences between the images are expected. Non-
rigid transformations are employed to cover complex deformations, for instance
due to surgical intervention or soft tissue motion. These transformations have
theoretically an unlimited number of parameters and are useful for intersubject
registration problems as well.

To find the optimal transformation between two data sets, numerous registra-
tion algorithms are available. Fully automatic registration is less time-consuming
and costly than manual registration and does not depend on the skills and experi-
ence of the user. A good registration algorithm is characterized by a high robust-
ness, i.e. low failure rate, as well as a high accuracy. The next few paragraphs will
describe two common registration approaches, namely point-based registration
and intensity-based registration.

1.2.1 Point-based registration

In point-based registration the transformation between two image volumes is
found by registering homologous point landmarks, or fiducial markers, that are
present in both data sets. In some applications physical markers that are attached
to the skin or skull could be used, otherwise it is feasible to use clear anatomical
landmarks. These markers are manually identified or automatically extracted from
the data. The registration aims at finding the transformation that minimizes the
misalignment, e.g. the least square error, between corresponding markers.
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1.2.2 Intensity-based registration
These days, intensity-based registration methods are commonly and successfully
applied in medical image registration. One image, the target image, is iteratively
transformed to the reference image. At each iteration, a similarity measure that is
derived from the voxel intensities in the data is calculated and optimized to find
the correct transformation between the images. This process is repeated until the
algorithm converges or the maximum number of iterations has been reached.

Similarity measures
The choice for a certain similarity measure depends on the specific application and
on the characteristics of the data. Cross-correlation assumes a linear relationship
between the voxel intensities in the images and is suitable for intramodality reg-
istration. For intermodality registration similarity measures that are based on the
information theory, like mutual information (MI), are useful. MI expresses how
well one image explains the other image and is defined as the difference between
the sum of the entropies of the individual images (at their overlapping part)
and the joint entropy of the combined images. For the purpose of registration,
normalization of an intensity-based metric is helpful since it makes the measure
invariant to the number of voxels in the overlapping part of the images.

Optimization process
Optimization of the metric can be complicated by the presence of multiple local
optima, due to interpolation artefacts or the existence of multiple good matches
between the images. To ensure that the algorithm will converge to the desired
optimum, the optimization should start sufficiently close to the final solution.
This could be achieved by proper initialization of the registration. Since this
relevant distance, or capture range, is not known a priori, a multi-initialization
approach could be used or the interaction of an user is required to identify a
correct starting position. To increase the registration robustness, it is possible
to complete the registration process in multiple, successive, resolutions. At low
resolutions, downsampling of the data will reduce the amount of noise and will
smooth the optimization landscape.

Each iteration, the target image is transformed which is accompanied with
image resampling and interpolation of the data. The interpolation accuracy is
dependent on the type of interpolation, e.g. nearest neighbor or trilinear inter-
polation. However, accurate interpolation is computationally costly and often too
time-consuming to be applied at each iteration. For these reasons, it is usually
preserved for the final iterations. Performing the registration on a subset of voxels
will reduce registration times. Either a grid or a random selection approach can
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be used for selecting the desired voxels (Hajnal et al., 2001).

1.2.3 Fusion of echocardiography data

The registration and subsequent fusion of multiple ultrasound image volumes is
a well-established method to overcome some of the limitations that are inherent
to ultrasound imaging. The compounding of ultrasound images that have a large
amount of overlap specifically aims at increasing the overall image quality and
improving the visibility of anatomical structures. It is shown on different types of
ultrasound data that maximum intensity fusion of a number of ultrasound images
leads to an increase in both signal-to-noise and contrast-to-noise ratio (Carminati
et al., 2015; Perperidis et al., 2015; Rajpoot et al., 2011a). On the other hand,
image mosaicing merely focuses on extending the FOV of the data. In this context,
the data acquisition aims at different parts of the structure of interest and generally
the transformations between the involved volumes will be large, while the amount
of overlap will be small. This makes automatic registration of this type of data a
challenging task.

1.3 Atrial fibrillation
Atrial fibrillation (AF) is a cardiac arrhythmia that has a high impact on the con-
cerned patients as well as on public healthcare. AF patients suffer from irregular
contraction of the atria which leads to a decrease in heart function. This condition
is associated with serious health problems, like hypertensive or coronary heart
disease, valvular heart disease or cardiomyopathy (Zoni-Berisso et al., 2014). AF
is more prevalent in elderly and due to the aging and growing of the current
western population the number of AF patients is expected to rise (Krijthe et al.,
2013). Current treatment ranges from the prescription of anticoagulant drugs for
reducing the risk of stroke to anti-arrhythmic drugs or cardioversion for restoring
the normal heart rhythm. Unfortunately, most commonly the recovery of the
sinus rhythm is of temporary character and in these cases catheter ablation is the
preferred treatment option (Lábrová et al., 2010; Woods and Olgin, 2014). During
this procedure lesions are created, generally to isolate the pulmonary veins (PVs)
from the left atrium (LA), thereby eliminating the triggers that initiate AF.

The success of these procedures depends on the correct placement of the lesions,
which stresses the importance of proper visualization of the LA and the PVs along
with the ablation catheter, especially since a large variation in LA and PV geometry
exists. Conventionally, these procedures were merely fluoroscopy-guided, which is
a two-dimensional imaging technique that is less suited for the visualization of soft
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tissue, like the heart. Nowadays, the integration of preprocedural high-resolution
CT or CMR data into the electro-anatomical mapping (EAM) systems, has led to a
reduction in fluoroscopy times and improved outcome of the procedures (Calkins
et al., 2007; Leong et al., 2012; Sra, 2008). Recently, Raju et al. (2016) showed in
a small cohort of AF patients that the adoption of TEE as supplementary imaging
technique was associated with shorter fluoroscopy times, which demonstrates the
added value of TEE in guiding these procedures.

1.4 Aim and general outline
The ablation procedures for the treatment of AF rely on good visualization of the
LA together with the ablation catheters. By providing 3D soft tissue information
without ionizing radiation, TEE is a promising candidate for guiding and mon-
itoring these procedures. Since the LA is too large to be visualized in a single
TEE volume, multiple views have to be acquired, registered and fused in order to
obtain a wideview TEE volume of the LA.

This thesis focuses on the registration of RT3DE data and specifically aims at
automatic registration of multi-view TEE data of the LA. To this end, Chapter 2
starts by examining the performance of two well-known image similarity measures
on RT3DE data of the left and right ventricles. Chapter 3 describes an acquisition
protocol to visualize the LA by means of TEE. Chapter 4 introduces a simultaneous
pairwise registration approach for registering multiple views. In Chapter 5 the
registration of multiple views of the LA by means of atlas-based mosaicing (ABM)
is addressed. Chapter 6 continues on this subject by focusing on the selection of
the desired transformation in ABM and lastly a general discussion is given.



CHAPTER 2

Multi-frame registration of real-time
three-dimensional echocardiography

time series





Abstract - Mosaicing of real-time 3D echocardiography (RT3DE)
data aims at extending the field of view of partly overlapping
images. Currently available methods discard most of the temporal
information that is available in the time series. We investigate the
added value of simultaneous registration of multiple temporal frames
using common similarity metrics.
RT3DE images of the left and right ventricles were combined by
subsequent registration and fusion. The standard approach of
registering single frames, either end-diastolic (ED) or end-systolic
(ES), was compared with simultaneous registration of multiple time
frames to evaluate the effect of using the information from all images
in the metric. A transformation estimating the protocol-specific
misalignment was used to initialize the registration.
It was shown that multi-frame registration can be as accurate as
alignment of the images based on manual annotations. Multi-frame
registration using normalized cross-correlation outperformed any of
the examined single-frame methods. As opposed to expectations,
extending the multi-frame registration beyond the simultaneous use
of ED and ES frames did not further improve registration results.

This chapter has been published as:

Mulder, H. W., M. van Stralen, H. B. van der Zwaan, K. Y. E. Leung, J. G. Bosch and J. P.

W. Pluim (2014), "Multiframe registration of real-time three-dimensional echocardiography

time series", J Med Imag, vol. 1, no. 1, p. 014004.
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2.1 Introduction

Real-time three-dimensional (3D) ultrasound is a safe, portable and cost-efficient
method that is routinely used by clinicians to visualize the inner organs of the body.
In cardiology, it has many applications, like quantification of chamber volumes and
wall motion (Burri et al., 2012). Disadvantageously, this technique is restricted by
its rather narrow field of view (FOV) that prohibits direct visualization of large
organs. Additionally, some anatomic regions can suffer from poor image quality
due to an unfavorable direction to the ultrasound beam. Both limitations may
be overcome by image mosaicing, where multiple differently oriented ultrasound
volumes are registered and fused. This creates the possibility of size and volume
measurements of large organs and simplifies their interpretability (Wachinger et
al., 2008).

Apart from extension of the FOV, a secondary advantage of image mosaicing
is the improved visibility of anatomical structures in the overlapping part of the
images. By fusion of multiple real-time 3D echocardiography (RT3DE) images an
improvement in image quality in terms of the visibility of endocardial borders as
well as an increase in signal-to-noise and contrast-to-noise ratio has been found
(Rajpoot et al., 2011a; Szmigielski et al., 2010). Additionally, it has been shown
that image-driven segmentation of the left ventricle (LV) performed better on
multi-view fused data than on single-view data (Rajpoot et al., 2011b).

Accurate image registration is a prerequisite to obtain a fused image of high
quality. Manual registration is time-consuming, which hampers wide adoption
of mosaicing in clinical practice and explains the need for automatic registration
methods.

The registration of RT3DE data involves a time series of 3D volumes, which
makes the choice and number of temporal frames that are registered very impor-
tant. Current techniques mostly employ single-frame registration of only end-
diastolic (ED) or end-systolic (ES) time frames, as these frames can be easily
identified. Grau et al. used the information available in both ED and ES frames to
register echocardiography images in a multi-frame registration strategy, in which
the metric was optimized for both time frames simultaneously (Grau et al., 2007)
Our study explores the effect of the included time frames on registration perfor-
mance.

Besides the temporal aspect of the registration task, the choice of the similarity
measure is of great importance. Multiple image-based methods are used for ul-
trasound image registration. Some of these methods are specifically designed for
ultrasound registration, like ultrasound characteristics based methods (Wachinger



13

et al., 2012) and phase-based image registration. In phase-based registration the
metric is based on the local phase and orientation of the images. Since phase
is invariant to changes in both image brightness and contrast, it is theoretically
suited for the registration of ultrasound images that are acquired from differing
transducer positions (Grau et al., 2007). Next to this, more established metrics
like normalized cross-correlation (NCC) (Rajpoot et al., 2011a; Rajpoot et al.,
2011b; Szmigielski et al., 2010) and mutual information (MI) (Shekhar et al.,
2004) are used. Occasionally, global alignment of the images is achieved by
tracking of the ultrasound probe, where the alignment can be refined using image-
based registration techniques (Housden et al., 2013; Poon and Rohling, 2006).
For sparse registration of pre-stress to post-stress echocardiography images the
superiority of NCC over sum of absolute differences, sum of squared differences,
and normalized MI was reported (Leung et al., 2008).

We assess multi-view RT3DE image registration by comparing several regis-
tration approaches, using RT3DE images of the left and right ventricles. This
work is an extension and deepening of our earlier findings (Mulder et al., 2011)
including more data sets and a more elaborate evaluation. Firstly, we examine the
influence of incorporating information from multiple time frames in the metric
by performing simultaneous multi-frame registration. Secondly, we evaluate the
performance of the intensity-based metrics NCC and MI that are adopted in the
field of ultrasound registration. Both the accuracy of the registration and the
robustness of the different methods are assessed.

2.2 Methods

2.2.1 Data
Apical RT3DE images of twenty-eight healthy volunteers were acquired with an
iE33 ultrasound system (Philips Healthcare, Best, the Netherlands), equipped
with an X3-1 matrix array transducer. Data acquisition was approved by the
medical ethical committee and written informed consent was obtained from all
volunteers. Image acquisition was done while the subject was lying in the left
lateral decubitus position during a single end-expiratory breath-hold. For each
volunteer two RT3DE scans were obtained in harmonic mode from 7 R-wave gated
subvolumes. Acquisition of the left ventricle (LV) was done from a standard apical
view. The second scan was focused on the right ventricle (RV) and was acquired
from a modified apical view. The depth and angle of the ultrasound pyramid were
adjusted to the minimal level encompassing the RV. A set of LV and RV images is
displayed in Figure 2.1. Since the images were acquired with ECG-triggering, the



14

first and last frames of the time sequences reflected corresponding moments in the
heart phase, where the first frame was the ED frame. Frames corresponding to the
ES phase, which was defined as the phase prior to opening of the mitral valve,
were detected by visual inspection.

One subject was excluded from analysis because of inferior image quality of the
RV data set. The remainder of the LV data (mean voxel size: 0.81 x 0.80 x 0.68
mm) consisted on average of 32 frames per heart cycle (range: 22 to 40 time
frames). The RV data (mean voxel size: 0.83 x 0.82 x 0.73 mm) contained on
average 29 frames per heart cycle (range: 24 to 35 frames).

2.2.2 Annotation

Five landmarks were used to evaluate the registration accuracy. Both the LV and
RV data sets were independently annotated by two observers. The junction of
the mitral valve leaflets and the mitral valve ring was indicated at four distinct
positions in the two- and four-chamber view. The optimal two- and four-chamber
views were found by the observers by rotation of the respective planes in a mid-
ventrical short-axis view. The direction of the four-chamber view was perpendicu-
lar to the two-chamber view. Additionally, the apex of the LV, which was defined as
the endocardial point most distant from the center of the mitral valve, was marked.
In eight subjects, the LV apex was not visible and its position was derived from the
curvature and location of the LV endocardial borders. Before annotating the data,
the observers agreed upon the placement of the landmarks and the selection of the
views. Selection of the correct views and annotation of the data were performed
following the method described by Nemes et al. (Nemes et al., 2009). ED and
ES time frames, where the heart is in its two extreme states, as well as the last
frame (LF) of the time series were annotated using 3DStressView (Biomedical
Engineering, Thoraxcenter, Erasmus MC, Rotterdam, the Netherlands) (Nemes
et al., 2009), while viewing the LV and RV data sets side-by-side. The position
of the annotations is illustrated in Figure 2.1.

2.2.3 Registration

Apical RT3DE images focused on the LV of the heart were registered to RT3DE im-
ages focused on the RV. Since the images were obtained at corresponding cardiac
phases in the same subject, only translational and rotational differences were ex-
pected. For this reason, a rigid transformation was chosen to transform the images.
The center of the image was used as center of rotation. The performance of two
similarity measures, normalized cross-correlation (NCC) and mutual information
(MI), was examined. NCC was calculated according to Equation 2.1.
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Figure 2.1: The annotated LV data (upper row) and RV data (lower row) at end diastole;
two-dimensional slices from a RT3DE data set. From left to right: Four-chamber view. |
Two-chamber view. | Short-axis view, the directions of the four- and two-chamber views
are depicted in yellow and red, respectively. The crosses indicate the position of the apex
and the four points on the mitral valve annulus that were used for evaluation.

NCC(µ; IF , IM) =

∑

x∈ΩF∩M

(IF (x) − ĪF )(IM(T (µ,x)) − ĪM)

√

∑

x∈ΩF∩M

(IF (x) − ĪF )
2
∑

x∈ΩF∩M

(IM(T (µ,x)) − ĪM)
2

(2.1)
The metric was calculated for ΩF∩M , which is the overlapping part of the fixed

image IF and the transformed moving image IM , and it will depend on the trans-
formation parameters that are stored in the vector µ. Since a rigid transformation
model was chosen, µ contains three translation and three rotation parameters.
The vector x contains the coordinates for which the metric is evaluated. ĪF and
ĪM are the mean intensities of the overlapping part of the fixed and transformed
moving images, respectively.

MI was calculated by Equation 2.2 (Maes et al., 1997; Viola and Wells III, 1997).

MI(µ; IF , IM) = ∑

m∈LM

∑

f∈LF

p(f,m;µ) log2 (

p(f,m;µ)

pF (f ;µ)pM(m;µ)
) (2.2)

B-spline Parzen windowing was used to construct the probability density func-
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tion (PDF). LF and LM are the sets of regularly spaced intensity bins of the
histogram for the fixed and moving image respectively. pF is the marginal discrete
PDF of the fixed image, pM is the marginal PDF of the moving image, and p is the
joint PDF.

High values of NCC or MI are associated with good image alignment. To find
the transformation corresponding to the maximal metric, the metric was optimized
using the adaptive stochastic gradient descent method (Klein et al., 2009). This
optimizer applies a gradient descent optimization scheme to arrive at the mini-
mum value of a cost function C, which is the negative of the metric, in this case
NCC or MI. The search direction is defined by the negative gradient of C, as is
stated in Equation 2.3.

µk+1 = µk − ak
BC(µk; IF , IM)

Bµk

(2.3)

The step size is determined by the decreasing function ak at each iteration k.
A stochastic subsampling technique was used to accelerate optimization and the
step size was adapted during the registration process (Klein et al., 2009).

All data sets consist of multiple time frames covering the whole heart cycle.
Since the probe position remains the same during acquisition, it was assumed that
the transformation parameters µ do not change over the heart cycle. In addition
to single-frame registration, which ignores the information available in other time
frames, multi-frame registration was applied to make use of the information in dif-
ferent time frames. To optimize the metric for several image pairs simultaneously
a cost function was defined that is the average of the metric of all separate image
pairs included in the registration process. This cost function Cmulti is given by

Cmulti(µ;IF ,IM) =

1

N

N

∑

i=1

C(µ; IiF , I
i
M) (2.4)

IF and IM are collections of fixed and moving images and N is the number of
time frames.

The influence of the number of image pairs involved in the registration process
was examined by performing registrations based on one or more selected temporal
frames (ED or ES frames), as well as on a sequence of time frames. Since an equal
number of LV and RV frames was required for multi-frame registration, the RV data
sets were interpolated between end diastole and end systole as well as between
end systole and the last time frame of the data set (Grau et al., 2007). The new
time frames were approximated by linear interpolation.

Data were registered using the open source registration toolbox elastix (Image
Sciences Institute, UMC Utrecht, Utrecht, the Netherlands) (Klein et al., 2010) in a
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multiresolution strategy with three resolutions (each resolution the image volumes
were downsampled by a factor two; 750 iterations per resolution). 2048 samples
were randomly selected per resolution, at the highest level 4096 samples were
used. The number of bins for MI was 32, apart from the highest resolution level
where 64 bins were used. ak in Equation 2.3 was equal to 100

(51+k)0.602 . All methods
were implemented in MeVisLab (MeVis Medical Solutions, Bremen, Germany), an
image processing environment that was also used for visualization of the data.

2.2.4 Initialization

Automatic registration was performed in two scenarios: 1) without prior knowl-
edge, by initialization based on the image coordinate system, and 2) by initial-
ization of the registration using a single initial transformation based on prior
knowledge from five independent cases. Since the relative position of the left and
right ventricles will be similar for all subjects, it was assumed that the difference
in orientation between the LV and RV data was comparable for all subjects. The
transformation that describes this difference was approximated by averaging the
transformation parameters obtained by manual alignment of the ED and ES frames
of five arbitrary data sets. The resulting transformation was applied to reduce
the chance that optimization ends in a local optimum, thereby increasing the
robustness of the registration. Manual alignment was done using an overlay
representation of the LV and RV image. The relative position of the images was
adapted till optimal overlap of corresponding structures was achieved.

2.2.5 Evaluation

Evaluation of the different automatic registration methods was based on the man-
ual annotations made by the observers h1 and h2 in both the LV and RV data. The
two point sets Lh1 and Lh2 , or Rh1 and Rh2 , were averaged over the observers to
obtain the ground truth annotations L̄ and R̄ for the LV and RV image, respectively.

The LV and RV annotations of the observers as well as the ground truth annota-
tions were rigidly registered by a closed-form least squares optimization algorithm
(Horn, 1987) to obtain the transformation parameters that map the RV image to
the LV image. This resulted in µh1 and µh2 for the two observers and µmanual

for the ground truth annotations. µmanual was used as ground truth transforma-
tion to compare with the transformation µauto that was obtained by automatic
registration of the LV and RV images.

To compare the different transformations, the misalignment D between differ-
ent point sets was calculated. It was expressed as the average of the Euclidean
distances d between corresponding points as is stated in Equation 2.5.
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Table 2.1: Distance measures used for evaluation. µh1 , µh2 , µmanual, µauto, and µinit

are the vectors containing the transformation parameters that map the RV image to the LV
image found by the observers h1 and h2, the ground truth transformation, the automatic
transformation and the transformation that was used to initialize automatic registration. L̄
and R̄ are the ground truth annotations and T (µ, L) are the LV annotations transformed
with the transformation described by µ.

