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Abstract

Atrial Fibrillation (AF) is an abnormal heart rhythm that is characterized by rapid and
irregular contraction of the atria. Irregular electrical activation occurs from the ostia of the
Pulmonary Veins (PV), in the left atrium. AF is treated minimally invasive using catheter-
based ablation of the tissue around the PV and posterior Left Atrium (LA) wall. Catheter-
based ablation of the LA is a lengthy and complex procedure. Ablating the tissue too deep
can induce atrioesophageal fistulas, which is a potentially fatal complication. Ablation needs
to be performed accurately and at the right location to be successful. Therefore, real-time
imaging of catheters and atrial anatomy is of great importance.
Currently, static 3D models of the left atrium are used for catheter navigation and ablation
assistance during AF ablation procedures. However, since these models are not real-time,
changes in the anatomy due to heart beating and ablation are not reflected in the model,
which reduces the accuracy of these models. There is a continuous demand for real-time and
more accurate imaging during AF ablation procedures.
In this thesis, it is proposed to use trans-balloon miniaturized Transesophageal Echocardiog-
raphy (TEE) for real-time 3D imaging of the left atrium during AF ablation procedures. TEE
imaging is a real-time ultrasound imaging modality for cardiac imaging. The TEE probe is
inserted in the esophagus of the patient to acquire ultrasound images of the heart.
However, current state of the art TEE probes are not suited for real-time imaging of the left
atrium during AF ablation procedures. First, due to the large diameter of the TEE probe,
continuous long term imaging causes discomfort for the patient and increases the risk on
laryngopharyngeal damage. Secondly, pressure of the TEE probe inside the esophagus, and
the pressure and heat of the ablation catheter on the posterior LA wall increases the risk
on atrioesophageal fistulas. Finally, the major practical limitation for application of TEE
in AF ablation procedures is the limited Field of View (FOV). Since the esophagus direcly
abuts the LA, the distance between the ostia of the PV and the transducer of the TEE probe
is short. At this short distance, the conical shaped FOV is too narrow to include the ostia
of the Left Superior Pulmonary Vein (LSPV), Left Inferior Pulmonary Vein (LIPV), Right
Superior Pulmonary Vein (RSPV), Right Inferior Pulmonary Vein (RIPV) and a large part of
the LA posterior wall entirely in the FOV. This limits the use of TEE for imaging of ablation
procedures.
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Therefore, it is proposed to use a novel, trans-balloon, miniaturized TEE technique for imag-
ing of AF ablation procedures. The miniaturized probe decreases discomfort for the patient,
and allows long term monitoring. The transducer of the miniaturized probe is inserted in
a water-filled balloon that can be inflated and deflated. Inflating the water filled balloon in
the esophagus provides acoustic coupling between transducer and the tissue, and allows to
increase the distance between the transducer and anatomical landmarks of the LA. Further-
more, the water inside the balloon serves as a temperature buffer, which reduces the risk on
atrioesophageal fistulas.

To investigate whether image quality of trans-balloon, miniaturized TEE is sufficient for
imaging of AF ablation, image quality of a miniaturized ultrasound probe was compared to
image quality of current state of the art TEE probes, and influence of the water filled balloon
on image quality was investigated. A method for objective Image Quality Assessment (IQA)
was developed and implemented to measure and quantify image quality. Image quality was
assessed based on quantification of the contrast resolution, Contrast-to-Noise Ratio (CNR),
spatial resolution and penetration depth of the ultrasound signal.

The study has shown that image quality of the miniaturized ultrasound probe is comparable
to image quality of the current state of the art TEE probes. It was observed that the balloon
had no negative impact on image quality, although this result is not clinically validated yet.
Some limitations of the miniaturized ultrasound probe were discovered as well. The imaging
depth of the miniaturized ultrasound probe is significantly less compared to the state of the art
probes, but for application in AF ablation procedures this will not be a major limitation since
the anatomical structures of interest are well within the imaging range. Furthermore it was
observed that the spatial resolution of the miniaturized probe decreases with increasing image
plane rotation angle. Rotating the imaging plane is common practice in TEE imaging, which
means that rotation-dependent spatial resolution is undesired. It is therefore recommended
to perform a review study involving clinical experts to judge whether image quality of the
miniaturized ultrasound probe with rotated imaging plane is acceptable.