Annotation inconsistency
Observer h1 D(T (µh1 , Lh1),Rh1)

Observer h2 D(T (µh2 , Lh2),Rh2)

Manual D(T (µmanual, L̄), R̄)

Interobserver distances
Interobserver annotation distance (IAD) LV D(Lh1 , Lh2)

Interobserver annotation distance (IAD) RV D(Rh1 ,Rh2)

Interobserver transformation distance (ITD) D(T (µh1 , L̄), T (µh2 , L̄))

Misalignment LV and RV image
1) Alignment of the image axes D(L̄, R̄)

2) After initialization D(T (µinit, L̄), R̄)

Registration performance
Registration error D(T (µauto, L̄), T (µmanual, L̄))

D(A,B) =

1

P

P

∑

n=1

d(An −Bn) (2.5)

where A and B are two sets of P points.
Table 2.1 organizes all distance measures used for evaluation. The annotation

inconsistencies cover both the unreliability in the locations of the landmarks and
the possible limitations of the chosen transformation model. The interobserver
distances measure the disagreement between the two observers. The interob-
server annotation distance, or IAD, is the difference in the actual position of the
landmarks. The interobserver transformation distance, ITD, is the discrepancy
between the transformations found by the observers. The misalignment of the LV
and RV images was calculated from the ground truth annotations in two occasions:
1) after alignment of the image axes and 2) after initialization, where the LV
data sets were transformed with the initial transformation. The accuracy of the
different automatic registration methods was expressed by the registration error
and was assessed by comparing the automatic transformation with the manual
transformation.

All distance measures were calculated for ED and ES time frames. Additionally,
the last time frame was used as independent reference frame not involved in the
registration process. The registration errors were compared with each other and
with the interobserver transformation distance, ITD. Based on the outcomes of the
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Table 2.2: The median and maximum inconsistency of the annotations made by the
observers as well as the ground truth annotations, the interobserver annotation distance
(IAD) and the amount of misalignment between the LV and RV data before and after
initialization, calculated for end-diastolic (ED), end-systolic (ES) and the last frame (LF)
of the time series (N = 27).

ED ES LF
Median Max Median Max Median Max
(mm) (mm) (mm) (mm) (mm) (mm)

Annotation inconsistency h1 1.7 4.2 1.8 3.5 1.8 3.5
Annotation inconsistency h2 2.1 5.0 1.5 4.0 2.3 4.4
Annotation inconsistency manual 1.4 4.5 1.3 3.3 1.6 3.7
IAD LV 4.1 8.4 4.2 6.4 3.9 8.6
IAD RV 4.7 8.4 4.7 8.0 4.2 8.0
1) Alignment of the image axes 36.4 59.1 30.5 49.7 35.1 58.2
2) After initialization 16.8 29.6 14.7 33.2 16.2 29.6

Shapiro-Wilk test, to test the differences for normality, statistical significance of
the differences was assessed using a Wilcoxon signed ranks test. The robustness
of the methods was evaluated by means of the number of successfully registered
data sets. For each time point, registration was considered to be successful if the
registration error was smaller than the maximum of the ITD.

2.3 Results
The characteristics of the annotations and the amount of misalignment after align-
ment of the image axes and after initialization are given in Table 2.2. Misalign-
ment was significantly reduced by initialization (p < 0.001).

The results of the experiments with initialization as well as the interobserver
transformation distance (ITD) are given in Table 2.3. Results without initialization
are not shown due to low performance. The performance of NCC was generally
better than the performance of MI, based on the success rates that were achieved.
Registration errors of the automatic methods were significantly smaller than the
amount of misalignment after initialization (p < 0.001).

Highest success rates, i.e. the percentage of cases where the registration error
was smaller than the maximum ITD, were achieved by two different registration
strategies, namely single-frame registration of the ES frame, and multi-frame reg-
istration including ED and ES time frames. However, the latter strategy returned
the smallest registration errors, based on the last time frame that was not involved
in the registration process. No statistically significant differences between the
registration accuracy of the different approaches were found. The boxplot in
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Table 2.3: The median and maximum interobserver transformation distances (ITD) and
the median registration errors and success rates for the experiments with initialization.
Registration performance was evaluated on ED, ES and the last time frame and was
considered to be successful if the registration error was smaller than the maximum ITD.
Single (ED): single-frame registration of ED frames; Single (ES): single-frame registration
of ES frames; Multi (ED & ES): multi-frame registration including only ED and ES frames;
Multi (ED to ES): multi-frame registration including ED to ES frames; Multi (ES to LF):
multi-frame registration including ES frames to the last frame; Multi (ED to LF): multi-
frame registration including all time frames.

ED ES LF
Median Max Median Max Median Max
(mm) (mm) (mm) (mm) (mm) (mm)

ITD 3.7 6.6 2.8 6.2 3.1 6.6

Median Success Median Success Median Success
(mm) (%) (mm) (%) (mm) (%)

N
C

C

Single (ED) 3.7 85 3.0 85 2.4 85
Single (ES) 3.7 93 2.6 93 3.1 93
Multi (ED & ES) 3.6 93 2.6 93 2.8 93
Multi (ED to ES) 3.9 93 2.9 89 3.1 93
Multi (ES to LF) 3.7 85 3.0 85 3.0 85
Multi (ED to LF) 3.8 89 2.9 89 2.9 89

M
I

Single (ED) 3.9 78 3.5 74 2.9 78
Single (ES) 4.2 81 2.7 81 3.1 81
Multi (ED & ES) 3.8 81 2.6 81 2.7 81
Multi (ED to ES) 3.8 81 2.8 81 2.7 81
Multi (ES to LF) 3.7 85 2.9 85 2.8 85
Multi (ED to LF) 3.8 85 2.9 85 2.6 85

Figure 2.2 presents the range of the registration errors when NCC was used as
metric.

Figure 2.3 shows an example of the LV and RV data before and after registration.
It shows that by combining the RV and LV images the FOV was extended and a
high-quality image covering both ventricles was obtained.

2.4 Discussion

This study compares different intensity-based registration approaches for the align-
ment of RT3DE data. For this purpose RT3DE images focused on the left and right
ventricles were used.

For evaluation, two observers manually annotated the data. These annotations
were averaged to obtain the ground truth annotations. The interobserver annota-
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Figure 2.2: Boxplot showing the registration errors at end diastole (ED), end systole
(ES) and the last frame (LF) for the different registration strategies. NCC was used as
metric. Multi-frame registration with ED and ES frames results in the smallest deviation
in registration errors. At the top of the plot the number of data sets with a registration
error over 20 mm is given. The horizontal (dashed) lines give the maximal interobserver
transformation distance (ITD) for the respective temporal frames.

Figure 2.3: The four-chamber view (top row) and short-axis view (lower row) at end
diastole; 2D slices of a 3D volume data set are shown. From left to right: LV image. | RV
image. | Fused LV and RV images (alignment of image axes). | Fused LV and RV images
(the LV data set is transformed with the initial transformation). | Fused LV and RV images
after successful registration (NCC, multi-frame registration including ED and ES frames).
Mean intensity fusion was used for image fusion.
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tion distance (IAD) is the difference in the actual position of the annotations made
by the observers. Generally, the image quality of the LV was higher in the LV data
than in the RV data resulting in an improved visibility of the structures that were
used as landmark. This explains the lower IAD for the LV images. Based on the
annotations of the apex and mitral valve, the IAD appears to be comparable to the
interobserver variability found by Leung et al. (Leung et al., 2008) and we refer
to this study for statistics on the intra-observer variability.

The inconsistency in the ground truth annotations was smaller than the inconsis-
tencies in the annotations of the individual observers. This denotes the increase in
reliability that is achieved by averaging the annotations of the observers. The rigid
transformation that aligns the ground truth annotations yields the ground truth
transformation T (µmanual

). Despite the small inconsistency due to difficulties
for the observers in indicating corresponding positions in both the LV and RV
data sets, and the possibly too restricted rigid transformation model, it is the best
achievable reference standard. Ground truth transformations are unavailable and
evaluation on synthetic or phantom data would not resemble the variability in
clinical ultrasound data.

The registration error measures the difference between the automatic and man-
ual transformations and it was compared with the difference in the transforma-
tions found by the two observers, the ITD. Registration was considered to be
successful when the registration error was smaller than the maximum ITD. In
these cases, the difference between the automatic and manual, ground truth,
transformation is smaller than the difference between the transformations found
by two different observers. This implies that the automated registration performs
as accurate as an arbitrary additional experienced observer.

The initialization helps to improve registration results by decreasing the initial
amount of misalignment. In this study we used a single initial transformation for
all data sets that was based on the protocol-specific difference between the LV and
RV images. Table 2.2 shows that using a transformation that was derived from
only five data sets, misalignment was decreased by half, indicating the effective-
ness of this type of initialization. To test the robustness of the initialization, the
best performing method was initialized using the average manual transformation
of different collections of five data sets as well as the average of all data sets.
Although registration results were not identical for all combinations, initializa-
tion always leads to higher success rates compared to no initialization (data not
shown).

Though the differences in performance between the examined registration strate-
gies are not statistically significant, a finding we assign to the limited number of
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experimental data sets, our results do reveal some trends that we will discuss
here. To begin with, the use of NCC as metric yields better registration results
than the use of MI. This behavior suggests that the additional degrees of freedom
of MI are disadvantageous for our data. Focusing on NCC, it was shown that by
single-frame registration of the ES frame a higher success rate was achieved than
by registration solely based on the ED frame. The contracted state of the heart
at end systole improves the visibility of the cardiac structures, which facilitates
registration.

Of the examined multi-frame registration strategies, inclusion of both the ED
and ES frame results in the highest success rate. Remarkably, registration with a
series of time frames degrades performance. Several factors might contribute to
this. First, the ED and ES frames represent the heart in its two extreme states and
will contain the most diverse information. Adding more frames will increase the
risk of adding confounding signal. Second, the interpolation of the RV data can
negatively affect the image quality by the introduction of interpolation artefacts.
Last, because the diastolic phase is longer than the systolic phase, a high number
of frames of the time sequence will resemble the ED frame. Since single-frame
registration shows that the registration of ED frames performs worse than the
registration of ES frames, the inclusion of all time frames can negatively influence
registration performance. This could explain the poorer performance of multi-
frame registration of the diastolic heart phase, in terms of registration success.
These results are in line with the findings of (Grau et al., 2007), who touch upon
this subject by noticing that the performance of their phase-based registration
method did not improve by inclusion of other time frames besides the ED and
ES frames.

Of all examined methods, best results were obtained using a multi-frame regis-
tration strategy with ED and ES frames to optimize the metric NCC. It outperforms
any single-frame method on success rate. Only single-frame ES registration is on
par in terms of success rate. However, evaluation on the unbiased last frame of
the time sequence shows that the multi-frame method is again superior. Figure 2.2
shows that the smallest deviation in registration errors is achieved by multi-frame
registration with ED and ES frames, supporting the conclusion that this is the best
method within this experimental setup.

Figure 2.3 shows that by fusion of the LV and RV image, the FOV is extended
and anatomical information from the individual images is combined to get an
anatomically more complete view of the heart. Unfortunately, some parts of the
heart, like the anterior RV wall, are not well visualized in the fused image either,
due to insufficient quality of the RV image. This is a limitation of fusing no more
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than two images. Inclusion of more volumes that specifically aim at visualization
of the parts of the heart that are not well imaged, may offer a solution for this.

2.5 Conclusion
In this study we investigated the role of temporal multi-frame registration for
multi-view RT3DE registration. Accurate registration is essential to obtain a high-
quality extended FOV image by means of image mosaicing. We showed that
multi-frame registration with multiple time frames improves registration results
compared with single-frame registration. The ED and ES frame are most suited for
this. Registration of these two time frames in combination with the metric NCC
performed best in terms of the number of successfully registered data sets and
registration error. Furthermore, the method achieved similar accuracy as manual
alignment of the data by experienced observers. Notably, extending the multi-
frame approach beyond simultaneous registration of ED and ES frames did not
further improve automatic registration.
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A transesophageal echocardiographic
image acquisition protocol for

wideview fusion of three-dimensional
data sets to support the atrial
fibrillation catheter ablation





Abstract - This study proposes a transesophageal echocardiography
(TEE) image acquisition protocol which provides a systematic manner
of acquiring a minimal number of overlapping three-dimensional
(3D) TEE data sets allowing the reconstruction of a wide 3D view
of the left atrium (LA) with anatomical landmarks that are important
for the atrial fibrillation catheter ablation.
In eight cardiac surgical patients, 3D TEE data sets were acquired
with a six-step protocol. In the protocol, Step 1 aims to acquire
the central view of the mitral valve (MV), aortic valve (AV) and left
atrial appendage (LAA). Step 2 was developed to acquire the left
pulmonary veins (PVs) and Step 3 to acquire the right PVs. Step 4, 5
and 6 were developed to create sufficient overlap between different
data sets. 3D TEE data sets were registered and fused manually in
end diastole.
The image acquisition protocol was feasible in all patients. In the
fused 3D data set, a wide 3D view of the LA was shown and left and
right PVs could be seen simultaneously. The LAA, MV, AV, and fossa
ovalis (FO) were visualized clearly in the 3D TEE data sets. The PV
ostia, which are located at the edges of the 3D data sets, suffered
more from the artefact of echo loss. The volume overlaps between
neighboring TEE data sets were 50-75%.
In conclusion, the major part of the LA anatomy incorporating the
PVs, LAA, MV, AV and FO as important anatomical landmarks can be
reconstructed by registering and fusing 3D data sets acquired with
the six-step TEE image acquisition protocol.

This chapter has been published as:

Ren, B., H. W. Mulder, A. Haak, M. van Stralen, T. Szili-Torok, J. P. W. Pluim, M. L.

Geleijnse and J. G. Bosch (2013), “A transoesophageal echocardiographic image acquisition

protocol for wide-view fusion of three-dimensional datasets to support atrial fibrillation

catheter ablation”, J Interv Card Electrophysiol, vol. 37, no. 1, pp. 21–26.
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3.1 Introduction

Atrial fibrillation (AF) is increasingly treated by catheter ablation, during which
circumferential lesions are created around the left and right pulmonary vein (PV)
ostia to isolate the PVs, thus eliminating the triggers initiating AF (Marrouche
et al., 2003). To support the procedure, imaging the left atrium (LA) along with
the PVs, left atrial appendage (LAA) and mitral valve (MV) is important.

Several imaging modalities are commonly applied in AF patients. Rotational
angiography (Orlov et al., 2007), computed tomography (CT), or magnetic res-
onance imaging (MRI) is often used before the ablation procedure, and the pre-
acquired CT or MRI images are segmented and registered by the electro-anatomical
surface mapping (EAM) system to the real-time mapping space during the proce-
dure (Dong et al., 2006).

However, the substantial dose of ionizing radiation of CT scans, rotational an-
giography and fluoroscopy required by the catheter ablation causes important
delayed effects on patients (Kovoor et al., 1998; Perisinakis et al., 2001; Rosenthal
et al., 1997). As AF ablation procedures often need to be repeated, there is
a consensus that every attempt should be taken to minimize radiation exposure
(Calkins et al., 2007). Additionally, CT and MRI are of cumbersome logistics and
high cost. Up till now, the contribution of pre-interventional CT or MRI to the
efficacy of the AF catheter ablation procedure is still under debate.

Transesophageal echocardiography (TEE) is routinely used to exclude the pres-
ence of LAA thrombus a few days or immediately before the catheter ablation. The
anatomy of the LA and adjacent structures can be visualized in high-resolution
two- and three-dimensional (2D and 3D) TEE images (Faletra et al., 2010; Ho
et al., 2011; Vegas et al., 2012).

However, the field of view of one single 3D TEE data set is not large enough to vi-
sualize all important cardiac structures simultaneously, and this holds particularly
true for the PVs which are located at the left and right edges of the LA. In theory,
it is possible to reconstruct a 3D anatomical surface of the LA using overlapping
and fused 3D TEE data sets, eliminating the need for pre-interventional CT or MRI
(Szili-Torok and Bosch, 2010).

In this study, we propose a stepwise TEE image acquisition protocol which pro-
vides a fast and systematic manner of acquiring a minimal number of overlapping
3D TEE data sets which allows the reconstruction of a wide 3D view of the LA
along with all important anatomical landmarks.
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3.2 Methods

3.2.1 Study population and ultrasound system

In eight cardiac surgical patients (five men, aged 59 ± 14 years), intra-operative
TEE was performed with the iE33 xMatrix ultrasound system (Philips Medical
System, the Netherlands) with the X7-2t matrix-array transducer under general
anesthesia. The protocol was approved by the institutional review board.

3.2.2 Transesophageal echocardiography acquisition protocol

The stepwise TEE image acquisition protocol with the rotation angle and probe
manipulation is depicted in Table 3.1. All acquisitions are performed at the mid-
esophageal level. All structures of interest are first visualized in 2D images of each
step (Figure 3.1A); then, the corresponding 3D data sets are acquired according
with one cardiac cycle with a proper depth and the largest volume size to include
the structures of interest. The 2D reference views and 3D data sets are acquired
according to the ASE guidelines for performing the intra-operative TEE examina-
tion (Shanewise et al., 1999) and the latest EAE/ASE recommendations for image
acquisition and display using 3D echocardiography (Lang et al., 2012b). In the
protocol, Step 1 aims to acquire the central view of the MV, LAA and the aortic
valve (AV); Step 2 was developed to acquire the left PVs and Step 3 to acquire
the right PVs (Figure 3.1B). Step 4, 5 and 6 were developed to create sufficient
overlap between different data sets for image registration and fusion.

3.2.3 Image registration

To construct a wide 3D view of the LA including the left and right PVs, the data
sets of the six different steps were registered manually in a pairwise fashion in
end diastole in two stages. First, three landmarks were indicated in each data
set. For all data sets, the tip of the pyramidal 3D data sets and the coaptation
point of the AV leaflets were used as soft landmarks. Depending on the view, the
coaptation point of the MV leaflets or the fossa ovalis (FO) was chosen as the third
landmark. Since corresponding time frames were registered, only rotational and
translational differences between the volumes were expected and therefore a rigid
transformation model was used. The landmarks were registered by a closed-form
least squares optimization algorithm (Horn, 1987). Second, the image alignment
was improved manually by rotating and translating one volume with respect to the
other, viewing the result in all three orthogonal views. Once an adequate trans-
formation was found, the data sets were fused with maximum intensity fusion.
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Table 3.1: The six-step TEE image acquisition protocol.

Step Angle Manipulation of the probe

1 60-80°

First position the probe at the mid-esophageal level at 0°and retroflex
the probe tip slightly to develop the 4-chamber view; rotate the angle
forward to 60-80°to develop the imaging plane parallel to the line
intersecting the two commissures of the mitral valve
(Shanewise et al., 1999).

2 60-80°
From Step 1, withdraw the probe by 1-2 cm and turn it anticlockwise
about 15°to visualize the left PVs.

3 100-130°

Turn the probe back to the position in Step 1; rotate the angle forward
to 100-130°and turn the probe clockwise until the left atrium appears
in the upper part of the screen and right atrium in the lower part with
the superior vena cava at the right side to develop the bicaval view;
turn the probe further clockwise about 15°to reveal the right upper
pulmonary vein at the right side of the screen and the superior vena
cava is not seen.

4 120-160°

From Step 3, rotate the angle to 120-160°and turn the probe anticlockwise
until the left ventricular outflow tract, aortic valve and proximal ascending
aorta line up and the aortic valve appears in the center of the image
(Shanewise et al., 1999).

5 120-160°
From Step 4, turn the probe clockwise by about 40°, halfway back to
the 2D view of Step 3.

6 120-160°
Turn the probe back to the position in Step 4; turn the probe further
anticlockwise about 20°.

Severe near-field artefacts were removed by cropping the ultrasound pyramid
before the image fusion.

3.3 Results
The clinical characteristics of all patients are depicted in Table 3.2. The image
acquisition protocol was feasible in all eight patients and in total 48 3D TEE data
sets were acquired. For all full volume 3D data sets, the average volume size was
91°(lateral width) × 93°(elevation width). The average volume rate of the 3D TEE
data sets was six volumes per second.

The cardiac structures captured in the 3D data sets of each step and the corre-
sponding image qualities are shown in Table 3.3. The main 3D artefact was the
echo loss. In general, the LAA, MV, AV, and FO were always visualized with good
image quality, i.e. visualized clearly and distinguished easily in the 3D data sets
without artefacts of echo loss. The ostia of the PVs, which are located at the edges
of the 3D data sets, suffered more from the artefact of echo loss.

Three orthogonal views of a fused 3D data set and its orientation with respect
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Figure 3.1: A: 2D TEE reference views of the six-step image acquisition protocol. 1:
The mitral commissural view; 2: The superior commissural view including the left upper
pulmonary vein; 3: The modified bicaval view including the right upper pulmonary vein;
4: The aortic valve long axis view; 5: The midpoint view between the aortic valve long axis
and bicaval views; 6: Further left to the aortic valve long axis view | B: Cardiac structures
acquired in the 3D data sets of Step 1 (yellow), Step 2 (blue) and Step 3 (red). The grey
areas represent the area of the pulmonary vein ostia projected to the cross-section of the
anatomical view. AV - aortic valve; LA - left atrium; LAA - left atrial appendage; LPVs - left
pulmonary veins; LUPV - left upper pulmonary vein; LV - left ventricle; MV - mitral valve;
PV - pulmonary valve; RA - right atrium; RPVs - right pulmonary veins; RUPV - right upper
pulmonary vein; SVC - superior vena cava; TV - tricuspid valve.

Table 3.2: Clinical characteristics of the patients (N = 8).

Age Gender BSA LA size* Surgical Rhythm HT HR † BP †

(m2) indications (bpm) (mmHg)

76 F 1.96 Severely Severe MR Sinus No 66 110/65
enlarged

67 F 1.78 Normal Severe MR Sinus Yes 87 115/60
30 M 1.99 Severely Severe MR Sinus No 50 115/65

enlarged
58 M 2.15 Normal MI Sinus Yes 64 135/75
56 M 2.04 Normal MI Sinus Yes 46 130/80
58 M 1.90 Severely PVL after Sinus No 57 80/55

enlarged MV repair
61 F 1.77 Severely Severe MR, Sinus Yes 56 125/65

enlarged VA
68 M 2.04 Severely Severe MR, Pacemaker Yes 60 125/65

enlarged MI, TR

BSA - body surface area; LA - left atrium; HT - hypertension; HR - heart rate; BP - blood pressure;
F - female; M - male; MR - mitral regurgitation; MI - myocardial infarction; PVL - paravalvular
leak; MV - mitral valve; VA - ventricle aneurysm; TR - tricuspid regurgitation.
*The grading of the LA size was based on LA volume index (LA volume divided by BSA) according
to the ASE recommendations for chamber quantification (Lang et al., 2005).
† Heart rate and blood pressure were measured instantaneously during image acquisition.
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Table 3.3: Cardiac structures in and image quality of the 3D TEE data sets.

Step Cardiac structures in Image quality
3D TEE data sets

1 MV, AV, LAA Good* in 8 patients.
2 part of MV, part of AV, MV, AV and LAA: good* in 8 patients; left PVs: two ostia

LAA, ostia of left PVs could be seen in 2 patients, one ostium could be seen in
2 patients, poor † in 4 patients.

3 part of AV, FO, ostia AV and FO: good* in 8 patients; right PVs: one ostium
of right PVs could be seen in 5 patients, poor † in 3 patients.

4 MV, AV Good* in 8 patients.
5 part of AV, FO Good* in 8 patients.
6 MV, AV Good* in 8 patients.

TEE - transesophageal echocardiography; MV - mitral valve; AV - aortic valve; LAA - left atrial
appendage; PV - pulmonary vein; FO - fossa ovalis.
*Good: visualized clearly and distinguished easily in the 3D data sets without artefacts of echo
loss.
† Poor: indistinguishable due to too much echo loss.

to the heart are shown in Figure 3.2. The different colors represent the different
steps. An example of a fused 3D TEE data set in different orientations revealing
the important anatomical structures is shown in Figure 3.3. It is clearly shown
that the extension of the field of view gives a wider 3D view of the LA than the
3D TEE data set of a single step does. Using the described protocol, the average
volume overlap between neighboring TEE data sets ranges from 50-75%.

3.4 Discussion
In this study, we developed a systematic TEE image acquisition protocol with
which six 3D TEE data sets were acquired and fused, providing a much wider re-
constructed 3D view of the LA, incorporating the PVs, LAA, MV and AV. The proto-
col provides an important step towards using the pre- and/or intra-interventional
3D TEE to generate an anatomical map of LA for AF catheter ablation, eliminating
the need for pre-interventional CT or MRI.

The six steps of the protocol were chosen based on their feasibility and repro-
ducibility in acquiring 3D TEE data sets which provide sufficient overlap among
each step for registration.

Of all important anatomical landmarks, the LAA, MV, and AV were always of
good image quality because they are located in the relative central part of the
pyramidal 3D TEE data sets. Although the thin membranous area of the FO is
likely to suffer from echo loss, its appositional muscular rim (limbus) can be
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Figure 3.2: The orientation of the 3D TEE data sets of each step with respect to the heart
(the left upper quadrate) and orthogonal views of a fused 3D TEE data set. Step 1 (yellow);
Step 2 (blue); Step 3 (red); Step 4 (orange); Step 5 (green); Step 6 (purple).

distinguished easily in the 3D data sets. Since the PVs are adjacent to the lung
and the 3D data sets are likely to suffer from the echo loss, the ostia of the
PVs were less distinguishable than other cardiac structures, especially in the data
sets of inferior general image quality. The typical arrangement of four distinct
pulmonary venous ostia is present in 20-60% of subjects, but it is also common
to find the presence of a short or long common venous trunk on the left side,
and supernumerary veins on the right side (Kato et al., 2003). The variances in
PV anatomy greatly influence the success rate of the AF catheter ablation if the
variant PVs are treated inadequately. In this study, a short common venous stem
of the left PVs was revealed in the 3D TEE data sets of one case and three right
PVs in another case.

In this study, five patients had severely enlarged LA due to severe mitral regur-
gitation. The relative positions of the PVs, lung and probe might be altered in this
situation, which may compromise the general image quality. This might also be
the case for patients with AF because they usually have an enlarged LA (Bangalore
et al., 2007; Henry et al., 1976). In addition, the patients’ position during the
acquisition may also influence the general image quality as the position of the
heart relative to the lung might be changed. The lateral decubitus position tends
to rotate the heart to the left of the sternum (Monaghan, 1990) and towards the
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Figure 3.3: An example of a fused 3D TEE data set and important cardiac structures are
indicated. LAA - left atrial appendage; LPV - left pulmonary vein; MV - mitral valve; RPV
- right pulmonary vein. Since the complete data set was fused from six 3D TEE data sets,
some part of the fused data set was cropped to reveal the important anatomic landmarks.

chest wall. In this study, all patients were supine during the image acquisition.

3.4.1 Limitations

Although the major part of the LA including important anatomical structures was
reconstructed successfully by registering the 3D TEE data sets, it was still not
possible to reconstruct the whole LA. The roof of the LA was always lost in the
3D data sets, because the currently used matrix TEE probe (Philips X7-2t) is not
capable of visualizing the structures in the near field of the ultrasound beam. We
tried to acquire 3D TEE data sets in the transgastric view in which the LA roof
lies in the far field of the ultrasound beam, but the spatial resolution dropped
substantially and essential structures could hardly be distinguished. Nevertheless,
we intend to carry out the 3D reconstructions also using images acquired by the
Philips S8-3t µTEE probe which is of higher frequency (up to 6 MHz). According to
our primary experience, the µTEE probe is able to visualize the LA roof in adults.

In this study, all 3D TEE data sets were registered manually, which requires
specific expertise and relatively long time. However, the manual registration time
consumption highly depends on the image quality of the 3D TEE data sets which
determines the recognizability of the anatomical landmarks. Currently, we are
developing an automatic registration method which will eliminate manual input
and speed up the registration process. The automatic registration algorithm will
take much less time than the manual registration and can be further incorporated
into the ultrasound system, thus allows an online reconstruction. Therefore, the
wideview fused 3D TEE data set can be made available to the electrophysiology
physician during the ablation procedure.

All single full volume 3D data sets were free from 3D stitching artefacts because
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they were acquired from only one cardiac cycle, but as a result, the volume rates
were very low. This limits temporal alignment and results in different positions of
fast moving cardiac structures, thus influencing the quality of the fused data set
negatively. To acquire full volume 3D data sets from two or four cardiac cycles
can greatly improve the volume rate (up to about 32 volumes per second) at the
cost of longer acquisition time and stitching artefacts. Additionally, it should be
noticed that the patients included in this study were under general anesthesia and
in non-anesthetized patients stitching artefacts might be a bigger problem. These
issues need to be investigated further.

3.4.2 Future clinical implications
The wideview fused 3D TEE data set will be very useful to reconstruct the LA
anatomy; the segmented 3D surface could be imported into the EAM system.
Additionally, intra-interventional 2D echocardiographic images can be matched
to the pre-interventional 3D TEE images, preventing cumbersome multimodality
registration to CT or MRI images. The wideview fused 3D TEE data set may also
serve as a substrate for registering and merging intra-interventional 2D echocar-
diographic images into the EAM system without errors from the probe position
sensing.

3.5 Conclusion
The major part of the LA anatomy incorporating the PVs, LAA, MV, AV and FO as
important anatomical landmarks can be reconstructed successfully by registering
and fusing 3D data sets acquired with the proposed six-step TEE image acquisition
protocol.





CHAPTER 4

Simultaneous pairwise registration for
mosaicing of transesophageal

echocardiography data





Abstract - Mosaicing of multiple 3D transesophageal echocardiogra-
phy (TEE) views is required for the visualization of large structures
in a single TEE volume. The registration of the individual TEE views
is challenged by their limited field of view, the small overlap between
the views and the lack of an evident reference view.
The current study proposes a simultaneous pairwise registration
approach that exploits the shared overlap of an image view with
multiple other views. Each view iteratively serves as floating
reference frame for the registration of the other views. A rigid
transformation model is used, such that the different pairwise
transformations can be averaged and the registration can converge
to a common reference space.
It was shown on randomly transformed magnetic resonance brain
and TEE data that the simultaneous pairwise registration approach
results in higher success rates than regular pairwise registration.
Initial results on TEE data of the left atrium, unfortunately, did not
support these findings. The simultaneous pairwise registration of
these TEE views does not seem beneficial, which is probably due to
the unbalanced position of the different views with respect to the
floating reference and the limited amount of overlap between the
outer views of the triplet.

This chapter is based on:

Mulder, H. W., M. van Stralen, B. Ren, F. F. Berendsen, J. G. Bosch and J. P. W. Pluim

(2013), “Simultaneous pairwise registration for image mosaicing of TEE data”, in: Proc.

ISBI, pp. 242–245.
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4.1 Introduction

Transesophageal echocardiography (TEE) serves a variety of clinical purposes. For
example, in patients suffering from atrial fibrillation, TEE is used for scanning the
heart for LA thrombus (Leong et al., 2012). The limited field of view (FOV) of
the TEE data hampers its use for direct visualization of large structures. This is
especially evident for tissues that are close to the ultrasound transducer, such as
the LA.

The registration and fusion of multiple ultrasound data sets is applicable for
extending the FOV of the data (Gao et al., 2009; Rajpoot et al., 2011a) and we
will use this technique to obtain a full volume TEE data set of the LA. To this end,
a 3D TEE acquisition protocol to visualize the LA in six partially overlapping views
was developed and we showed that by manual registration and subsequent fusion
of these views a wideview data set of the LA could be obtained (Chapter 3).

Automatic registration of the multi-view TEE data of the LA is challenging due
to few features and little overlap. Furthermore, pairwise registration of multiple
views has several drawbacks. First, one of the views has to be defined as reference.
Though the choice of the reference view is often not straightforward, it is likely
to influence the registration result. Second, the global alignment of the views
is derived from the local alignment of the different image pairs, which could
lead to the build-up of pairwise registration errors. A groupwise registration
approach, where all views are simultaneously registered to each other, is expected
to overcome these limitations of regular pairwise registration.

Groupwise registration algorithms are available for atlas construction or motion
estimation (Khallaghi et al., 2012; Metz et al., 2011; Wang et al., 2010). These
methods have in common that they are applied on data with a high degree of
overlap and relatively small deformations between the images. The data sets used
in image mosaicing, on the other hand, are characterized by little overlap and
large transformations between them. Wachinger et al. describe several multi-
variate metrics for the simultaneous registration of multiple ultrasound images
(Wachinger et al., 2008). Using 3D phantom data, an increased robustness of the
multivariate metric was found compared with the bivariate one, which suggests
the advantage of a groupwise registration approach.

Disadvantageously, the use of a multivariate metric involves a high-dimensional
and computationally costly optimization scheme. For this reason, we explore a
simultaneous pairwise registration approach for the registration of multiple im-
age views. This approach takes advantage of the information in all views that
are included in the registration. The views alternately serve as target or source
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view, which avoids the need for defining a single reference view. In the current
study, we will examine the suitability of this simultaneous pairwise registration
approach by using it for the alignment of randomly transformed brain magnetic
resonance (MR) and TEE data and compare it with regular pairwise registration.
Additionally, we will apply the proposed method on the six TEE views of the LA.

4.2 Methods

4.2.1 Simultaneous pairwise registration
Pairwise registration of multiple image views can introduce a registration bias
towards the view that is chosen as reference. To prevent this and to take advantage
of the total information content of all available views, we introduce a simultaneous
pairwise registration approach for the joint registration of multiple views. In
this approach, all views are iteratively registered to a floating common reference
frame; the pseudo code of this method is depicted below.

For i in {1, ..., N}

For t in {1, ..., M}

For s in {1, ..., M} (where t ≠ s)

Set U i
t,s = (T i

s)
−1
⋅ T i

t

Optimize C (Vt, Vs,W
i
t,s ⋅U

i
t,s) for x steps

T i+1
t = avg

s
s≠t

∆W i
t,s ⋅ T

i
t

Pseudo code for the simultaneous pairwise registration of M image views for N iterations.

Pairwise registration of a target view Vt and a source view Vs is defined as the optimization

of the cost function C(Vt, Vs,W
i
t,s ⋅U

i
t,s). Ut,s is the transformation that is used to initialize

the registration and W i
t,s is the transformation that is optimized for a limited number of

steps x. The indices i, t, and s denote the number of the iteration, the target volume and

the source volume respectively.

A schematic representation of the method is shown in Figure 4.1. For clarity,
Figure 4.1 presents the simultaneous pairwise registration of three image views,
though the approach can be extended to an arbitrary number of views.

Figure 4.1A shows the three views {Vt, Vs1 , Vs2} at iteration i, together with the
transformations {T i

t , T
i
s1 , T

i
s2
} that map the views to the current estimate of the
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common floating reference. The transformation U i
t,s1 is the initial transformation

between the source and target and equals (T i
s1)

−1
⋅T i

t . The transformation ∆W i+1
t,s1

is the output of one registration step and brings Vt closer towards Vs1 . The
cost function C(Vt, Vs1 ,W

i
t,s1 ⋅ U

i
t,s1) between the target view Vt and the source

view Vs1 is optimized for a predefined number of steps as is shown in Figure
4.1B. Next, these steps are repeated for the other source view Vs2 (Figure 4.1C).
Both transformations ∆W i+1

t,s1 and ∆W i+1
t,s2 are concatenated to T i

t and subsequently
averaged to obtain the transformation T i+1

t that maps Vt to the common reference
frame (Figure 4.1D). To this end, the transformations are decomposed into their
translational and rotational components (expressed as normalized quaternions)
and these two components are individually averaged. During a complete iteration
i, each view is used as target once. Finally, the transformations T i+1

t are used
to initialize the next iteration. This simultaneous pairwise registration approach
offers a generic framework for the rigid registration of multiple images and can be
employed with any similarity measure or optimizer.
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Figure 4.1: The simultaneous pairwise registration of three views, the target view Vt, and
two source volumes Vs1 and Vs2 . The transformations {T i

t , T
i
s1 , T

i
s2} map the respective

views to the floating reference, {U i
t,s1 , U

i
t,s2} are used to initialize the registrations and

{∆W i+1
t,s1 ,∆W i+1

t,s2} are the outcomes of the registrations. The index i denotes the number
of the iteration.
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4.2.2 Data

Randomly transformed data
The performance of the proposed method was examined using a T1-weighted MR
volume of the brain (volume size 55 x 46 x 40, voxel size 3.9 x 3.9 x 4.0 mm) and
two distinctive TEE views of the LA (volume size 75 x 75 x 69, voxel size 1.9 x
1.9 x 1.5 mm). From each volume, three different cropped versions were created,
such that these volumes partially overlapped and Gaussian noise was added to
each version independently. The mean and standard deviation of the noise were
chosen in the same order of magnitude as the mean and standard deviation of
the intensity values of the data. The three generated volumes were randomly
transformed with a rigid transformation. The translation t in each dimension was
t ∈ [−20,20] mm for the MR data and t ∈ [−15,15] mm for the TEE images and
the rotation r was r ∈ [−0.5,0.5] rad in a uniform distribution. Thirty-seven sets
of three randomly transformed MR volumes were created and for each of the TEE
views forty sets of three transformed volumes were assembled. An example of a
transformed MR data set is shown in Figure 4.2.

Figure 4.2: Two orthogonal views of a set of three randomly transformed MR images.

Multi-view TEE data of the LA
3D TEE data acquisition was performed in fourteen cardiac surgical patients at
the Erasmus Medical Center (Rotterdam, the Netherlands) with the iE33 xMatrix
ultrasound system (Philips Healthcare, the Netherlands) equipped with the X7-2t
matrix-array transducer at the mid-esophageal level following a standardized ac-
quisition protocol (Chapter 3), while the patients were under general anesthesia.
Figure 3.1 in Chapter 3 shows an example of these data. Per patient, six partly
overlapping views of the LA were acquired. These views were manually registered
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to obtain the ground truth transformations. To start, the end-diastolic frame of
each view was manually selected and registered to its consecutive view. Three soft
landmarks (the tip of the TEE cone, the coaptation points of the mitral or aortic
valve, the left atrial appendage or the fossa ovalis) were indicated in each view.
The landmarks were rigidly registered (Horn, 1987) and the alignment of the
views was optimized by manual rotation and translation of one view with respect
to the other view. More details on the data and the manual registration can be
found in Chapter 3.

4.2.3 Experiments

All registration experiments were performed using the open source registration
toolbox elastix (Image Sciences Institute, UMC Utrecht, Utrecht, The Netherlands)
(Klein et al., 2010) and the methods were implemented in MeVisLab (MeVis
Medical Solutions, Bremen, Germany).

Randomly transformed data

Each triplet of randomly transformed volumes was rigidly registered using the
proposed simultaneous pairwise registration method and by regular pairwise reg-
istration. Both approaches were applied using normalized cross-correlation (NCC)
as similarity measure and a standard gradient descent optimizer was used in a
single resolution. Regular pairwise registration was performed in 2000 iterations,
using an arbitrary volume as reference. In the simultaneous pairwise registration
method 1000 iterations were used and per iteration a single optimization step was
done, i.e. x = 1.

Multi-view TEE data of the LA

Both regular pairwise registration and simultaneous pairwise registration were
applied for aligning the consecutive TEE views of the LA. The views were rigidly
registered to each other using NCC as similarity measure together with a standard
gradient descent optimizer in three resolutions (750, 300, and 150 iterations).
Each resolution the views were downsampled by a factor of two. To reduce
the chance that optimization ends in a local optimum, an initial transformation
that estimates the protocol-specific misalignment between the views was used.
Per pair of views, this initial transformation was found by averaging the manual
transformations of the remaining TEE data sets. The center of the view was
chosen as the center of rotation. The aforementioned settings apply to both
registration approaches. For the simultaneous pairwise approach, the cost function
was optimized a single step per iteration (x = 1).
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4.2.4 Evaluation

Randomly transformed data

For evaluation, a cube (having an edge length of 100 mm) was defined about
the center of the original MR or TEE volume. This cube was transformed with
the ground truth transformations, i.e. the known random transformations, and
with the transformations that resulted from automatic registration of these data.
The registration error was defined as the average Euclidean distance between
the corners of the transformed cubes and expresses the difference between the
automatic transformation and the originally applied transformation.

Multi-view TEE data of the LA

The evaluation of the registration of the multi-view TEE data was done as de-
scribed above, except that the manual transformations were used as ground truth
transformations.

Mosaicing of a complete LA data set by means of pairwise registration involves
five registrations of two consecutive TEE views, that is: {V1, V2}, {V2, V3}, {V3, V4},
{V4, V5}, and {V5, V6}. Each view can serve as target or as source volume and the
outcome of the registration could be influenced by this choice. For this reason,
both possibilities were tested. Per pair of views the option that resulted in the
smallest registration error for most of the data sets was selected as registration
method and only these results are presented in the current study.

For the simultaneous pairwise registration of a complete TEE data set four differ-
ent registrations of three consecutive views are possible: {V1, V2, V3}, {V2, V3, V4},
{V3, V4, V5}, and {V4, V5, V6}. Except for the two outer views V1 and V6, the views
are included in multiple combinations of three different views. Per pair of views,
the combination that performed best on the majority of the data sets in terms of
the registration error was chosen as registration method. Again, only these results
are presented in the current study.

Apart from the registration error between consecutive TEE views, for example V1

and V2, we calculated the error between two views that are separated by one other
view, e.g. V1 and V3. These views are not directly registered by regular pairwise
registration, but are both included in the triplet of views that is registered in the
simultaneous pairwise registration approach.
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4.3 Results

4.3.1 Randomly transformed data
The experiments on the randomly transformed data show that the simultaneous
pairwise registration method aligns more data sets correctly compared to regular
pairwise registration, as is outlined in Table 4.1. Though median values are com-
parable, the number of outliers is greatly reduced by the simultaneous pairwise
registration approach. An outlier is defined as a registration that has a registration
error that exceeds (median + 1.5 ⋅ IQR), where IQR is the interquartile range.
For the MR data, third quartile values are reduced as well by the simultaneous
pairwise registration approach.

Table 4.1: The registration errors as obtained on the randomly transformed MR data (111
transformations) and on both randomly transformed TEE volumes (120 transformations
per TEE volume).

Regular pairwise registration Simultaneous pairwise registration
Median 3rd quartile Outliers Median 3rd quartile Outliers
(mm) (mm) (%) (mm) (mm) (%)

MR 1.4 3.8 24 1.3 2.2 16
TEE 1 0.4 0.6 9 0.4 0.6 5
TEE 2 0.5 0.9 23 0.5 0.8 15

4.3.2 Multi-view TEE data of the LA
Table 4.2 lists the registration errors of the multi-view TEE data and shows that
regular pairwise registration outperforms the simultaneous pairwise registration
approach. Though median values are comparable for both methods, third quar-
tile values as well as the number of outliers increases for simultaneous pairwise
registration. This applies both to the views that are directly positioned next
to each other and to the views that are separated from each other by a single
view. In the latter case, the views are not directly registered by regular pairwise
registration, though both views are included in the triplet of images that is used
in the simultaneous pairwise registration approach.