Despite these limitations, the results suggest that trans-balloon miniaturized TEE can pro-
vide real-time ultrasound imaging of the left atrium during ablation procedures. There is a
continuous demand for more accurate and real-time imaging techniques during catheter based
treatment of atrial fibrillation. The research in this thesis provides a theoretical framework
to measure and compare image quality of ultrasound probes, which is an important first step
in the development of a novel, real-time 3D imaging technique for imaging of AF ablation
procedures.
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Chapter 1

Introduction to Thesis Assignment

Atrial fibrillation is an abnormal hearth rhythm that happens when the electrical activation
of the atria is disturbed. Erroneous activation of the left atrium originates from the tissue
where the pulmonary veins enter the left atrium. To stop atrial fibrillation, the tissue is
electrically isolated by ablation of the tissue around the pulmonary veins. Atrial fibrillation
ablation procedures are catheter-based, minimal invasive procedures that require imaging
techniques to visualize the catheters and anatomy of the left atrium. Currently, navigation of
the ablation catheters is based on a static 3D model of the left atrium that is acquired prior
to the ablation. Since these models are not real-time, the anatomy of the left atrium is less
accurate presented compared to real-time imaging techniques.

Transesophageal Echocardiography (TEE) is used for real-time ultrasound imaging of the
heart. This thesis proposes miniaturized, trans-balloon TEE as real-time imaging technique
during atrial fibrillation procedures. The goal of this thesis is to investigate whether image
quality of trans-balloon miniaturized TEE is sufficient for intraprocedural imaging of atrial
fibrillation ablation procedures. This chapter introduces the reader to the topic of this thesis.
The principles of transesophageal echocardiographic imaging are explained, and the potential
value of this imaging technique for atrial fibrillation ablation procedures is discussed. Finally,
the research question is stated and the thesis outline is presented.

1-1 TEE Imaging

TEE is an imaging technique that is used for live ultrasound imaging of the heart. The term
’Transesophageal Echocardiography’ means literally ’making ultrasound images of the heart
(echocariography), through the esophagus (transesophageal)’. To acquire these ultrasound
images, the TEE probe is inserted in the patient’s oral cavity, navigated trough the pharynx
and advanced down into the esophagus. When the probe is advanced to a sufficient depth in
the esophagus, the probe tip is manipulated and rotated until the desired view is obtained
[1, 2]. This section introduces the reader to the anatomy of the heart and esophagus, and
explains how TEE imaging is used in clinical application.
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2 Introduction to Thesis Assignment

Figure 1-1: Schematic representation of the cardiac anatomy and bloodflow. Low oxygenated
blood enters the right atrium via the vena cava, and is pumped into the right ventricle. The right
ventricle pumps the blood to the lungs via the pulmonary arteries. Oxygenated blood enters the
left ventricle via the pulmonary veins and left atrium. The left ventricle pumps oxygenated blood
to the systemic circuit via the aorta. The esophagus passes the heart anteriorly, to the right side
of the descending aorta. The posterior wall of the left atrium directly abuts the esophageal wall.
Figure adapted from [3]

1-1-1 Heart, Esophagus and Anatomical Relation

The heart is a muscular organ that pumps blood through the human body. The heart is
divided in four chambers: two atria, the Left Atrium (LA) and Right Atrium (RA) and two
ventricles, the Left Ventricle (LV) and Right Ventricle (RV) respectively. Blood with low
oxygen saturation from the systemic organs enters the RA via the superior and inferior vena
cava. The RA pumps the low oxygenated blood into the RV. Contraction of the RV pumps the
blood into the pulmonary system, where oxygen level in the blood rises. Oxygenated blood
enters the LA via the four pulmonary veins: the Left Superior Pulmonary Vein (LSPV),
Right Superior Pulmonary Vein (RSPV), Left Inferior Pulmonary Vein (LIPV) and Right
Inferior Pulmonary Vein (RIPV) respectively. The LA pumps the oxygenated blood into
the LV, and contraction of the LV pumps the blood into the systemic system. Backflow of
blood is prevented by valves, the valve between the RA and RV is called the "tricuspid valve",
and the valve between the LA and LV is called the "mitral valve". Backflow from the aorta
in the LV is prevented by the "aortic valve". The anatomy and bloodflow of the heart is
schematically represented in figure 1-1 [3]. Cardiac muscle cells have the unique property of
autorhythmicity, which is the ability of spontaneous depolarization. The muscle cells in the
heart contract as a response to impulses (action potentials) generated by pacemaker cells.
Any disturbance in the electrical activation can lead to a disturbed contraction pattern of the
heart. [4].