4.4 Discussion
This study presents a simultaneous pairwise registration approach for the reg-
istration of multiple image volumes. The registration of the data to a floating
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Table 4.2: The registration results of the multi-view TEE data of the LA. The registration
errors that are calculated on the direct consecutive views (70 transformations) and on the
views that are separated by another view (56 transformations) are reported.

Regular pairwise registration Simultaneous pairwise registration
Median 3rd quartile Outliers Median 3rd quartile Outliers
(mm) (mm) (%) (mm) (mm) (%)

Direct 5.6 9.4 9 6.0 10.6 11
Omit one view 6.0 10.6 14 8.4 14.8 16

reference avoids the need for defining a single reference volume without the use
of a multivariate metric and the associated high-dimensional optimization scheme.

It was shown on triplets of randomly transformed MR and TEE data, that the
proposed method improves the registration performance by substantially reducing
the number of outliers compared to regular pairwise registration. The simultane-
ous pairwise registration approach incorporates the information present in three
image views, which prevents the concatenation of the pairwise transformations
and the associated accumulation of the individual registration errors, a feature
that might reduce the overall registration error in case of regular pairwise regis-
tration.

On the contrary, regular pairwise registration outperforms the simultaneous
pairwise registration approach on the multi-view TEE data of the LA. In contrast
to the artificially transformed data, which was randomly transformed in all di-
rections, the different TEE views of the LA are principally aligned along a single
axis. All three randomly transformed volumes will partially overlap and will move
towards each other during the registration process, i.e. towards their original
position that will roughly coincide with the floating reference. In case of the
multi-view TEE data, the position of the central view of the triplet, will approach
the location of the floating reference, which might unbalance the registration
process. Moreover, the additive value of using multiple volumes will be restricted
by the limited amount of overlap between the outer views of the triplet. For these
reasons, these data may not benefit from the simultaneous pairwise registration
approach, though further research is required to address this topic in full detail.

The registration errors that were obtained on the views that are separated
by one other view are larger than the errors that are calculated on the direct
consecutive views. This applies to both examined registration methods. The
increased overlap between the views that are directly positioned next to each
other favors the registration, which could explain the smaller registration errors.
Furthermore, the smaller transformations that are involved in these registrations
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will lead to smaller errors as well, primarily due to diminishing effect of any
rotational deviation.

4.5 Conclusion
Accurate registration of multiple partially overlapping image views is a crucial
step in image mosaicing, a method that is frequently used for extending the FOV
of ultrasound data. To avoid a registration bias towards a single reference view, a
simultaneous pairwise registration approach was presented in which all volumes
are registered to a floating reference frame. The amount of information that is
available to the registration algorithm will increase when performing the regis-
tration on multiple image volumes, which could be beneficial for the registration
process as well.

It was shown on triplets of randomly transformed MR and TEE data that the
proposed method improves the registration performance and substantially reduces
the number of outliers compared to regular pairwise registration. On the other
hand, no improved performance was found on multi-view TEE data of the LA. On
these data, best registration results were obtained by regular pairwise registration.
Probably, this behavior is induced by the directional nature of the data which leads
to a limited amount of overlap between the outer TEE views of the triplet. This
will restrict the additional amount of information that is added by including more
views in the registration process.



CHAPTER 5

Atlas-based mosaicing of left atrial
three-dimensional transesophageal

echocardiography images





Abstract - Transesophageal echocardiography (TEE) is a promising
imaging modality to guide cardiac interventions, like catheter
ablation procedures for the treatment of cardiac arrhythmias. These
procedures rely on good visualization of the left atrium (LA) and
pulmonary veins. To visualize these structures in a single volume,
the acquisition, registration and fusion of multiple TEE views of the
LA is required.
We introduce atlas-based mosaicing (ABM) as method for the
registration of images that are acquired according to a standardized
protocol. Inspired by atlas-based segmentation approaches,
compounded data of other patients serve as atlases for the
registration of new data.
The performance of ABM was studied on three-dimensional TEE data
of the LA and compared with regular pairwise registration.
This study shows that improved registration robustness and smaller
registration errors are achieved with ABM compared to regular
pairwise registration. This is an important step towards the use of
TEE for interventional guidance of ablation procedures.

This chapter has been published as:

Mulder, H. W., M. van Stralen, B. Ren, A. Haak, M. A. Viergever, J. G. Bosch and J. P. W.

Pluim (2017), "Atlas-based mosaicing of left atrial 3-D transesophageal echocardiography

images", Ultrasound Med Biol, vol. 43, no. 4, pp. 765-774.
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5.1 Introduction

Cardiac arrhythmias, like atrial fibrillation (AF), are increasingly common in the
aging western population (Krijthe et al., 2013; Zoni-Berisso et al., 2014). Catheter
ablation is one of the procedures that is available for treatment of AF (Camm
et al., 2010; Kotecha and Piccini, 2015). During this procedure lesions are created,
which are often positioned around the left and right pulmonary vein (PV) ostia,
isolating the PVs and eliminating the triggers initiating AF.

Fluoroscopy is a two-dimensional imaging technique commonly involved in
these procedures, but its use is associated with the exposure to ionizing radiation
for both clinician and patient (Calkins et al., 2012; Chen et al., 2015). These
days, the availability of electro-anatomical mapping (EAM) systems and the inte-
gration of pre-operative CT or MR data into the EAM system have led to decreased
fluoroscopy times compared to the conventional fluoroscopy-guided procedures
(Brooks et al., 2013; Scaglione et al., 2011). However, this approach requires
the onerous multimodal registration of the (segmented) preprocedural data to the
EAM, which can be avoided by using the same imaging modality for pre- and
intraprocedural imaging.

Three-dimensional (3D) transesophageal echocardiography (TEE) could become
a promising imaging modality to assist in the guidance of ablation procedures. By
providing 3D soft tissue information, TEE can contribute to successful positioning
of the ablation catheters, without the use of ionizing radiation. Pre-operatively,
TEE is frequently used for assessing the size and function of the left atrium (LA),
identifying valvular disease and scanning the heart for LA thrombus (Leong et al.,
2012; Pison et al., 2013), which shows its value for visualization of the LA in
AF patients. Several studies explore the use of TEE for the guidance of ablation
procedures, for example by examining the segmentation of the catheters in TEE
(Wu et al., 2015) or the registration of TEE to X-ray (Gao et al., 2012), or in a
clinical setting (Raju et al., 2016). Similarly, the role of TEE for interventional
guidance has been explored in other cardiac procedures, like the transcatheter
aortic valve implantations (Lang et al., 2012a).

On the other hand, TEE suffers from a limited field of view (FOV), which ham-
pers direct visualization of large structures in close proximity to the esophagus,
such as the LA. To visualize the entire LA by means of TEE, image mosaicing can
be applied to extend the FOV. The value of image mosaicing becomes evident from
multiple studies. For example, fusion of several real-time 3D echocardiography
(RT3DE) images of the left ventricle (LV) leads to improved image quality and
enlargement of the FOV (Rajpoot et al., 2011a) as well as improved LV segmenta-
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tion and tracking compared to single-view data (Rajpoot et al., 2011b). Zhuang
et al. (2010) describe the compounding of multiple echocardiography images in a
framework for whole heart segmentation.

In a previous study, we developed a TEE acquisition protocol to capture the LA in
six different views (Chapter 3). To restrict the total acquisition time, the number of
views was minimized. However, this hinders automatic registration and results in
the challenging task to register TEE volumes with little overlap and few features.
Proper initialization of the registration process is helpful for accurate registration
of data with little overlap. As an example, the presence of a tracking system that
measures the probe position offers an opportunity for this (Poon and Rohling,
2006). Similarly, tracking of the ultrasound probe in X-ray has been successfully
applied to initialize the registration of 3D TEE volumes in order to extend the
FOV of the data (Housden et al., 2013). Carminati et al. (2015) describe the
reconstruction of the descending thoracic aorta from multiple consecutive 3D TEE
volumes with significant overlap. The consecutive character of the data acquisition
is used for initialization by masking out those parts of the sequential volumes that
are not expected to match each other. Rajpoot et al. (2011a) employ a multi-
initialization approach for the registration of RT3DE data. Several other studies
report on the registration of ultrasound data using similarity measures specifically
designed for this type of data (Grau et al., 2007), including multivariate methods
(Wachinger et al., 2008) or focus on the spatio-temporal alignment using a rigid
transformation model for the spatial component (Perperidis et al., 2015).

We propose to use compounded data of other patients as atlases for the registra-
tion of new patient data in a novel method, denoted atlas-based mosaicing (ABM)
and use it for the registration of multiple TEE views of the LA. The framework of
ABM can be used with any registration metric and avoids the need for a tracking
system, as is required by other approaches (Poon and Rohling, 2006). ABM is
inspired by multi-atlas segmentation, currently one of the most common and suc-
cessful image segmentation techniques used in biomedicine (Iglesias and Sabuncu,
2015). In the field of 3D TEE it is for example applied for segmenting the mitral
valve leaflets (Pouch et al., 2014).

In multi-atlas segmentation, a set of images and known segmentations is avail-
able and used to segment a new image of another patient. In a comparable way,
ABM incorporates knowledge about the acquisition protocol, in the form of the at-
lases, to guide the registration of new patient data. Furthermore, the compounded
atlas data provide full volume information to moderate the registration of data
having a small FOV. The use of an atlas differs from a multi-initialization approach
(Rajpoot et al., 2011a) in selecting only the most promising initial transformations
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based on other patient data, which limits the number of initial transformations
that is required to find the final transformation.

This chapter builds on previous work (Mulder et al., 2015), in which we demon-
strated the potential of registering multiple TEE volumes using an atlas. The
current study includes more data sets and extends the mosaicing method with
automatic selection of the final transformation from multiple candidates. Further-
more, we study the influence of the atlas size and composition on the performance
of ABM and validate the performance of the method on independent TEE data.
Finally, we evaluate the method on segmentations of the LA.

5.2 Methods

5.2.1 Data
The atlas set that was used in this study includes sixteen 3D TEE data sets. Ten
different patient data sets were used for parameter tuning and optimizing the
method. We will refer to these data as the test set. Additionally, another ten
data sets were reserved for unbiased evaluation of the presented method, i.e. the
validation set. The study protocol was approved by the institutional review board
and informed consent was obtained from each individual patient.

Atlas set
3D TEE data acquisition was performed in sixteen cardiac surgical patients at
the Erasmus Medical Center (Rotterdam, the Netherlands) with the iE33 xMatrix
ultrasound system (Philips Healthcare, the Netherlands) equipped with the X7-2t
matrix-array transducer according to a previously developed TEE acquisition pro-
tocol to capture the LA (Chapter 3). This protocol comprises six partly overlapping
views covering different parts of the LA. An example data set is given in Figure 5.1.
The central view visualizes the mitral valve, left atrial appendage, and aortic valve.
The two outer views are directed towards the left or right PVs. The additional
three views are included to ensure complete coverage of the LA and to support the
registration by creating sufficient overlap. All acquisitions were performed at the
mid-esophageal level, while patients were under general anesthesia.

Test and validation set
The experiments were conducted on the data of twenty patients who were hos-
pitalized for a transcatheter aortic valve implantation. 3D TEE data acquisition
was performed at the Erasmus Medical Center (Rotterdam, the Netherlands) as
described above. The volumes had a mean voxel size of 0.56 x 0.56 x 0.50 mm
and average dimensions of 264 x 273 x 213 voxels. Additionally, patients un-
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Figure 5.1: Two-dimensional cross-sections of the six 3D TEE views of the LA. LA - left
atrium; LV - left ventricle; LUPV - left upper pulmonary vein; LAA - left atrial appendage;
AV - aortic valve; RA - right atrium; SVC - superior vena cava; RUPV - right upper pulmonary
vein. The right upper view is the central TEE view (adapted from Ren et al. (2013)).

derwent contrast-enhanced cardiac CT three to five weeks before TEE acquisition
using a dual-source CT system (Somatom Definition, Siemens Medical Solutions,
Germany) and 320 mg/ml Iodixanol (GE Healthcare) as contrast agent.

5.2.2 Preparation of the atlas and ground truth

Atlas construction

To construct the complete 3D volumes of the LA that serve as atlases, the end-
diastolic time frames of the six views of an atlas patient data set were manually
selected and registered in a pairwise fashion. This is an intrasubject registration
problem and only rotational and translational differences between the views were
expected, hence a rigid transformation model was applied, which is in accor-
dance with other work, e.g. Housden et al. (2013). The manual registration
was performed as follows: first, three corresponding landmarks were indicated in
each view. The coaptation point of the mitral or aortic valve leaflets, the fossa
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ovalis and the tip of the ultrasound cone were used as possible landmarks. These
landmarks were registered by a closed-form least squares optimization algorithm
(Horn, 1987) and were used for coarse alignment of the views. Second, the
alignment of the views was improved by manual rotation and translation of one
view with respect to the other, assessing the result in three orthogonal cross-
sections. For details on the manual registration, see Chapter 3. Once the adequate
transformations were found, the six TEE views were fused with maximum intensity
fusion, a straightforward method that is shown to improve the contrast of RT3DE
data as compared with the non-fused data (Rajpoot et al., 2011a). Before fusion,
severe near-field artefacts were removed by cropping the ultrasound pyramid.
The manual registration and the fusion of the TEE volumes were performed in
MeVisLab (MeVis Medical Solutions, Bremen, Germany).

Establishment of the ground truth

The experimental data were manually registered to establish the ground truth
transformations required for evaluation of the experiments. First, the end-diastolic
time frames of the TEE views and the CT scan were visually identified. Subse-
quently, each TEE view was aligned to the corresponding CT scan by indicating
three corresponding landmarks in both the CT scan and TEE view. For most patient
views the coaptation point of the aortic or mitral valve leaflets, the fossa ovalis or
the left atrial appendage could be used. The resulting point sets were rigidly
registered for coarse alignment (Horn, 1987), followed by manual improvement
of the alignment of the TEE view with respect to the CT. This was done for all six
TEE views. Last, the consecutive TEE views were jointly displayed and the TEE
alignment was enhanced by manually translating and rotating one TEE view with
respect to the other view. An example of a compounded TEE volume is given in
Figure 5.2.

Ground truth segmentations of the LA were established by automatic segmen-
tation of the CT data using the atlas-based segmentation approach of Kiri̧sli et al.
(2010). Figure 5.2 shows an example of the segmented heart cavities with respect
to the six TEE views.

5.2.3 Automatic registration

Atlas-based mosaicing

Atlas-based mosaicing (ABM) uses compounded TEE data of other patients as
atlases for the registration of newly acquired TEE views. In our current imple-
mentation of ABM, the registration is image-based and a rigid transformation
model is used. The general registration scheme consists of three stages. First, each
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Figure 5.2: Two-dimensional orthogonal cross-sections of a compounded TEE data set. The
different views are outlined in six different colors. The right image presents the orientation
of the six TEE views with respect to the CT segmentation of the heart cavities.

view is automatically registered to the compounded atlas volumes. The complete
FOV of the atlas data simplifies the registration problem compared to the direct
registration of two views both having a small FOV. For this reason, the registration
to the atlas is included as intermediate step before registering the consecutive
views to each other. Last, the best registration result is automatically selected
from the different candidates. Below, the different steps of ABM will be described
in more detail. A schematic overview of the method is given in Figure 5.3.

1. View-to-atlas registration: Each individual TEE view, Vi, where i is the index
number of the view, is registered to the compounded TEE atlas volume An of atlas
patient n. In the current study six TEE views and sixteen atlas sets were available.
The transformationsQn

i describe the alignment of the views that compose the atlas
volume An and are used to initialize the view-to-atlas registration. After having
completed the registration of all views to the atlas volume, the transformations
Rn

i,i+1 are derived for each pair of views and atlas volume.
2. View-to-view registration: The transformations Rn

i,i+1 that are obtained in
the first step, are used to initialize the pairwise registration of consecutive TEE
views, Vi to Vi+1. Step 1 and step 2 are repeated for all N atlas volumes, resulting
in the candidate transformations Tn

i,i+1.
3. Transformation selection: For each pair of views {Vi, Vi+1} a total of N

candidate transformations Tn
i,i+1 that describe their possible alignment is available.

Per pair of views, a single transformation Tn
i,i+1 has to be selected from these

candidates as outcome of the registration. Currently, the transformation Tn
i,i+1 that

is associated with the highest value of the normalized cross-correlation (NCC) of
the intensities in the overlapping part of the consecutive TEE views {Vi, Vi+1}

is selected as the final registration result, comparably to the multi-initialization
approach that is used in Rajpoot et al. (2011a).
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Figure 5.3: Schematic overview of atlas-based mosaicing (ABM). Vi denotes the TEE view
i of a target patient, An is the atlas volume of atlas patient n, and Q, R, and T are the
transformations involved in ABM. The transformations Q are derived from the (manual)
registration of the views that constitute the atlas volume.
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Figure 5.4: Schematic overview of regular pairwise registration, where Vi denotes the
TEE view i of a target patient, and Q and T describe the initial and final transformations,
respectively. The transformations Q are derived from the (manual) registration of the atlas
views.
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Regular pairwise registration
The performance of ABM was compared with regular pairwise registration of
consecutive TEE views {Vi, Vi+1}. To reduce the initial misalignment between
the views and to restrict the chance that the optimization ends in a local optimum,
a transformation Q̄i,i+1 that estimates the difference in orientation between the
views Vi and Vi+1 was applied as initialization (see Figure 5.4). The transfor-
mations Q̄i,i+1 were approximated by averaging the transformation parameters
known from the manual registration of the atlas volumes. Two atlas sets were
excluded from this average, since these acquisitions were too deviant from the
protocol.

Registration parameters
All experiments were performed on end-diastolic time frames. A rigid transforma-
tion model was used and the center of the image was chosen as the center of rota-
tion. The similarity measure NCC, that was used for selecting the transformation in
the last step of ABM as well, was optimized using the adaptive stochastic gradient
descent method (Klein et al., 2009). The data sets were registered using the
open source registration toolbox elastix (Image Sciences Institute, UMC Utrecht,
Utrecht, The Netherlands) (Klein et al., 2010) in a multiresolution strategy with
three resolutions, where in each resolution the data were downsampled by a factor
of two. Per resolution, 2048 samples were randomly selected, and at the highest
level 4096 samples were used. The registration parameters were empirically opti-
mized on the test data sets. Identical parameters were used for regular pairwise
registration and the registration steps of the ABM method. All methods were
implemented in MeVisLab (MeVis Medical Solutions, Bremen, Germany).

5.2.4 Evaluation
The registration results were evaluated against manual registration. To this end,
a fictive spherical LA, having a radius of 30 mm, was positioned in the near field
of the central TEE view. The size of this sphere is based on the LA dimensions as
reported in the literature (Aurigemma et al., 2009).

This sphere was transformed with the automatic and manual transformations
to find the registration error. Any misalignment was expressed in terms of the
average of the Euclidean distances between corresponding points on the sphere
(37 points that were equally distributed over the whole sphere). Next to the
pairwise target registration error (TREpairwise), which is the error that results from
the registration of the consecutive TEE views, the global target registration error
(TREglobal) was defined to describe the accumulated misalignment with respect to
the central TEE view.
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Additionally, the registration error was calculated on the LA segmentations.
These segmentations, which were automatically generated in the CT scan, were
transferred to the TEE views using the manual alignment of the CT and TEE data.
The TREglobal, i.e. the difference between the manual and automatic transforma-
tions with respect to the central TEE view, was expressed as the average Euclidean
distance between corresponding points on the border of the LA segmentation.

5.2.5 Experiments
The experiments were conducted on a set of twenty patient data sets. Data were
split randomly into two groups of ten different patients. One group, the test set,
was used for parameter tuning and examining the properties of the ABM method.
The performance of the method was validated on the second group of ten patients,
the validation set. The atlas set consists of the TEE data of sixteen other patients.

Properties of ABM
The test set was used to examine the properties of ABM. The performance of ABM,
using all sixteen atlas volumes, was compared with regular pairwise registration
initialized with the mean transformation that was found for prior acquisitions.

The performance of ABM depends both on the registrations and on correct
selection of the final transformation from multiple candidates. To distinguish
between the registration quality and the performance of the selection criterion,
we studied the best result that was feasible with ABM, given the available atlas
set and the current registrations. To this end, those transformations that were
associated with the minimum registration error were selected, instead of using the
NCC as selection criterion. Because of the absence of a gold standard in practice,
this is a theoretical approach that was included to gain insight into the potential of
ABM and shows the registration performance of ABM for perfect transformation
selection.

Atlas size and composition
The influence of atlas size and composition was examined on the test set. To this
end, the total atlas (N = 16) was subdivided into three different groups. The atlas
subsets 1 and 2 contained five different atlas volumes, atlas set 3 consisted of the
remaining six atlas volumes. The performance of these different atlas sets was
compared with each other.

Validation
For validation, the performance of ABM was compared with regular pairwise
registration in a group of ten independent patient data sets, the validation set.
Additionally, the capacity of NCC as selection criterion was compared with the
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theoretical optimum of ABM. In this experiment, all sixteen atlas volumes were
used in the ABM method.

5.3 Results

5.3.1 Properties of ABM

Figure 5.5 compares the pairwise target registration errors (TREpairwise) of the
different methods as obtained on the test data. Each data point in the diagram
represents the outcome of the registration of one pair of TEE views. The horizontal
coordinate of the data point is the registration error that is theoretically feasible
with ABM, i.e. the theoretical optimum of ABM for a specific TEE pair. The error
of regular pairwise registration or the error of ABM, where NCC was used for the
transformation selection, is given by the vertical coordinate of the data point. For
data points on the identity line the performance of the examined method equals
the theoretical optimum of ABM. Generally, TREpairwise is smaller for ABM (with
NCC as selection criterion) than for regular pairwise registration. In a single case
NCC failed to select a correct transformation. One image pair was not registered
correctly independent of the method.

A total of five correct registrations per patient is required to obtain the com-
pounded LA volume. If all five registration errors are smaller than a predefined
value of TREpairwise, the registration of the complete TEE data set was considered
to be correct. Figure 5.6 presents the success percentages for various success
thresholds and it shows the superior performance of ABM compared to regular
pairwise registration. For example, at a success threshold of 7.5 mm, a success rate
of 80 % was achieved with ABM using NCC for selection of the transformation.

5.3.2 Atlas size and composition

Table 5.1 lists the median TREglobal in millimeters as well as the third quartile
values. ABM, in combination with the total atlas (N = 16), results in lower
registration errors than regular pairwise registration. Table 5.1 demonstrates the
dependence of ABM on atlas size and composition. Atlas subset 1 returned the
lowest TREglobal, which approaches the theoretical optimum of ABM, given the
available atlas set and registration parameters. Evaluation on the LA segmenta-
tions shows a similar result as the evaluation on the sphere.
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Figure 5.5: The pairwise target registration errors (TREpairwise) of the test data. The
performance of both regular pairwise registration and ABM, using NCC for transformation
selection, is shown versus the theoretically optimal performance of ABM. Each data point
represents the registration result of an image pair. The total atlas (N = 16) was used in this
experiment, evaluation was done on the spherical LA. One data set, at the total right of the
diagram, was not registered correctly independent of the registration method. In a single
case NCC failed to select the correct transformation (the most upper data point at the left
side of the diagram).

Table 5.1: The global target registration error, TREglobal (mm), calculated on both the
sphere (r = 30 mm) and on the CT segmentations. Per patient, the TREglobal are averaged
over the five image pairs to obtain the overall registration error. Median and third quartile
values are given for the ten test data sets. When relevant, NCC was used for transformation
selection. To find the theoretical optimum the complete atlas set (N = 16) was used.

Sphere Segmentation
Median 3rd quartile Median 3rd quartile
(mm) (mm) (mm) (mm)

Initial misalignment 33.8 37.8 36.1 44.8
Regular registration 9.2 19.7 9.7 17.7
ABM total atlas (N = 16) 3.2 5.1 3.0 4.7
ABM atlas subset 1 (N = 5) 2.9 4.5 2.7 4.0
ABM atlas subset 2 (N = 5) 3.2 6.1 3.1 5.5
ABM atlas subset 3 (N = 6) 4.0 9.8 3.7 9.0
ABM theoretical optimum 2.6 4.2 2.4 3.8
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Figure 5.6: Registration performance of the different methods on the test data. The success
rates of regular pairwise registration, ABM (using NCC for transformation selection),
and the theoretical optimum of ABM are compared for different values of the maximum
accepted TREpairwise. All sixteen atlas volumes were used and the evaluation was done on
the spherical LA.

5.3.3 Validation

The results on the validation set are reported in Figures 5.7 and 5.8 and Table
5.2 and support the findings on the test data, although the registration errors are
somewhat larger for all methods. Evaluation on the LA segmentations confirms
the results achieved by evaluation on the sphere: both demonstrate the superior
performance of ABM compared to regular pairwise registration in terms of the
success rate and the global registration error TREglobal.

5.4 Discussion
We introduce atlas-based mosaicing, ABM, as method for the registration of images
that are acquired following a standardized acquisition protocol. Inspired by atlas-
based segmentation approaches, the strengths of ABM are: 1) the use of atlases
having a complete FOV to register data with a limited FOV and small amount of
overlap between consecutive views, and 2) the option for selecting registration
results from multiple atlases.

We examined the performance of ABM on 3D TEE views of the LA. Registra-
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Figure 5.7: The registration results of the validation data, evaluated on the spherical LA.
The pairwise target registration errors (TREpairwise) of regular pairwise registration and ABM
(using NCC to select the transformations) are shown versus the theoretical optimum of
ABM. ABM was applied together with the total atlas (N = 16).
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Figure 5.8: The registration results, in terms of success rates, of the validation data.
Regular pairwise registration, ABM (transformation selection is based on the NCC), and
ABM (theoretical optimum) are compared for different definitions of registration success,
i.e. for several thresholds of maximum accepted TREpairwise. All sixteen atlas volumes were
used in this experiment and the spherical LA was used for evaluation.
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Table 5.2: The global target registration error, TREglobal (mm) for the ten validation data
sets. Per patient, the TREglobal are averaged over the image pairs. Median and third quartile
values are reported.

Sphere Segmentation
Median 3rd quartile Median 3rd quartile
(mm) (mm) (mm) (mm)

Initial misalignment 37.7 43.2 38.8 42.9
Regular registration 10.1 14.8 9.2 14.7
ABM total atlas (N = 16) 3.4 12.0 3.0 10.8
ABM theoretical optimum 3.0 4.3 2.8 4.0

tion of these images is challenging due to little overlap and few features. The
performance of ABM was compared with regular pairwise registration initialized
with a mean transformation estimating the protocol-specific misalignment be-
tween consecutive TEE views. Without any type of initialization, registration
fails in the majority of cases (data not shown), which illustrates the difficulty
of this registration task. The current study shows the improved performance of
ABM compared to regular pairwise registration in terms of registration robustness,
which was demonstrated by the higher success rates of this method, see Figures
5.6 and 5.8.

Currently, the registration took about 3.3 minutes on a regular laptop PC (Intel
Core i7-3520M CPU @ 2.90 GHz, 12 GB RAM) per data set of six TEE views per
atlas volume. Since the present implementation is not optimized for speed and the
registration and TEE acquisition can be done partly in parallel, we expect that it
is viable to speed up the computation by an order of magnitude, which should be
sufficient to use ABM for the proposed objective, namely assisting in the guidance
of AF ablation procedures.

An appropriate atlas set will cover the variety in target data well. Therefore,
the influence of atlas size and composition on the performance of ABM was exam-
ined. Experiments on three different atlas subsets (consisting of five or six atlas
volumes) reveal the dependence of registration performance on atlas composition.
The usage of a small atlas involves the risk of using a set of atlas volumes that does
not represent the anatomical variation in the data well. Working with a larger atlas
set will reduce this risk.

The framework of ABM can be used with any similarity measure. Our current
implementation employs the common metric NCC for the registration of the TEE
views and this already yields good results, though the use of ultrasound-specific
similarity measures within the framework of ABM is of interest for future research
directions.
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Next to the metric, selection of the best candidate transformation is essential for
ABM to perform properly. Currently, the maximum success rate that is theoretically
feasible with ABM, given the current registration parameters and atlases, was
not achieved in practice by automatic transformation selection that was solely
based on the registration metric NCC. Although the results that were obtained
in this way surpass the results of regular pairwise registration, improvement of
the automatic selection procedure will enhance registration results even further.
Including an overlap measure or combining the best candidate transformations
from the different atlases are options to further improve this aspect of the method.

5.5 Conclusion
In the current study atlas-based mosaicing, ABM, was applied for the registration
of several 3D TEE views comprising the LA. All patient data sets were acquired
following a standardized data acquisition protocol. Accurate automatic registra-
tion of these data is essential for constructing a complete 3D TEE volume of the
LA, which is a crucial step towards the use of TEE as imaging modality to assist in
the guidance of cardiac interventions, like the ablation procedures for treatment
of AF. This study contributes by showing the improved registration robustness that
is achieved with ABM compared to regular automatic pairwise registration.



CHAPTER 6

Selection strategies for atlas-based
mosaicing of left atrial

three-dimensional transesophageal
echocardiography data





Abstract - Three-dimensional transesophageal echocardiography
(TEE) offers real-time soft tissue information, but its use is hampered
by its limited field of view. The mosaicing of multiple TEE views
provides the possibility to visualize a large structure, like the left
atrium, in a single volume. To this end, an automatic registration
method is required.
Similarly to atlas-based segmentation approaches, atlas-based
mosaicing (ABM) uses a full volume atlas set to moderate the
onerous registration of the individual TEE views. The performance
of ABM depends both on the quality of the involved registrations and
on the selection of the optimal transformation from the candidate
transformations that result from the various atlases.
The current study explores the performance of different selection
strategies on multi-view TEE data of the left atrium. We showed
that by incorporating two stages of transformation selection, using
the image similarity and the conformity between the candidate
transformations as selection criteria, the average registration error
drops below 3 mm with respect to manual registration of these data.
Finally, we used this method for the automatic construction of a wide-
view TEE volume of the left atrium.

This chapter is based on:

Mulder, H. W., Stralen, M. van, Ren, B., Haak, A., Burken, G. van, Viergever, M. A., Bosch,

J. G., and Pluim, J. P. W., "Selection strategies for atlas-based mosaicing of left atrial 3D

transesophageal echocardiography data" - SUBMITTED.
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6.1 Introduction

Intra-operative imaging techniques are essential for several cardiac procedures,
like catheter ablations for the treatment of atrium fibrillation (AF). AF is a cardiac
arrhythmia that is more prevalent in elderly and it is associated with serious health
problems, like coronary artery disease, valvular heart disease, and cardiomyopa-
thy. Owing to the growing and aging of the western population, the number
of AF patients and therefore the number of ablation procedures is expected to
increase (Krijthe et al., 2013; Zoni-Berisso et al., 2014). During an ablation
procedure, several lesions are created, often around the left and right pulmonary
vein (PV) ostia, to isolate the PVs and thereby eliminating the triggers that initiate
AF (Camm et al., 2010; Kotecha and Piccini, 2015).

Proper visualization of both the left atrium (LA) and the ablation catheters
is required for correct positioning of the lesions. The conventional fluoroscopy-
guided procedures rely on X-ray for visualization of the catheters. This is a two-
dimensional imaging technique that is associated with the exposure to radiation to
both clinician and patient. Furthermore, it suffers from poor soft tissue contrast,
which hampers the visualization of the left atrial endocardial borders. The intro-
duction of electro-anatomical mapping (EAM) systems as well as the integration of
pre-operative computed tomography (CT) or cardiac magnetic resonance (CMR)
data into the EAM system have led to decreased fluoroscopy times compared with
the conventional fluoroscopy-guided procedures (Brooks et al., 2013; Scaglione
et al., 2011). The CT and MR systems offer high-quality three-dimensional (3D)
information, but can hardly be used for intra-operative imaging.

3D transesophageal echocardiography (TEE) is an imaging technique that is
widely applied in AF patients. In advance of the ablation procedure, TEE is
frequently used for assessment of the presence of LA thrombus (Leong et al.,
2012; Pison et al., 2013). TEE is a portable modality that provides 3D soft tissue
information without ionizing radiation, which makes it pre-eminently suited for
monitoring cardiac interventions, like catheter ablations. In this context, Wu et al.
(2015) examined the segmentation of the ablation catheters in TEE and Gao et al.
(2012) studied the registration of TEE to X-ray. Raju et al. (2016) showed in a
small cohort of patients that the combined use of TEE and EAM during ablation
procedures led to a decrease in fluoroscopy time and radiation dose.

Disadvantageously, TEE suffers from a limited field of view (FOV), which ham-
pers the visualization of the complete LA in a single acquisition. The compounding
of multiple TEE views of the LA offers a solution to this problem. Previously,
we described a TEE acquisition protocol to visualize the LA in six different views
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(Chapter 3) and introduced atlas-based mosaicing (ABM) as method for automatic
registration of these views (Chapter 5). Automatic registration of these TEE views
is challenging because of few features, little overlap, and the presence of fast
moving structures, such as the valves. Similarly to multi-atlas segmentation ap-
proaches, ABM uses an atlas (consisting of multiple compounded data sets of other
patients) to guide the registration of newly acquired data. Currently, multi-atlas
segmentation is one of the most common and successful segmentation techniques
for biomedical data (Iglesias and Sabuncu, 2015) and successfully applied on TEE
data, for example to segment the mitral valve leaflets in 3D TEE volumes (Pouch
et al., 2014).

The first step of ABM is the registration of the individual TEE views to the dif-
ferent full volume atlas data sets to facilitate the subsequent pairwise registration
of the consecutive TEE views. The final registration result is chosen from multiple
candidate transformations that result from the various atlas volumes. The frame-
work of ABM is generic and can be employed with a similarity metric of choice,
including ultrasound-specific measures (Grau et al., 2007; Wachinger et al., 2008)
and has the flexibility to be extended to the temporal domain (Peressutti et al.,
2017). The availability of an atlas limits the number of initial transformations
that is required to find the final transformation compared to a multi-initialization
approach (Rajpoot et al., 2011a) and avoids the use of a tracking system, as
is required by other approaches (Poon and Rohling, 2006; Punithakumar et al.,
2016).

The performance of ABM depends both on the registration quality and on the
selection of the correct atlas, i.e. the selection of the transformation that optimally
aligns the views, from the available candidate transformations. This problem
is comparable to the label fusion problem in multi-atlas segmentation, where
the final segmentation has to be selected from multiple candidates. The subject
of atlas selection is widely addressed in the multi-atlas segmentation literature;
two simple selection strategies are best atlas selection, in which most commonly
the similarity between the atlas image and the target image is used as selection
criterion, and majority voting (Iglesias and Sabuncu, 2015).

Previously, we applied ABM for the registration of multi-view TEE data of the
LA and showed the improved registration performance of ABM compared with
regular pairwise registration, using a simple transformation selection strategy that
was based on the value of the registration metric normalized cross-correlation
(NCC). In the current study we improve the ABM method by focusing on the
transformation selection. Hereto, we translate the selection strategies known
from multi-atlas segmentation to the registration domain and compare the perfor-
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mance of the image similarity and the conformity between the available candidate
transformations as selection criterion. In addition, we will examine the effect of
selection at an earlier stage to speed up the total registration process. Manual
registrations were available for evaluation of the methods.

6.2 Methods

6.2.1 Data
All data acquisitions were performed at the Erasmus Medical Center (Rotterdam,
the Netherlands); the protocol of the study was approved by the institutional
review board and informed consent was obtained from all patients.

Atlas set
The atlas set in this study consists of the 3D TEE data of sixteen cardiac patients.
All TEE data acquisitions were aimed at the LA and were performed according
to a systematic protocol consisting of six partly overlapping views (Chapter 3).
An example of a 3D TEE data set is shown in Figure 6.1. TEE data acquisition
was performed at the mid-esophageal level, with the iE33 xMatrix ultrasound
system (Philips Healthcare, the Netherlands) that was equipped with the X7-
2t matrix-array transducer. The patients were under general anesthesia during
this procedure. Per patient, the six TEE views were manually fused (Chapter 5)
and stored in the same reference space. The average dimensions of the sixteen
compounded TEE volumes were 297 x 302 x 341 voxels having a mean voxel size
of 0.60 x 0.61 x 0.47 mm.

Experimental data
The experiments were conducted on the 3D TEE data of twenty other patients
that were scheduled for a transcatheter aortic valve implantation. 3D TEE data
acquisition was done following the same six-view protocol as was used for the atlas
data. The dimensions of the TEE views were 264 x 273 x 213 voxels on average
with a mean voxel size of 0.56 x 0.56 x 0.50 mm. The experimental data sets were
randomly distributed over two groups of ten patients: a test set that was used
to develop the ABM method and a validation set that was kept for independent
evaluation of the methods. All views were acquired in the same reference space as
the compounded atlas data. Next to the TEE data, contrast-enhanced cardiac CT
data (CTA) was available. The CTA was acquired three to five weeks before TEE
acquisition using a dual-source CT system (Somatom Def inition, Siemens Medical
Solutions, Germany) and 320 mg/ml Iodixanol (GE Healthcare) as contrast agent
and was used in the evaluation of the experiments.
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Figure 6.1: Cross-sections of the six TEE views of the LA. The left atrium (LA), left ventricle
(LV), left upper pulmonary vein (LUPV), left atrial appendage (LAA), aortic valve (AV),
right atrium (RA), superior vena cava (SVC) and right upper pulmonary vein (RUPV) are
shown. Adapted from Ren et al. (2013).

6.2.2 Atlas-based mosaicing

Atlas construction
Per atlas patient a full volume TEE data set was obtained by manual registration
of the six TEE views of the LA. The end-diastolic time frame of each TEE view was
visually identified and manually registered to its consecutive view, as described in
Chapter 5. Maximum intensity fusion was applied for fusion of the six views. The
first view (V1) was used as reference space.

Atlas-based mosaicing
The compounded atlas data sets that are required in atlas-based mosaicing (ABM)
offer full volume information to moderate the registration of the individual TEE
views with their limited FOV. The four steps that are involved in this method are
listed below and are illustrated in Figure 6.2.

1. View-to-atlas registration: each individual TEE view Vi (where i ∈ {1, ...,6}

in our experiments) is registered to the compounded atlas volumes An,
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where n ∈ {1, ...,N}, with N being the number of atlases. To make the
registration more robust, the registration of Vi to An is initialized with the
transformation Qn

i , which is the manual transformation between the atlas
view V n

i of atlas volume An and the common reference space. These trans-
formations resulted from the manual registration of the atlas views and
were obtained during the construction of the atlas (Section 6.2.2: Atlas
construction). The transformations Rn

i are the results of the view-to-atlas
registrations and map the patient view Vi to the atlas volume An. The con-
cerned transformations Rn

i are concatenated to retrieve the transformations
Rn

i,i+1 that map Vi+1 to Vi.
2. Initial transformation selection: at this stage, the option exists to select the

most promising initial transformations Rn
i,i+1 per volume pair {Vi, Vi+1} .

3. View-to-view registration: the consecutive views Vi and Vi+1 are registered
to each other, using the transformations Rn

i,i+1 as initialization. Since all
atlas volumes An share a common reference space, it is possible to com-
bine the candidate transformations Rn

i,i+1 from different atlas volumes. The
transformations Tn

i,i+1 are obtained.
4. Final transformation selection: per volume pair {Vi, Vi+1} a single transfor-

mation Tn
i,i+1 is selected, this is the final result of the registration and this

transformation maps Vi+1 to Vi.

Details of the registration

In all experiments, the end-diastolic time frames of the TEE views were rigidly
registered in a multiresolution strategy (three resolutions) with the center of the
view as the center of rotation. The similarity measure normalized cross-correlation
(NCC) was optimized by the adaptive stochastic gradient descent method (Klein
et al., 2009) using the registration toolbox elastix (Image Sciences Institute, UMC
Utrecht, Utrecht, The Netherlands) (Klein et al., 2010). A mask was used to
restrict the calculation of the metric to the part of the data that was covered by
the ultrasound cone. All methods were implemented in MeVisLab (MeVis Medical
Solutions, Bremen, Germany).

6.2.3 Transformation selection

Stage of the transformation selection

ABM involves several possible stages for transformation selection. The selection
of a single transformation Tn

i,i+1 after the view-to-view registration is done to
retrieve the final registration result. Additionally, we look into the option to
select one or more initial transformationsRn

i,i+1 after the view-to-atlas registration.
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Figure 6.2: Schematic overview of atlas-based mosaicing, for simplicity this figure depicts
the registration of two views Vi and Vi+1. 1. The views Vi and Vi+1 are registered to the
atlas volumes {A1, ...,AN

}. 2. Optionally, the best transformations are selected from the
output transformations {R1

i , ...,R
N
i } and {R1

i+1, ...,R
N
i+1}. 3. The views Vi and Vi+1 are

registered to each other, the transformations {R1
i , ...,R

N
i } and {R1

i+1, ...,R
N
i+1} are used for

initialization. 4. As output of the complete registration chain a single transformation is
selected from the available candidate transformations {T 1

i,i+1, ..., T
N
i,i+1}.

A reduction in the number of initial transformations will limit the number of
required registrations, which will decrease the total registration time.

Selection criteria

The problem of identifying the correct transformation from multiple candidates
is comparable to the label fusion problem that is well-known from atlas-based
segmentation. The following paragraphs will describe several selection strategies
that are used in the field of atlas-based segmentation, along with their mosaicing
equivalents.

A. Image similarity: Best atlas selection, i.e. the selection of the atlas image
that is most similar to the image that has to be segmented, is a simple se-
lection strategy that is applied in atlas-based segmentation. Equivalently, in
ABM the similarity between the registered views measures the quality of the
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registration and can be used to identify the best candidate transformation.
Amongst others, the registration metric NCC could be used for this purpose.

B. Transformation conformity: In atlas-based segmentation, majority-voting of-
fers the possibility to compose the final segmentation from several candidate
segmentations. A voxel that is present in the majority of candidate seg-
mentations is included in the final segmentation result, while it is rejected
otherwise. Since a direct equivalent in ABM is not available, we introduce a
distance measure (see Section 6.2.4: Distance measure) to achieve a similar
result. This measure is used to express the conformity between the different
candidate transformations, where a small distance is associated with a high
degree of conformity. It is assumed that a candidate transformation that is
similar to the other candidates is more likely to be correct in comparison
with a transformation that deviates from the others.

Combining these two selection criteria leads to the following hybrid strategies:
C. Weighted NCC: both the NCC and the distance measure are normalized and

subsequently multiplied. The image similarity and the conformity between
the candidate transformations contribute equally to this measure.