The esophagus is a muscular tube with a length of approximately 23 to 26 cm and diameter
of approximately 17 to 19 mm, that connects the pharynx and stomach with each other,
descending anteriorly to the vertebral column [5]. The upper part of the esophagus, the
section just below the pharynx until the aortic arch, runs slightly to the left between the
trachea and the vertebral column. It then passes behind the aortic arch and descends to the
posterior mediastinum, along the right side of the descending thoracic aorta (see figure 1-1)
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1-1 TEE Imaging 3

Figure 1-2: 3D segmentation of the heart and esophagus on a CT dataset. The esophagus
(yellow) passes the heart posteriorly, to the right side of the descending aortic arch (orange).
Part of the esophagus directly abuts the posterior wall of the left atrium (green). A Left view
of the heart and esophagus. B Right view of the heart and esophagus. This view shows how
the esophagus directly abuts the posterior left atrial wall. C Posterior view of the heart and
esophagus. This view shows how the esophagus runs along the right side of the descending aortic
arch.

[6].
The esophagus passes the heart posteriorly, where the posterior wall of the left atrium and
the outer esophageal wall are abutting each other. The part of the esophagus that is in
contact with the posterior left atrial wall has a length of approximately 45 mm [6]. The tissue
thickness between the posterior LA wall and esophageal wall ranges from approximately 2 to
5mm [6]. Several studies have shown that in most cases (> 60%) the esophagus passes at the
left side or in the middle of the posterior left atrial wall [5, 6, 7]. Figure 1-2 shows a 3D model
of the heart and esophagus, based on cardiac CT scans. The figure shows how the esophagus
(yellow) anteriorly passes the left atrium (green), and that the space between the posterior
LA wall and esophagus is very narrow.

1-1-2 TEE Imaging and Imaging Equipment

The TEE ultrasound probe consists of an ultrasound transducer on the distal end of a semi-
flexible shaft that connects the transducer to the handle. Figure 1-3 shows an example of
a TEE ultrasound probe (X8-2t, Philips, Reedsville, PA, USA). The ultrasound transducer
acquires a 2D-imaging plane, or a 3D imaging volume. On the handle are turning wheels to
manipulate the probe tip (flexing anteriorly, posteriorly, left and right), and buttons to rotate
the imaging plane (0o - 180o). Turning the handle left or right turns the transducer left or
right around the central axis of the probe, and pushing or pulling the handle advances or
withdraws the ultrasound probe (figure 1-4).
The transducer at the distal end of the flexible shaft is pushed into the pharynx of a patient,
and advanced down into the esophagus. When the probe is at sufficient depth in the esoph-
agus, the tip of the probe is manipulated such that the transducer faces the heart and is
pressed against the esophageal wall (figure 1-5). This is required to ensure acoustic coupling
between the transducer and the tissue. When there is an air pocket between the esophageal
wall and the transducer of the TEE probe, it is impossible to clearly visualize the heart on
the ultrasound image. An example of a TEE ultrasound image is shown in figure 1-6.
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Figure 1-3: Example of a TEE probe (X8-
2t, Philips, Reedsville, PA, USA). On the
handle are buttons to manipulate the probe
tip, and rotate the imaging plane. The
transducer is located at the proximal end of
the tube that is inserted in the esophagus.
Figure adapted from [8].

Figure 1-4: Degrees of freedom of the TEE
probe. Pushing or pulling the handle ad-
vances and withdraws the transducer. Ro-
tating the handle rotates the entire probe
around its central axis. The imaging plane
can be rotated 0o - 180o. The transducer
on the distal end of the shaft can be flexed
anteriorly, posteriorly, left and right. Figure
adapted from [2].

Figure 1-5: Schematic representation of
the TEE probe inserted in the esophagus
of the patient. The transducer faces the
heart, and is pressed against the esophageal
wall for ultrasound imaging. Figure adapted
from [2].

Figure 1-6: Example of a 2D ultrasound
image acquired using TEE imaging. The left
atrium (LA), right atrium (RA), left ventri-
cle (LV) and right ventricle (RV) are shown.
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1-2 Application of TEE in Atrial Ablation Procedures 5

Figure 1-7: Example of ultrasound and fluoroscopy fusion imaging during transseptal puncture.
The position of the neelde is visualized with fluoroscopy, and the required position for puncturing
(FO) are visualized with the ultrasound images of the TEE probe. A: situation just before
puncture. B: situation after succesfull puncture of the septum Figure adapted from [14].