D. NCC without outliers: the distance measure is used as a threshold to remove
the most deviant transformations (the outliers) and the NCC is used for the
final transformation selection.

6.2.4 Evaluation

For evaluation, the automatic registration results were compared with the trans-
formations that resulted from manual registration of the data. Furthermore, both
the fused TEE data and the CTA volumes were segmented with an automatic
segmentation approach and the resulting segmentations were compared with each
other.

Establishment of the ground truth transformations

Ground truth registrations of the experimental TEE data were obtained by manual
registration of the TEE volumes by a single observer (HM). First, three landmarks
(the coaptation points of the mitral valve (MV) or aortic valve (AV), the left atrial
appendage (LAA) or the fossa ovalis (FO)) were indicated in each TEE view and in
the CTA image and rigidly registered (Horn, 1987) for coarse alignment. Second,
each TEE view was manually aligned to the CTA volume and third, image align-
ment of consecutive TEE views was improved by manually rotating and translating
one view with respect to the other TEE view (see Chapter 5).
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Automatic segmentation
Both the manually and automatically registered TEE volumes of the experimental
data set were fused by minimum intensity fusion and subsequently automatically
segmented using the statistical shape model presented in Haak et al. (2015). To
limit the presence of fusion artefacts that can hinder the segmentation method,
only the four core views were included. As ground truth, the CTA data was
segmented using the atlas-based segmentation approach of Kiri̧sli et al. (2010).

Distance measure
To find the distance between two transformations, a fictive spherical LA was de-
fined in the near field of the ultrasound cone. The radius of the sphere was 30 mm
and was chosen in accordance with the LA dimensions reported in the literature
(Aurigemma et al., 2009). The sphere was transformed with both transformations
and the average Euclidean distance between corresponding points (37 points that
were equally distributed over the sphere) was calculated.

Registration error
The registration error was defined as the distance between the automatic and
manual transformations that map two consecutive TEE views to each other. It is
the error that originates in the pairwise registration of the TEE views and it was
calculated as described in Section 6.2.4: Distance measure. The outcome of the
different transformation selection criteria was compared with the theoretical opti-
mal registration result of ABM. The theoretical optimum of ABM is the registration
error that persists for perfect transformation selection and was obtained by using
the smallest registration error for identifying the best final transformation.

Additionally, the TEE and CTA segmentations were compared. To this end, the
Dice similarity index was calculated on the left and right atrium and on the left
and right ventricle (LA, RA, LV and RV). Both the TEE and CTA segmentations
were restricted to the part that was covered by the compounded TEE volume.

6.2.5 Experiments
The experimental data were split randomly into two groups of ten different pa-
tients: the test set and the validation set. The performance of ABM was studied by
applying different selection strategies on the test set. Based on these results, the
best performing selection strategies were applied on the validation set to verify
their performance.

Final transformation selection
After the view-to-view registration a single transformation Tn

i,i+1 was selected per
pair of consecutive TEE views. The performance of the following selection criteria
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was compared:
A. NCC, as a measure of the image similarity.1

B. Distance measure, which expresses the transformation conformity.
C. Weighted NCC.
D. NCC without outliers, the distance measure was used as a threshold to detect

the outliers. To this end, the distance was normalized, such that a value
of one corresponds to the least deviant transformation. The normalized
distance was limited to 0.7 at minimum, this threshold value was found
by optimization on the test set. The NCC was used to select the final trans-
formation.

Initial transformation selection
To examine the possibility of initial transformation selection, the same four selec-
tion criteria that are described in the section above were applied after the view-
to-atlas registration. Per pair of views, a single initial transformation Rn

i,i+1 was
selected and used to initialize the view-to-view registration, resulting in a single
final transformation Tn

i,i+1 per pair of consecutive TEE views.

Two-stage selection
In this experiment, the five best performing initial transformations Rn

i,i+1 were
selected after the view-to-atlas registration followed by the selection of a single
final transformation Tn

i,i+1 after the view-to-view registration, using one of the
four different selection criteria. Incidentally, the usage of NCC without outliers as
selection criterion reduces the remainder of initial transformations to fewer than
five transformations. In this specific case, the number of initial transformations
that was used to initialize the view-to-view registration was restricted to the num-
ber of remaining non-outlier transformations.

6.3 Results

6.3.1 Final transformation selection
Table 6.1 lists the average registration errors on the test set (10 data sets) for the
different selection criteria as well as the theoretical optimum, which is the error
that remains after selecting the final transformation based on the registration error.
The difference from this theoretical optimum indicates the part of the registration
error that is due to incorrect transformation selection, i.e. failure of the selection
criterion. The average registration errors and the standard deviations are largely

1This strategy was applied in Chapter 5 where we showed its superior performance in comparison
with regular pairwise registration on consecutive TEE views of the LA.
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Table 6.1: The performance of the different selection criteria on the test set (10 data sets),
expressed by the average registration errors (± standard deviation, SD) and the difference
from the theoretical optimum. Selection was done after the view-to-view registration.

Selection criterion
Average Average

registration difference from
error ± SD (mm) optimum ± SD (mm)

A. NCC 3.9 ± 8.8 1.3 ± 8.3
B. Distance measure 3.6 ± 6.0 1.1 ± 3.0
C. Weighted NCC 3.0 ± 3.5 0.5 ± 1.0
D. NCC without outliers 2.7 ± 3.3 0.3 ± 0.3
Theoretical optimum 2.5 ± 3.2 -

Table 6.2: The performance of the examined selection criteria (average registration errors
± standard deviation, SD) on the test set (10 data sets). A single initial transformation was
selected and used to initialize the view-to-view registration.

Selection criterion
Average Average

registration difference from
error ± SD (mm) optimum ± SD (mm)

A. NCC 4.6 ± 8.5 2.1 ± 7.9
B. Distance measure 3.8 ± 6.1 1.3 ± 3.1
C. Weighted NCC 4.1 ± 7.7 1.6 ± 7.0
D. NCC without outliers 3.1 ± 3.9 0.6 ± 1.6

influenced by the data sets for which the registration fails completely, which is
mainly due to incorrect transformation selection. The combination of the NCC
and the distance measure, either by weighting or by rejecting the outliers, leads to
the best results.

6.3.2 Initial transformation selection
Table 6.2 shows the registration errors when the different selection criteria were
used to select a single initial transformation. The selected transformation was used
to initialize the view-to-view registration. For each selection criterion this results
in larger registration errors compared with selecting a single final transformation
after the view-to-view registration.

6.3.3 Two-stage selection
In this experiment, the most promising initial transformations were used to ini-
tialize the view-to-view registration, after which a single final transformation was
selected. All four selection strategies were used at either stage, resulting in sixteen
different approaches. From Table 6.3 it follows that two-stage selection reduces
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Table 6.3: The performance of the different selection criteria in two-stage selection on the
test data (10 data sets). At most five initial transformations were selected and a single final
transformation was selected at the end of the registration chain.

Average Average
Selection criterion registration difference from

error ± SD (mm) optimum ± SD (mm)

NCC

NCC 2.7 ± 3.3 0.2 ± 0.3
Distance measure 3.5 ± 5.8 1.0 ± 2.9

Weighted NCC 3.0 ± 3.5 0.5 ± 1.0
NCC without outliers 2.7 ± 3.3 0.2 ± 0.3

NCC 2.8 ± 3.4 0.3 ± 0.6
Distance Distance measure 3.7 ± 6.1 1.2 ± 3.1
measure Weighted NCC 3.0 ± 3.5 0.5 ± 1.0

NCC without outliers 2.8 ± 3.4 0.3 ± 0.6
NCC 2.7 ± 3.3 0.2 ± 0.3

Weighted Distance measure 3.6 ± 5.9 1.0 ± 2.9
NCC Weighted NCC 3.0 ± 3.5 0.5 ± 1.0

NCC without outliers 2.7 ± 3.3 0.2 ± 0.3
NCC 2.7 ± 3.3 0.2 ± 0.3

NCC without Distance measure 3.5 ± 5.8 1.0 ± 2.8
outliers Weighted NCC 3.0 ± 3.5 0.5 ± 1.0

NCC without outliers 2.7 ± 3.3 0.2 ± 0.3

the registration errors compared with single-stage selection. Though all selection
criteria performed similarly in selecting the initial transformations, substantial
differences in performance were found at the final selection stage. Especially
NCC is successful in selecting the final transformations and appears to be a good
predictor of the final registration quality.

6.3.4 Validation set

Table 6.4 reports the average registration errors on the validation set (10 data
sets). The four selection strategies were used to select a single final transformation
after the view-to-view registration. The registration errors exceed the errors that
were obtained on the test set (Table 6.1). Table 6.5 shows that two-stage selection
can substantially improve the selection performance, which is reflected by the
smaller registration errors. Only those combinations of selection criteria that
performed well on the test set are included in this table. In particular, the weighted
NCC for early transformation selection yields good results.
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Table 6.4: The performance of the different selection criteria on the validation set (10 data
sets); the transformation selection was done at the final stage, i.e. after the view-to-view
registration.

Selection criterion
Average Average

registration difference from
error ± SD (mm) optimum ± SD (mm)

A. NCC 6.9 ± 15.3 4.2 ± 14.3
B. Distance measure 6.5 ± 11.0 3.8 ± 9.5
C. Weighted NCC 4.3 ± 9.2 1.6 ± 6.9
D. NCC without outliers 3.7 ± 8.1 1.0 ± 6.2
Theoretical optimum 2.7 ± 2.7 -

6.3.5 Segmentations

The results of the comparison of the automatically generated TEE and CTA seg-
mentations are presented in Figure 6.3. The vertical axis depicts the Dice coef-
ficients as calculated on the segmentations obtained in the automatically com-
pounded TEE data and the CTA data. Horizontally, the Dice coefficients of the
manually compounded TEE and the CTA segmentations are shown. Figure 6.3
includes both the Dice coefficients for the structure of interest, namely the LA, and
an average score, where the Dice coefficients were averaged over the four cardiac
cavities (LA, LV, RA, and RV).

In general, the quality of the TEE segmentations is comparable, although for
two patients the automatically compounded data could not be segmented, while
the manually compounded TEE volume was successfully segmented. However, the
opposite behavior was found in one other patient. An example of an automatically
fused data set together with the TEE and CTA segmentations of the LA is depicted
in Figure 6.4.

6.4 Discussion

In the current study atlas-based mosaicing (ABM) was successfully applied for the
registration of six 3D TEE views of the LA. The atlas consisted of compounded
TEE data of other patients. All data sets were acquired following a standardized
protocol. During the registration process multiple candidate transformations were
obtained, from which the final transformation had to be selected. The current
study compared the performance of different selection criteria on the transforma-
tion selection and the effect of the selection stage was addressed as well.

This study shows that the combination of the image similarity, expressed by the
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Table 6.5: The performance of the four selection criteria in two-stage selection (validation
set, 10 data sets). At most five initial transformations were selected and a single final
transformation was selected after the view-to-view registration.

Average Average
Selection criterion registration difference from

error ± SD (mm) optimum ± SD (mm)

NCC
NCC 4.4 ± 9.1 1.7 ± 7.6

Weighted NCC 4.3 ± 10.5 1.6 ± 8.6
NCC without outliers 3.5 ± 6.6 0.8 ± 4.6

Distance
NCC 4.6 ± 9.5 1.9 ± 7.2

measure
Weighted NCC 4.7 ± 9.5 2.0 ± 7.2

NCC without outliers 4.6 ± 9.5 1.9 ± 7.2

Weighted
NCC 2.8 ± 3.0 0.2 ± 0.5

NCC
Weighted NCC 3.1 ± 3.5 0.4 ± 1.0

NCC without outliers 2.8 ± 3.0 0.2 ± 0.5

NCC without
NCC 3.5 ± 6.8 0.8 ± 4.8

outliers
Weighted NCC 3.4 ± 5.6 0.8 ± 3.4

NCC without outliers 3.5 ± 6.8 0.8 ± 4.8

NCC, and the transformation conformity, which was quantified by the distance
between the candidate transformations, leads to an increase in selection strength,
independent of the stage of selection. This is especially evident for the validation
set and indicates that these two measures provide complementary information and
both contribute to the selection process.

At the initial stage of transformation selection, the TEE views are not directly
registered to each other and the selection criteria provide a measure of the quality
of the initial transformations. For this reason, image alignment will be suboptimal
and the NCC will be rather low for all candidates. Furthermore, the variation
between the different candidate transformations will be large and therefore the
distance measure will be less reliable. This is reflected by the larger registration
errors that were found for selection of a single initial transformation compared
with final transformation selection.

Both the results on the test and validation set show the superior performance
of the two-stage selection approach. This strategy yields improved registration
results in comparison with a single selection stage, i.e. the selection of a single
initial or final transformation. In our experiments, the five most promising initial
transformations were chosen and used to initialize the view-to-view registration.
This approach is expected to minimize the disturbing effect of incorrect initial
transformations. Besides this, it will limit the number of required registrations
and thereby speed up the registration process. Experiments on the test data
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Figure 6.3: The Dice coefficients for the automatically and manually compounded TEE data
with respect to the CTA segmentations. Both the coefficients of the LA and the average Dice
coefficients (averaged over four structures: LA, LV, RA, and RV) are given. The automatic
registration was performed using the two-stage selection approach, the weighted NCC was
used to select five initial transformations and the NCC was applied for the selection of the
final transformation. Both the test set and the validation set are included (20 data sets in
total).

show that the transformation conformity is less suited for the final selection stage.
Probably, the number of five transformations is too limited to reliably determine
the conformity between them, which will reduce the distinctive power of the
distance measure.

The results that were obtained on the validation set are slightly worse than the
results that were found on the test set. Most likely, this is due to the fact that
the test set was used to develop the ABM method. Furthermore, the number of
available data sets is limited, which can give rise to the differences in performance.
On the other hand, the validation set clearly shows the additive value of both
hybrid selection criteria and in particular of the two-stage selection strategy, which
was not that evident from the test data.

Several factors will contribute to the differences between the TEE and CTA
segmentations. Apart from errors in the segmentations itself and differences that
originate in the comparison of different imaging modalities, deviations due to the
manual alignment of the TEE and CTA data set will affect the Dice coefficients.
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Figure 6.4: Minimum intensity fused TEE volume. At the top: The four included TEE views
are outlined in different colors, V1 is shown in yellow. Lower images: The segmentations of
the LA. The segmentation that is obtained in the automatically compounded TEE volume is
colored blue and the yellow colored segmentation is obtained in the CTA volume. Only the
part of the segmentation that is covered by the ultrasound cone is shown. The automatic
registration was performed using the weighted NCC for the initial transformation selection
and the NCC for selection of the final transformation.

Two automatically fused data sets were not segmented correctly, although good
segmentations were obtained on their manually compounded equivalents. Consid-
ering the small registration errors of these specific sets, the failure of the automatic
segmentation could be induced by the pairwise registration scheme and the accu-
mulation of the registration error along the TEE views. This effect might be less
pronounced for the manually fused data, since all TEE views were jointly displayed
during the manual registration and the alignment of the views was adapted when
required. Two TEE data sets could not be segmented automatically, independent
of the registration method (manual or automatic). This is probably due to the
quality of the fused data sets and the presence of noticeable intensity differences
at the borders of the included ultrasound cones.

The Dice coefficients as calculated on the LA are better than the average scores
that were computed on the four cardiac cavities. Since the TEE acquisition aimed
at visualization of the LA, the other structures, namely the RA, LV, and RV, are
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not fully included in the TEE data sets. The calculation of the Dice coefficient
was restricted to the part of the segmentation that is covered by the compounded
TEE data, which decreases the volumes of the segmentations of the other cardiac
structures. This makes both the Dice coefficient and the segmentation less reliable,
but does not affect the structure of interest, i.e. the LA.

The scope of this work is the use of 3D TEE for intra-operative imaging during
ablation procedures, which sets certain requirements on the registration times.
Currently, the method is not optimized for speed and the complete registration of
one data set of six TEE views to an atlas data set took about 1.8 minutes (Intel
i7-6700, 3.4 GHz). To limit the computational time, the registrations can be done
simultaneously for the different atlas volumes and can be done in parallel with the
data acquisition. Furthermore, the two-stage selection strategy that is discussed in
this chapter is shown to make the registration more robust and has the additional
advantage of lowering the number of required registrations, which will reduce the
registration time as well.

6.5 Conclusion
This study reports on the automatic registration of 3D TEE views of the LA by
means of atlas-based mosaicing (ABM). The registration of the different TEE views
to the compounded atlas volumes facilitates the pairwise registration of the indi-
vidual TEE views. From all candidate transformations that result from the various
atlases, the final transformation was selected using the image similarity or the
transformation conformity as selection criterion.

Previously, we showed the superior performance of ABM in comparison with
regular pairwise registration of consecutive TEE views of the LA (Chapter 5). Our
current work shows that two-stage selection, i.e. selection of the five most promis-
ing initial transformations, followed by selection of a single final transformation,
improves the registration robustness even further. Using this approach together
with the (weighted) NCC as selection criterion full volume TEE data of the LA was
automatically obtained.

The enlarged FOV of the automatically fused data can serve several applications.
As an example we showed the performance of an automatic segmentation method
on these compounded TEE volumes of the LA. Furthermore, automatic TEE reg-
istration is expected to be helpful in cardiac practice, for example by offering
full volume information that is useful for monitoring ablation procedures for the
treatment of AF.





CHAPTER 7

General discussion





General discussion
The registration of echocardiography data offers the possibility to extend the lim-
ited field of view (FOV) of this type of data. This is desirable, since echocardio-
graphy is a non-invasive, low-cost imaging technique by which high temporal res-
olutions can be achieved without the use of ionizing radiation. These advantages
of echocardiography make it a technique of interest for intraprocedural guidance
and are the base for the current study on echocardiography registration.

Automatic alignment of these data faces several challenges. For example, of-
ten the data sets do not contain many prominent features and the shape of the
ultrasound cone leads to an unequal distribution of the information content over
the image. Furthermore, the image quality could be degraded by the presence of
artefacts, like near-field clutter, echo loss or stitching artefacts.

The registration of echocardiography data will be addressed in the first part of
the discussion. Next, the automatic registration of transesophageal echocardiog-
raphy (TEE) data of the left atrium (LA) will be discussed. Proper visualization of
the LA is important for planning and guiding ablation procedures for the treatment
of atrial fibrillation (AF) and is a factor that contributes to the success of these
procedures. We will end the discussion by putting our findings in this clinical
perspective.

Strategies for echocardiography registration
Multiple metrics are available for the registration of echocardiography data. Apart
from ultrasound-specific similarity measures, normalized cross-correlation (NCC)
and mutual information (MI) are commonly applied and generally available.

Chapter 2 examines the performance of these metrics, NCC and MI, on transtho-
racic real-time three-dimensional echocardiography (RT3DE) data. The registra-
tion of a left ventricle (LV) to a right ventricle (RV) view showed that an initial
transformation was required to achieve satisfactory registration robustness, prob-
ably due to the large differences between the LV and RV data. The initialization
makes sure that the registration algorithm converges to the correct optimum. The
manual alignment of a few data sets was found to be sufficient for establishing
a single initial transformation that could be used on all data sets. Most likely,
the initialization covers the difference in orientation between the LV and RV data,
which will be roughly the same for all subjects due to correspondences in cardiac
anatomy amongst individuals.

The alignment of the LV and RV data is an intramodality registration problem
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and for this reason it seems a natural choice to use the NCC as similarity measure.
However, the intensity of a structure in an ultrasound volume partially depends
on the acquisition angle, which means that the underlying assumption of NCC
(i.e. the linear relationship between the voxel intensities in both data sets) does
not strictly hold for ultrasound data. Nonetheless, our results show the superior
performance of NCC compared with MI. Presumably, the linearity assumption is at
least satisfied in important overlapping parts of the views, which is sufficient for
the algorithm to converge to the correct optimum. On the other hand, the use of a
more compliant metric like MI could lead to the introduction of new local optima
that misguide the registration.

Simultaneous pairwise registration
The registration of multiple TEE views of the LA faces several additional challenges
compared to the registration of two views that was discussed in the preceding sec-
tion. The selection of a single reference view is not straightforward and the align-
ment of the more distant views may deteriorate by the propagation of pairwise
registration errors. To avoid these problems, Chapter 4 presents a simultaneous
pairwise registration approach where several views are registered to a floating
reference frame. At the same time, the amount of information that is available
to the registration algorithm is increased by the inclusion of multiple views in the
registration process. Additionally, this method prevents the use of a multivariate
metric and the associated high-dimensional optimization scheme that is used in
genuine groupwise registration approaches.

Though good results were obtained on triplets of randomly and uniformly trans-
formed TEE data, the proposed method performed worse on multi-view TEE data
of the LA. The different views of the LA are principally aligned along a single axis,
which leads to a small amount of overlap between the outer views and probably
limits the additive value of including more views in the registration process.

Atlas-based mosaicing
The registration strategy discussed in Chapter 2 uses a single transformation that
estimates the protocol-specific misalignment between the data sets to initialize the
pairwise registration of the echocardiography views. Unfortunately, this approach
did not lead to satisfactory registration results on the multi-view TEE data of the
LA. This behavior could be induced by the smaller FOV of the TEE data compared
to the FOV of the transthoracic data that was used in previous experiments and by
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the lack of prominent features in this type of data.
Chapters 5 and 6 introduce atlas-based mosaicing (ABM) as method for the

automatic registration of data that is acquired according to a standardized acquisi-
tion protocol and it was used to obtain wideview TEE volumes of the LA. The use of
full volume atlas data tackles the aforementioned problems by using the outcome
of the registration of the individual TEE views to the atlas data for initializing
the troublesome pairwise registration of the TEE views. Together with the option
to select the final transformation from multiple candidate transformations, this
approach enhanced the registration results compared to regular pairwise registra-
tion.

The two-stage selection strategy discussed in Chapter 6 improved the registra-
tion performance even further. Most likely, the first selection stage filters out
the erroneous initializations for which the registration algorithm converges to
an incorrect local optimum and preserves the most promising transformations
to initialize the pairwise registration of the individual TEE views. Additional
experiments are recommended to confirm this hypothesis. Furthermore, future
research can explore the possibility to select a subset of atlases before the view-
to-atlas registration, which is especially of interest for large atlas sizes since it will
reduce the number of required registrations.

Envisioned clinical perspective

3D TEE is a promising imaging technique for monitoring ablation procedures in
AF patients. To be useful for this specific purpose, it is important to depict the LA
along with the ablation catheters. To this end, an acquisition protocol to capture
the LA in six partly overlapping views was developed (Chapter 3).

The presence of near-field artefacts prohibits the display of structures close to
the TEE transducer and therefore it was not feasible to capture the roof of the LA
in the current setup. However, preliminary results show that the use of a high
frequency µTEE probe helps to overcome this limitation in adults, which is the
intended patient group (Chapter 3). The PV ostia are in close proximity to the
lungs, which hampers the visualization of these structures of interest. For this
reason, the visibility of the PVs is dependent on the specific cardiac anatomy of
the patient and on the experience of the operator. This topic is addressed in more
detail in Ren et al. (2014). To complement the lacking spatial information, the full
volume TEE data can be registered to a preprocedural acquired high-resolution
computed tomography (CT) or cardiac magnetic resonance (CMR) volume. Dur-
ing the ablation procedure the registration of the live intraprocedural TEE to
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the wideview TEE will suffice for establishing the initial spatial correspondence
between the ablation catheters and the CT/CMR. This approach is expected to
prevent the troublesome multimodality registration of the small FOV of a single
TEE view to the CT or CMR and is a topic of interest for future research.

Next to the coverage of the TEE data, time is an important factor in clinical
practice and sets constraints on the number of views that can be acquired. On the
other hand, the associated small amount of overlap between the views hinders
automatic registration, another demand that should preferably be fulfilled. It
was shown that ABM offers the possibility for automatic registration of the views,
though this method involves some additional registrations due to the intermediary
alignment of the individual TEE views to the atlas data. Several optimizations
are still thinkable in order to reduce the registration time. For example, the
registration can be done partly in parallel with the data acquisition and the regis-
tration to the different atlas volumes can be performed in a simultaneous fashion.
Furthermore, the two-stage selection strategy discussed in Chapter 6 increases the
robustness of the registration method and has as additional advantage that it will
limit the number of required registrations.

The accuracy that was achieved with automatic registration was well below
5 mm and this is smaller than the interobserver variability that was found for
locating landmarks in the (manually) compounded TEE data (Ren et al., 2014).
We expect that the accuracy is sufficient for the proposed utilization with respect
to the accuracy of EAM systems (Heist et al., 2013) and the integration errors
between the EAM and the pre-operative CT or CMR data that are reported in the
literature (Patel et al., 2008; Tops et al., 2008).

Conclusion

TEE is a low-cost and portable imaging technique that offers soft tissue informa-
tion at high temporal resolutions. Additionally, no ionizing radiation is involved.
These characteristics make TEE a promising and powerful technique to be used
for both pre- and intraprocedural imaging, such as the guiding and monitoring
of catheter ablations for the treatment of AF. However, some aspects of TEE need
to be addressed before TEE can be fully adopted for intraprocedural guidance.
One of the challenges is the limited FOV of the TEE data and the occurrence of
echo loss that prohibits the visualization of some structures that are close to the
esophagus or the lungs. For these reasons, the registration of multiple TEE views
is required to obtain a wideview TEE volume that is useful in imaging ablation
procedures. We introduced ABM as effective method for the automatic registration
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of these views. The framework of ABM is generic and can be adapted to other
registration problems, for example by using a different similarity measure. The
only prerequisite is the availability of an atlas set that consists of similarly acquired
data. Since no user interaction is required, the registration becomes much faster
and can be incorporated in the imaging pipeline.





CHAPTER 8

Summary





Summary

Transesophageal echocardiography (TEE) is a non-invasive imaging technique that
is particularly suited for three-dimensional (3D) visualization of the heart in real-
time. Due to its portability and capacity for soft tissue visualization, it is an
applicable technique for intraprocedural guidance, including catheter ablations
for the treatment of atrial fibrillation (AF). This cardiac arrhythmia is character-
ized by rapid and irregular atrial contraction and is associated with significant
health problems, such as hypertensive, coronary, or valvular heart disease and
cardiomyopathy. By isolating the pulmonary veins, which are a common source
of ectopic electrical triggers, the ablation procedure aims at restoring the nor-
mal heart rhythm. Conventionally, these procedures relied on fluoroscopy, even
though these two-dimensional projections are less suited for the visualization of
soft tissue. These days, the possibility to integrate preprocedural 3D computed
tomography or cardiac magnetic resonance data into the electro-anatomical map-
ping system resulted in reduced fluoroscopy times and improved outcome of the
ablation procedures.

Next to these developments, TEE is a technique of interest to reduce radiation
exposure even further. Since the left atrium (LA) is too large to be visualized
in a single TEE view, image mosaicing is needed to obtain a wideview TEE data
set of the LA. The envisioned clinical implementation requires a method to align
the acquired TEE views in a limited amount of time, preferably without any user
interaction. This thesis addresses the automatic registration of echocardiography
data and mainly focuses on the registration of multi-view TEE data of the LA. This
registration task is challenged by the limited amount of overlap between the views
and the large transformations that are involved.

Strategies for echocardiography registration

Chapter 2 compares the performance of different intensity-based registration strate-
gies on transthoracic real-time 3D echocardiography data of the cardiac ventricles.
It was found that successful registration depends heavily on the use of a proper
initial transformation. This transformation reduces the initial misalignment be-
tween the left ventricle (LV) and right ventricle (RV) data and it was shown that
this transformation could be derived from the known alignment of a small number
of comparable data sets. The initial transformation can be seen as an estimate of
the protocol-specific misalignment between the LV and RV data sets and is dictated
by the anatomy of the heart.
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Best registration results were obtained using normalized cross-correlation (NCC)
as similarity measure on both the end-systolic and end-diastolic time frames. Using
the appropriate registration method, the registration accuracy was comparable to
manual alignment of the data and an ultrasound volume covering both ventricles
was obtained.

Simultaneous pairwise registration
A registration problem that involves multiple image views is complicated by the
potential propagation of pairwise registration errors. Furthermore, it is often
indistinctive which of the views should serve as reference, though this may in-
fluence the final registration result. To prevent this, the pairwise registration of
two image views was extended to a simultaneous pairwise registration approach
for the registration of three images. The registration of each of the images to a
central floating reference prevents the precarious selection of a single reference
view. This was achieved by iteratively registering the images towards each other
as is described in more detail in Chapter 4.

The simultaneous pairwise registration method was found to align more data
sets correctly compared with the regular pairwise registration of triplets of ran-
domly transformed data, though these findings could not be confirmed for the
multi-view TEE data of the LA. In contrast to the randomly transformed data,
which was uniformly transformed in all directions, the views of the LA are prin-
cipally orientated along a single line. This type of data might not benefit from
the inclusion of multiple views in the registration process, since the directional
character of the data will confine the amount of overlap between the outer views
of the triplet.

Atlas-based mosaicing
The TEE acquisition protocol to capture the LA in six views (Chapter 3) intro-
duces the difficulty that a total of five correct registrations is required to obtain a
complete wideview TEE volume of the LA. Since regular pairwise registration of
these views did not lead to satisfactory registration results, Chapter 5 introduces
atlas-based mosaicing (ABM) as method for the registration of these data. ABM
employs the fact that all data is acquired following a common protocol by includ-
ing the registration of the individual TEE views to the full volume atlas data as an
intermediate step. The outcomes of these registrations are used to initialize the
pairwise registration of the individual TEE views, which leads to a set of candidate
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transformations from which the best transformation has to be selected.
Chapter 6 elaborates on this subject by comparing a number of transformation

selection strategies. Most importantly, this chapter shows the additive value of
incorporating two stages of transformation selection. The use of only the most
promising transformations to initialize the registration of consecutive TEE views
led to an increase in registration robustness. Using this approach, wideview TEE
data of the LA was obtained after accurate and automatic registration of the in-
volved data. These data could serve several purposes, like automatic segmentation
of the LA, as was shown in this chapter as well. Furthermore, it is an essential step
in the objective of our envisioned implementation: the use of TEE as imaging
modality to assist in the guidance of the ablation procedures in AF patients.





ADDENDA





Bibliography

Armstrong, W. F. and T. Ryan (2009), Feigenbaum’s Echocardiography, 7th edition,
Lippincott Williams And Wilkins.

Aurigemma, G. P., J. S. Gottdiener, A. M. Arnold, M. Chinali, J. C. Hill and D. Kitz-
man (2009), “Left atrial volume and geometry in healthy aging: the cardiovascular
health study”, Circ Cardiovasc Imaging, vol. 2, no. 4, pp. 282–289.

Bangalore, S., S. S. Yao and F. A. Chaudhry (2007), “Role of left atrial size in risk
stratification and prognosis of patients undergoing stress echocardiography”, J Am
Coll Cardiol, vol. 50, no. 13, pp. 1254–1262.

Brooks, A. G., L. Wilson, N. H. Chia, D. H. Lau, M. Alasady, D. P. Leong, J. Labor-
derie, K. C. Roberts-Thomson, G. D. Young, J. M. Kalman and P. Sanders (2013),
“Accuracy and clinical outcomes of CT image integration with Carto-Sound com-
pared to electro-anatomical mapping for atrial fibrillation ablation: a randomized
controlled study”, Int J Cardiol, vol. 168, no. 3, pp. 2774–2782.

Burri, M. V., D. Gupta, R. E. Kerber and R. M. Weiss (2012), “Review of novel clin-
ical applications of advanced, real-time, 3-dimensional echocardiography”, Transl
Res, vol. 159, no. 3, pp. 149–164.

Calkins, H., J. Brugada, D. L. Packer, R. Cappato, S. A. Chen, H. J. Crijns, R. J. J.
Damiano, D. W. Davies, D. E. Haines, M. Haissaguerre, Y. Iesaka, W. Jackman, P.
Jais, H. Kottkamp, K. H. Kuck, B. D. Lindsay, F. E. Marchlinski, P. M. McCarthy, J. L.
Mont, F. Morady, K. Nademanee, A. Natale, C. Pappone, E. Prystowsky, A. Raviele,
J. N. Ruskin and R. J. Shemin (2007), “HRS/EHRA/ECAS expert consensus state-
ment on catheter and surgical ablation of atrial fibrillation: recommendations
for personnel, policy, procedures and follow-up. A report of the Heart Rhythm
Society (HRS) task force on catheter and surgical ablation of atrial fibrillation
developed in partnership with the European Heart Rhythm Association (EHRA)



104

and the European Cardiac Arrhythmia Society (ECAS); in collaboration with the
American College of Cardiology (ACC), American Heart Association (AHA), and
the Society of Thoracic Surgeons (STS). Endorsed and approved by the governing
bodies of the American College of Cardiology, the American Heart Association, the
European Cardiac Arrhythmia Society, the European Heart Rhythm Association,
the Society of Thoracic Surgeons, and the Heart Rhythm Society”, Europace, vol. 9,
no. 6, pp. 335–379.

Calkins, H., K. H. Kuck, R. Cappato, J. Brugada, A. J. Camm, S. Chen, H. J. G.
Crijns, R. J. Damiano, D. W. Davies, J. DiMarco, J. Edgerton, K. Ellenbogen, M. D.
Ezekowitz, D. E. Haines, M. Haissaguerre, G. Hindricks, Y. Iesaka, W. Jackman,
J. Jalife, P. Jais, J. Kalman, D. Keane, Y. Kim, P. Kirchhof, G. Klein, H. Kottkamp,
K. Kumagai, B. D. Lindsay, M. Mansour, F. E. Marchlinski, P. M. McCarthy, J. L.
Mont, F. Morady, K. Nademanee, H. Nakagawa, A. Natale, S. Nattel, D. L. Packer,
C. Pappone, E. Prystowsky, A. Raviele, V. Reddy, J. N. Ruskin, R. J. Shemin, H.
Tsao and D. Wilber (2012), “2012 HRS/EHRA/ECAS Expert consensus statement
on catheter and surgical ablation of atrial fibrillation: recommendations for patient
selection, procedural techniques, patient management and follow-up, definitions,
endpoints, and research trial design”, Europace, vol. 14, no. 4, pp. 528–606.

Camm, A. J., P. Kirchhof, G. Y. H. Lip, U. Schotten, I. Savelieva, S. Ernst, I. C.
van Gelder, N. Al-Attar, G. Hindricks, B. Prendergast, H. Heidbuchel, O. Alfieri,
A. Angelini, D. Atar, P. Colonna, R. de Caterina, J. de Sutter, A. Goette, B. Gorenek,
M. Heldal, S. H. Hohloser, P. Kolh, J. le Heuzey, P. Ponikowski and F. H. Rutten
(2010), “Guidelines for the management of atrial fibrillation: the task force for the
management of atrial fibrillation of the European Society of Cardiology (ESC)”,
Eur Heart J, vol. 31, no. 19, pp. 2369–2429.

Carminati, M. C., C. Piazzese, L. Weinert, W. Tsang, G. Tamborini, M. Pepi, R. M.
Lang and E. G. Caiani (2015), “Reconstruction of the descending thoracic aorta
by multiview compounding of 3-D transesophageal echocardiographic aortic data
sets for improved examination and quantification of atheroma burden”, Ultrasound
Med Biol, vol. 41, no. 5, pp. 1263–1276.

Chen, J., N. Dagres, M. Hocini, L. Fauchier, M. G. Bongiorni, P. Defaye, A. Hernan-
dez Madrid, H. Estner, E. Sciaraffia and C. Blomström-Lundqvist (2015), “Catheter
ablation for atrial fibrillation: results from the first European Snapshot Survey
on Procedural Routines for Atrial Fibrillation Ablation (ESS-PRAFA) part II”, Eu-
ropace, vol. 17, no. 11, pp. 1727–1732.



105

Dong, J., T. Dickfeld, D. Dalal, A. Cheema, C. R. Vasamreddy, C. A. Henrikson,
J. E. Marine, H. R. Halperin, R. D. Berger, J. A. Lima, D. A. Bluemke and H. Calkins
(2006), “Initial experience in the use of integrated electroanatomic mapping with
three-dimensional MR/CT images to guide catheter ablation of atrial fibrillation”,
J Cardiovasc Electrophysiol, vol. 17, no. 5, pp. 459–466.

Faletra, F. F., S. Castro, N. G. Pandian, I. Kronzon, H. J. Nesser and S. Y. Ho (2010),
Atlas of Real Time 3D Transesophageal Echocardiography, London, Springer, pp. 114–
128.

Gao, G., K. Reddy, Y. Ma and K. S. Rhode (2009), “Real-time compounding of
three-dimensional transesophageal echocardiographic volumes: the phantom stu-
dy”, in: Proc: IEEE Eng Med Biol Soc Ann, pp. 499–502.

Gao, G., G. Penney, Y. Ma, N. Gogin, P. Cathier, A. Arujuna, G. Morton, D. Caulfield,
J. Gill, C. A. Rinaldi, J. Hancock, S. Redwood, M. Thomas, R. Razavi, G. Gijs-
bers and G. Rhode (2012), “Registration of 3D trans-esophageal echocardiography
to X-ray fluoroscopy using image-based probe tracking”, Med Image Anal, vol. 16,
no. 1, pp. 38–49.

Grau, V., H. Becher and J. A. Noble (2007), “Registration of multiview real-time 3-
D echocardiographic sequences”, IEEE Trans Med Imaging, vol. 26, no. 9, pp. 1154–
1165.

Haak, A., B. Ren, H. W. Mulder, G. Vegas-Sánchez-Ferrero, G. van Burken, A. F.
van der Steen, M. van Stralen, J. P. W. Pluim, T. van Walsum and J. G. Bosch
(2015), “Improved segmentation of multiple cavities of the heart in wide-view 3-D
transesophageal echocardiograms”, Ultrasound Med Biol, vol. 41, no. 7, pp. 1991–
2000.

Hajnal, J. V., D. L. G. Hill and D. J. Hawkes (2001), Medical Image Registration,
CRC Press.

Heist, E. K., F. Perna, F. Chalhoub, S. Danik, C. Barrett, C. Houghtaling, C. Tondo,
S. Mahapatra, J. Ruskin and M. Mansour (2013), “Comparison of electroanatom-
ical mapping systems: accuracy in left atrial mapping”, Pacing Clin Electrophysiol,
vol. 36, no. 5, pp. 626–631.

Henry, W. L., J. Morganroth, A. S. Pearlman, C. E. Clark, D. R. Redwood, S. B.
Itscoitz and S. E. Epstein (1976), “Relation between echocardiographically deter-



106

mined left atrial size and atrial fibrillation”, Circulation, vol. 53, no. 2, pp. 273–
279.

Ho, S. Y., K. P. McCarthy and F. F. Faletra (2011), “Anatomy of the left atrium for
interventional echocardiography”, Eur J Echocardiogr, vol. 12, pp. i11–i15.

Horn, B. K. P. (1987), “Closed-form solution of absolute orientation using unit
quaternions”, J Opt Soc Am A, vol. 4, no. 4, pp. 629–642.

Housden, R. J., Y. Ma, A. Arujuna, N. Nijhof, P. Cathier, G. Gijsbers, R. Bullens, J.
Gill, C. A. Rinaldi, V. Parish and K. S. Rhode (2013), “Extended-field-of-view three-
dimensional transesophageal echocardiography using image-based X-ray probe
tracking”, Ultrasound Med Biol, vol. 39, no. 6, pp. 993–1005.

Iglesias, J. E. and M. R. Sabuncu (2015), “Multi-atlas segmentation of biomedical
images: a survey”, Med Image Anal, vol. 24, no. 1, pp. 205–219.

Kato, R., L. Lickfett, G. Meininger, T. Dickfeld, R. Wu, G. Juang, P. Angkeow, J.
LaCorte, D. Bluemke, R. Berger, H. R. Halperin and H. Calkins (2003), “Pulmonary
vein anatomy in patients undergoing catheter ablation of atrial fibrillation: lessons
learned by use of magnetic resonance imaging”, Circulation, vol. 107, no. 15,
pp. 2004–2010.

Khallaghi, S., C. G. Leung, K. Hastrudi-Zaad, P. Foroughi, C. Nguan and P. Abol-
maesumi (2012), “Experimental validation of an intrasubject elastic registration
algorithm for dynamic-3D ultrasound images”, Med Phys, vol. 39, no. 9, pp. 5488–
5497.

Kiri̧sli, H. A., M. Schaap, S. Klein, S. L. Papadopoulou, M. Bonardi, C. H. Chen, A. C.
Weustink, N. R. Mollet, E. J. Vonken, R. J. van der Geest, T. van Walsum and W. J.
Niessen (2010), “Evaluation of a multi-atlas based method for segmentation of
cardiac CTA data: a large-scale, multicenter, and multivendor study”, Med Phys,
vol. 37, no. 12, pp. 6279–6291.

Klein, S., J. P. W. Pluim, M. Staring and M. Viergever (2009), “Adaptive stochastic
gradient descent optimisation for image registration”, Int J Comput Vision, vol. 81,
no. 3, pp. 227–239.



107

Klein, S., M. Staring, K. Murphy, M. A. Viergever and J. P. W. Pluim (2010),
“Elastix: a toolbox for intensity-based medical image registration”, IEEE Trans Med
Imaging, vol. 29, no. 1, pp. 196–205.

Kotecha, D. and J. P. Piccini (2015), “Atrial fibrillation in heart failure: what should
we do?”, Eur Heart J, vol. 36, no. 46, pp. 3250–3257.

Kovoor, P., M. Ricciardello, L. Collins, J. B. Uther and D. L. Ross (1998), “Risk to
patients from radiation associated with radiofrequency ablation for supraventric-
ular tachycardia”, Circulation, vol. 98, no. 15, pp. 1534–1540.

Krijthe, B. P., A. Kunst, E. J. Benjamin, G. Y. H. Lip, O. H. Franco, A. Hofman,
J. C. M. Witteman, B. H. Stricker and J. Heeringa (2013), “Projections on the
number of individuals with atrial fibrillation in the European Union, from 2000 to
2060”, Eur Heart J, vol. 34, no. 35, pp. 2746–2751.

Lábrová, R., J. S̆pinar and N. Honzíková (2010), “Radiofrequency ablation in
treatment of atrial fibrillation”, Physiol Res, vol. 59, S43–S49.

Lang, P., P. Seslija, M. W. Chu, D. Bainbridge, G. M. Guiraudon, D. L. Jones and T.
M. Peters (2012a), “US-fluoroscopy registration for transcatheter aortic valve im-
plantation”, IEEE Trans Biomed Eng, vol. 59, no. 5, pp. 1444–1453.

Lang, R. M., M. Bierig, R. B. Devereux, F. A. Flachskampf, E. Foster, P. A. Pellikka,
M. H. Picard, M. J. Roman, J. Seward, J. S. Shanewise, S. D. Solomon, K. T.
Spencer, M. S. Sutton and W. J. Stewart (2005), “Recommendations for chamber
quantification: a report from the American Society of Echocardiography’s Guide-
lines and Standards Committee and the Chamber Quantification Writing Group,
developed in conjunction with the European Association of Echocardiography, a
branch of the European Society of Cardiology”, J Am Soc Echocardiogr, vol. 18,
no. 12, pp. 1440–1463.

Lang, R. M., L. P. Badano, W. Tsang, D. H. Adams, E. Agricola, T. Buck, F. F. Faletra,
A. Franke, J. Hung, L. P. de Isla, O. Kamp, J. D. Kasprzak, P. Lancellotti, T. H.
Marwick, M. L. McCulloch, M. J. Monaghan, P. Nihoyannopoulos, N. G. Pandian,
P. A. Pellikka, M. Pepi, D. A. Roberson, S. K. Shernan, G. S. Shirali, L. Sugeng, F. J.
Ten Cate, M. A. Vannan, J. L. Zamorano and W. A. Zoghbi (2012b), “EAE/ASE rec-
ommendations for image acquisition and display using three-dimensional echocar-
diography”, J Am Soc Echocardiogr, vol. 25, no. 1, pp. 3–46.



108

Leong, D. P., V. Delgado and J. J. Bax (2012), “Imaging for atrial fibrillation”, Curr
Probl Cardiol, vol. 37, no. 1, pp. 7–33.

Leung, K. Y. E., M. van Stralen, A. Nemes, M. M. Voormolen, G. van Burken,
M. L. Geleijnse, F. J. ten Cate, J. H. C. Reiber, N. de Jong, A. F. W. van der
Steen and J. G. Bosch (2008), “Sparse registration for three-dimensional stress
echocardiography”, IEEE Trans Med Imaging, vol. 27, no. 11, pp. 1568–1579.

Maes, F., A. Collignon, D. Vandermeulen, G. Marchal and P. Suetens (1997), “Mul-
timodality image registration by maximization of mutual information”, IEEE Trans
Med Imaging, vol. 16, no. 2, pp. 187–198.

Marrouche, N. F., D. O. Martin, O. Wazni, A. M. Gillinov, A. Klein, M. Bhargava, E.
Saad, D. Bash, H. Yamada, W. Jaber, R. Schweikert, P. Tchou, A. Abdul-Karim, W.
Saliba and A. Natale (2003), “Phased-array intracardiac echocardiography moni-
toring during pulmonary vein isolation in patients with atrial fibrillation: impact
on outcome and complications”, Circulation, vol. 107, no. 21, pp. 2710–2716.

Metz, C. T., S. Klein, S. Schaap, T. van Walsum and W. J. Niessen (2011), “Non-
rigid registration of dynamic medical imaging data using nD+t B-splines and a
groupwise optimization approach”, Med Image Anal, vol. 15, no. 2, pp. 238–249.

Monaghan, M. J. (1990), Practical echocardiography and doppler, West Sussex,
John Wiley & Sons Ltd., p. 11.

Mulder, H. W., M. van Stralen, H. B. van der Zwaan, K. Y. E. Leung, J. G. Bosch and
J. P. W. Pluim (2011), “Registration of multi-view apical 3D echocardiography
images”, in: Proc. SPIE, vol. 7962.

Mulder, H. W., M. van Stralen, B. Ren, F. F. Berendsen, J. G. Bosch and J. P. W.
Pluim (2013), “Simultaneous pairwise registration for image mosaicing of TEE
data”, in: Proc. ISBI, pp. 242–245.

Mulder, H. W., J. P. W. Pluim, B. Ren, A. Haak, M. A. Viergever, J. G. Bosch and M.
van Stralen (2015), “Atlas-based mosaicing of 3D transesophageal echocardiogra-
phy images of the left atrium”, in: Proc. IEEE IUS, pp. 1–4.

Nemes, A., K. Y. E. Leung, G. van Burken, M. van Stralen, J. G. Bosch, O. I. I.
Soliman, B. J. Krenning, W. B. Vletter, F. J. ten Cate and M. L. Geleijnse (2009),
“Side-by-side viewing of anatomically aligned left ventricular segments in three-



109

dimensional stress echocardiography”, Echocardiogr - J Card, vol. 26, no. 2, pp. 189–
195.

Orlov, M. V., P. Hoffmeister, G. M. Chaudhry, I. Almasry, G. H. Gijsbers, T. Swack and
C. I. Haffajee (2007), “Three-dimensional rotational angiography of the left atrium
and esophagus – A virtual computed tomography scan in the electrophysiology
lab?”, Heart Rhythm, vol. 4, no. 1, pp. 37–43.

Patel, A. M., E. K. Heist, J. Chevalier, G. Holmvang, A. D’Avila, T. Mela, J. N.
Ruskin and M. M. C. (2008), “Effect of presenting rhythm on image integration to
direct catheter ablation of atrial fibrillation”, J Interv Card Electrophysiol, vol. 22,
no. 3, pp. 205–210.

Peressutti, D., A. Gomez, G. P. Penney and A. P. King (2017), “Registration of
multiview echocardiography sequences using a subspace error metric”, IEEE Trans
Biomed Eng, vol. 64, no. 2, pp. 352–361.

Perisinakis, K., J. Damilakis, N. Theocharopoulos, E. Manios, P. Vardas and N.
Gourtsoyiannis (2001), “Accurate assessment of patient effective radiation dose
and associated detriment risk from radiofrequency catheter ablation procedures”,
Circulation, vol. 104, no. 1, pp. 58–62.

Perperidis, A., D. Cusack, A. White, N. McDicken, T. MacGillivray and T. Anderson
(2015), “Temporal compounding: a novel implementation and its impact on qual-
ity and diagnostic value in echocardiography”, Ultrasound Med Biol, vol. 41, no. 6,
pp. 1749–1765.

Pison, L., A. Proclemer, M. G. Bongiorni, G. Marinskis, G. Hernandez-Madrid and C.
Blomström-Lundqvist (2013), “Imaging techniques in electrophysiology and im-
plantable device procedures: results of the European Heart Rhythm Association
survey”, Europace, vol. 15, no. 9, pp. 1333–1336.

Poon, T. C. and R. N. Rohling (2006), “Three-dimensional extended field-of-view
ultrasound”, Ultrasound Med Biol, vol. 32, no. 3, pp. 357 –369.

Pouch, A. M., H. Wang, M. Takabe, B. M. Jackson, J. H. Gorman, R. C. Gorman,
P. A. Yushkevich and C. M. Sehgal (2014), “Fully automatic segmentation of the
mitral leaflets in 3D transesophageal echocardiographic images using multi-atlas
joint label fusion and deformable medial modeling”, Med Image Anal, vol. 18,
no. 1, pp. 118–129.



110

Punithakumar, K., A. R. Hareendranathan, A. McNulty, M. Biamonte, A. He, M.
Noga, P. Boulanger and H. Becher (2016), “Multiview 3-D echocardiography fu-
sion with breath-hold position tracking using an optical tracking system”, Ultra-
sound Med Biol, vol. 42, no. 8, pp. 1998–2009.

Rajpoot, K., V. Grau, J. A. Noble, C. Szmigielski and H. Becher (2011a), “Multiview
fusion 3-D echocardiography: improving the information and quality of real-time
3-D echocardiography”, Ultrasound Med Biol, vol. 37, no. 7, pp. 1056–1072.

Rajpoot, K., V. Grau, J. A. Noble, H. Becher and C. Szmigielski (2011b), “The
evaluation of single-view and multi-view fusion 3D echocardiography using image-
driven segmentation and tracking”, Med Image Anal, vol. 15, no. 4, pp. 514–528.

Raju, H., J. Whitaker, C. Taylor and M. Wright (2016), “Electroanatomic mapping
and transoesophageal echocardiography for near zero fluoroscopy during complex
left atrial ablation”, Heart Lung Circ, vol. 25, no. 7, pp. 652–660.

Ren, B., H. W. Mulder, A. Haak, M. van Stralen, T. Szili-Torok, J. P. W. Pluim,
M. L. Geleijnse and J. G. Bosch (2013), “A transoesophageal echocardiographic
image acquisition protocol for wide-view fusion of three-dimensional datasets to
support atrial fibrillation catheter ablation”, J Interv Card Electrophysiol, vol. 37,
no. 1, pp. 21–26.

Ren, B., H. W. Mulder, A. Haak, J. McGhie, T. Szili-Torok, K. Nieman, van Stralen
M., J. P. W. Pluim, M. L. Geleijnse and J. G. Bosch (2014), “Fusion of three-
dimensional transesophageal echocardiographic images of left atrium for sup-
porting catheter ablation procedures: comparison with computed tomography”,
PhD thesis, chap. 4.2, pp. 147–161.

Rosenthal, L. S., T. J. Beck, J. Williams, M. Mahesh, M. G. Herman, J. L. Diner-
man, H. Calkins and J. H. Lawrence (1997), “Acute radiation dermatitis following
radiofrequency catheter ablation of atrioventricular nodal reentrant tachycardia”,
Pacing Clin Electrophysiol, vol. 20, no. 7, pp. 1834–1839.

Scaglione, M., L. Biasco, D. Caponi, M. Anselmino, A. Negro, P. di Donna, A.
Corleto, A. Montefusco and F. Gaita (2011), “Visualization of multiple catheters
with electroanatomical mapping reduces X-ray exposure during atrial fibrillation
ablation”, Europace, vol. 13, no. 7, pp. 955–962.



111

Shanewise, J. S., A. T. Cheung, S. Aronson, W. J. Stewart, R. L. Weiss, J. B.
Mark, R. M. Savage, P. Sears-Rogan, J. P. Mathew, M. A. Quinones, M. K. Caha-
lan and J. S. Savino (1999), “ASE/SCA guidelines for performing a comprehensive
intraoperative multiplane transesophageal echocardiography examination: recom-
mendations of the American Society of Echocardiography Council for Intraoper-
ative Echocardiography and the Society of Cardiovascular Anesthesiologists Task
Force for Certification in Perioperative Transesophageal Echocardiography”, J Am
Soc Echocardiogr, vol. 12, no. 10, pp. 884–900.

Shekhar, R., V. Zagrodsky, M. J. Garcia and J. D. Thomas (2004), “Registration of
real-time 3-D ultrasound images of the heart for novel 3-D stress echocardiogra-
phy”, IEEE Trans Med Imaging, vol. 23, no. 9, pp. 1141–1149.

Sra, J. (2008), “Cardiac image integration implications for atrial fibrillation abla-
tion”, J Interv Card Electrophysiol, vol. 22, no. 2, pp. 145–154.

Szili-Torok, T. and J. G. Bosch (2010), “Transnasal transoesophageal ultrasound:
the end of the intracardiac echocardiography age?”, Europace, vol. 13, no. 1, pp. 7–
8.

Szmigielski, C., K. Rajpoot, V. Grau, S. G. Myerson, C. Holloway, J. A. Noble,
R. Kerber and H. Becher (2010), “Real-time 3D fusion echocardiography”, JACC-
Cardiovasc Imag, vol. 3, no. 7, pp. 682–690.

Tops, L. F., M. J. Schalij, D. W. den Uijl, T. P. Abraham, H. Calkins and J. J. Bax
(2008), “Image integration in catheter ablation of atrial fibrillation”, Europace,
vol. 10, no. Suppl 3, pp. iii48–iii56.

Vegas, A., M. Meineri and A. Jerath (2012), Real-Time Three-Dimensional Trans-
esophageal Echocardiography: A Step-by-Step Guide, New York, Springer, pp. 218–
219.

Viola, P. and W. M. Wells III (1997), “Alignment by maximization of mutual infor-
mation”, Int J Comput Vision, vol. 24, no. 2, pp. 137–154.

Wachinger, C., W. Wein and N. Navab (2008), “Registration strategies and simi-
larity measures for three-dimensional ultrasound mosaicing”, Acad Radiol, vol. 15,
no. 11, pp. 1404–1415.



112

Wachinger, C., T. Klein and N. Navab (2012), “Locally adaptive Nakagami-based
ultrasound similarity measures”, Ultrasonics, vol. 52, no. 4, pp. 547–554.

Wang, Q., G. R. Wu, P. T. Yap and D. G. Shen (2010), “Attribute vector guided
groupwise registration”, Neuroimage, vol. 50, no. 4, pp. 1485–1496.

Woods, C. E. and J. Olgin (2014), “AF therapy now and in the future: drugs,
biologicals, and ablation”, Circ Res, vol. 114, no. 9, pp. 1532–1546.

Wu, X., J. Housden, Y. Ma, B. Razavi, K. Rhode and D. Rueckert (2015), “Fast
catheter segmentation from echocardiographic sequences based on segmentation
from corresponding X-ray fluoroscopy for cardiac catheterization interventions”,
IEEE Trans Med Imaging, vol. 34, no. 4, pp. 861–876.

Zhuang, X., C. Yao, Y. Ma, D. Hawkes, G. Penney and S. Ourselin (2010), “Registra-
tion-based propagation for whole heart segmentation from compounded 3D echo-
cardiography”, in: Proc. ISBI, pp. 1093–1096.

Zoni-Berisso, M., F. Lercari, T. Carazza and S. Domenicucci (2014), “Epidemiology
of atrial fibrillation: European perspective”, Clin Epidemiol, vol. 6, pp. 213–220.



Samenvatting

Driedimensionale (3D) transoesophagale echocardiografie (TEE) is een niet in-
vasieve beeldvormende techniek die uitermate geschikt is voor het real-time af-
beelden van het hart. Dit maakt deze techniek bruikbaar voor het visualiseren van
medische interventies, waaronder katheterablaties ter behandeling van atrium-
fibrillatie. Deze hartritmestoornis kenmerkt zich door een snelle en onregelmatige
contractie van de boezems, oftewel de atria, en wordt gerelateerd aan ernstige
gezondheidsproblemen, waaronder hypertensie, coronaire of valvulaire hartaan-
doeningen en cardiomyopathie.

De pulmonaalvenen zijn een veelvoorkomende bron van de ectopische elek-
trische signalen die de normale samentrekking en pompwerking van het hart
verstoren. Het doel van de ablatieprocedure is om het normale hartritme te
herstellen. In het algemeen wordt dit bereikt door het aanbrengen van laesies
die de pulmonaalvenen van de rest van het hart isoleren.

Oorspronkelijk werd fluoroscopie gebruikt voor het visualiseren en positioneren
van de ablatiekatheters. Echter, deze tweedimensionale projecties zijn minder
geschikt voor het afbeelden van zacht weefsel. Tegenwoordig bestaat de moge-
lijkheid om preprocedurele 3D computertomografie of cardiale magnetische reso-
nantie data in het elektro-anatomische mapping (EAM) systeem te integreren, wat
geleid heeft tot kortere fluoroscopietijden en grotere slagingspercentages van de
ablatieprocedures. Met behulp van het EAM systeem kan de elektrische geleiding
van het hartweefsel in kaart worden gebracht en op deze wijze kan bepaald wor-
den waar de isolerende laesies geplaatst moeten worden. Los van deze ontwikke-
lingen is TEE een interessante en veelbelovende techniek om de blootstelling aan
straling nog verder terug te dringen.

Het linkeratrium is echter te groot om volledig in een enkele TEE opname
afgebeeld te worden. Om deze reden is het nodig om verschillende TEE opnames
te combineren om een TEE data set te verkrijgen die het complete linkeratrium
omvat. Hoofdstuk 3 beschrijft het TEE acquisitieprotocol om het linkeratrium in
zes verschillende TEE views te vangen. Na het registreren, oftewel het correct
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op elkaar passen van de overlappende delen van de verschillende beelden, en
het fuseren van de beelden kan een integraal TEE beeld verkregen worden. De
beoogde toepassing vraagt om een methode om de benodigde TEE views in korte
tijd te registreren, bij voorkeur zonder interactie van een gebruiker. Deze thesis
behandelt de automatische registratie van echocardiografische data en is hoofdza-
kelijk gericht op de registratie van de multi-view TEE data van het linkeratrium.
Deze registraties worden bemoeilijkt door de beperkte mate van overlap en de
grote transformaties tussen de beelden.

Strategieën voor echocardiografische registratie
Hoofdstuk 2 vergelijkt verschillende intensiteitsgebaseerde registratiestrategieën
op transthoracale real-time 3D echocardiografische data van de hartkamers. Uit
deze experimenten volgt dat het slagen van de registratie in grote mate afhangt
van het gebruik van een goede initiële transformatie. Hoofdstuk 2 toont aan dat
de benodigde initiële transformatie kan worden afgeleid uit de bekende spatiële
correspondentie tussen een klein aantal vergelijkbare data sets. Deze transfor-
matie benadert het verschil tussen de linker- en rechterventrikel data en houdt
verband met het gebruik van een vast acquisitieprotocol dat gebaseerd is op de
anatomie van het menselijk hart. De initialisatie verbetert de startpositie van de
registratie door de afstand tussen de linker- en rechterventrikel data te verkleinen
en vergroot de kans dat het registratie-algoritme de juiste oplossing zal vinden.

De beste registratieresultaten werden verkregen met de genormaliseerde cross-
correlatie als similariteitsmaat op zowel eind-systolische als eind-diastolische tijds-
frames. De nauwkeurigheid van de automatische registratie was vergelijkbaar
met manuele registratie van de data en een echocardiografie beeld dat beide
hartkamers omvat werd verkregen.

Simultane paarsgewijze registratie
Een registratieprobleem dat de registratie van meerdere beelden betreft, wordt be-
moeilijkt door de mogelijke propagatie van paarsgewijze registratiefouten. Boven-
dien is het vaak onduidelijk welk beeld het beste als referentie gebruikt kan wor-
den, terwijl deze keuze het uiteindelijke registratieresultaat kan beïnvloeden. Om
dit te voorkomen, breidt Hoofdstuk 4 de paarsgewijze registratie van twee beelden
uit naar de simultane paarsgewijze registratie van drie beelden. De registratie
van ieder van de beelden naar een centrale en ’zwevende’ referentie voorkomt de
lastige selectie van één enkel referentiebeeld. Dit werd bereikt door de beelden
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iteratief naar elkaar te registreren, waarbij telkens gewisseld werd van referen-
tiebeeld.

Uit experimenten op drietallen van willekeurig getransformeerde beelden bleek
dat bij gebruik van de simultane paarsgewijze registratiemethode meer data sets
correct geregistreerd werden dan met reguliere paarsgewijze registratie. Dit bleek
echter niet het geval te zijn voor de multi-view TEE data van het linkeratrium.
In tegenstelling tot de willekeurig getransformeerde data, die uniform in alle
richtingen getransformeerd was, liggen de views van het linkeratrium met name
langs een enkele lijn. Mogelijkerwijs heeft dit soort data geen baat bij het opnemen
van meerdere beelden in het registratieproces, omdat de hoeveelheid overlap
tussen de buitenste beelden van het trio beperkt is.

Atlas-based mosaicing

Het TEE acquisitieprotocol bestaat uit zes verschillende opnames van het linker-
atrium en dit betekent dat er in totaal vijf verschillende transformaties gevon-
den moeten worden om een volledig gefuseerd beeld van het linkeratrium te
verkrijgen. Om deze reden is er een robuust registratie-algoritme nodig dat in
staat is alle beelden met elkaar te registreren. Aangezien reguliere paarsgewijze
registratie van deze beelden niet toereikend was, introduceert Hoofdstuk 5 ’atlas-
based mosaicing’ (ABM) als methode voor de registratie van de TEE data. De atlas
data bestaat uit vergelijkbare TEE data van het linkeratrium waar de verschillende
views al gefuseerd zijn, zodat het gehele linkeratrium zichtbaar is. In ABM wor-
den de individuele TEE views eerst naar de atlas data geregistreerd, waarna het
resultaat van deze registraties gebruikt wordt om de paarsgewijze registratie van
de naburige TEE views te initialiseren. Op deze wijze wordt een set van mogelijke
transformaties verkregen, waarvan de beste transformatie geselecteerd dient te
worden.

Hoofdstuk 6 werkt dit onderwerp verder uit door een aantal transformatie-
selectiestrategieën te vergelijken. Dit hoofdstuk toont de toegevoegde waarde
van twee momenten waarop de transformaties geselecteerd kunnen worden. Het
gebruik van enkel de meest veelbelovende transformaties om de registratie van de
naastgelegen TEE beelden te initialiseren vergroot de robuustheid van de metho-
de. Gebruikmakend van deze aanpak was het mogelijk om een volledig TEE beeld
van het linkeratrium te verkrijgen na nauwkeurige automatische registratie van
de data. De gefuseerde data kan voor verschillende doeleinden gebruikt worden,
bijvoorbeeld voor automatische segmentatie van het linkeratrium, zoals eveneens
aangetoond is in Hoofdstuk 6. Bovendien is automatische registratie van deze
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data een essentiële stap voor de beoogde implementatie, namelijk het gebruik van
TEE als beeldvormende modaliteit voor het visualiseren van ablatieprocedures in
atriumfibrillatie-patiënten.
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