1-1-3 Clinical Relevance and State of the Art Application of TEE

TEE is a low-risk, non-invasive imaging technique that can provide real-time high-quality
anatomic imaging of the heart without using ionizing radiation [1, 9]. The non-invasive and
low-risk character of TEE combined with the high clinical relevance of the ultrasound images
makes TEE imaging a widely used imaging application that is used in many Structural Heart
Disease (SHD) procedures. Examples of SHD procedures where TEE is used are minimal
invasive replacement of the mitral valve, tricuspid valve or aortic valve [10, 11, 12]. TEE is
used both preprocedural to assess the anatomy and for treatment planning [11, 10], and in-
traprocedural for navigation and visulasation of instruments relative to the coronary anatomy
[13].

Current state of the art TEE probes are capable of 2D-, 3D-, and doppler ultrasound imaging.
During catheter-based structural heart disease interventions, fusion imaging of ultrasound and
fluoroscopy is applied to visualize both the catheters and the soft tissue in one image. The
ultrasound image plane (2D) or volume (3D) obtained with the TEE probe provides detailed
information about the cardiac structure and soft anatomy. The fluoroscopy images clearly
visualizes the position of the catheters and instruments in 3D space. Real-time overlay of the
ultrasound and fluoroscopy images allows to precisely navigate the instruments relative to
the cardiac structure [14]. Figure 1-7 shows an example of fused ultrasound and fluoroscopy
imaging (EchoNavigator, Philips, Best, Netherlands). The figure shows the transseptal punc-
ture procedure, which requires precise placement of the needle to puncture the septum at the
right place.

1-2 Application of TEE in Atrial Ablation Procedures

Although TEE imaging is a relatively safe and non-invasive imaging technique that provides
real-time imaging of the cardiac structure, it is currently not commonly used for intraprocedu-
ral imaging of Atrial Fibrillation (AF) ablation procedures. During AF ablation procedures,
atrial fibrillation is treated by ablation of the posterior LA wall, and ostia of the Pulmonary
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6 Introduction to Thesis Assignment

Veins (PV) [15, 16, 17]. This is a catheter based minimal invasive procedure, which re-
quires imaging of cardiac structures and instruments. This section discusses the practical
and safety-related issues that limit the use of TEE for cardiac imaging during AF ablation
procedures.

1-2-1 Atrial Fibrillation

Atrial fibrillation occurs when the atria are rapidly and irregularly contracting, with rates of
400 up to 600 contractions per minute [18, 17]. Normally, contraction of the heart is regulated
by the sinoatrial (SA) node. Electrical initiation of the SA node causes the atria to contract.
The electrical activation is conducted to the ventricles via the atrioventricular (AV) node
and the Purkinje fibers. The subsequent activation of atria and ventricles pumps the blood
through the body.
During atrial fibrillation, the electrical activation pattern of the atria is disturbed. Most of
the irregularities are altered by the AV node, but still some propagate to the ventricles causing
the heart beat to rise. The exact cause of AF is not fully understood yet, but in most cases
it is triggered by rapidly firing electrical sources at the ostia of the PV [17]. Symptoms of AF
vary between patients and can range from fatigue, shortness of breath, irregular heart beat,
and chest pain up to heart failure [4].

1-2-2 Treatment of Atrial Fibrillation

Treatment of AF is done either pharmacological, with open surgery or minimal invasive with
an electrophysiology (EP) procedure [4, 17]. Pharmacological treatment includes daily admin-
istration of anticoagulant to prevent formation of blood clots in the atria, and antiarrhythmic
drugs to regulate the heart rate [17]. Another treatment to stop AF is an open surgery called
the "Cox-Maze-III" procedure. During this open heart surgery, scar tissue is created around
certain areas of the atrium to electrically isolate these and stop erroneous activation. This
procedure is effective with succes rates above 90% but it is invasive and the accompanying
risk make this procedure unsuitable for a large group of patients [19].
Due to the invasive character and high risk of the Cox-Maze-III procedure, most AF treat-
ment procedures are performed minimally invasive using catheter ablation. During this proce-
dure, erroneous activation of the atria is stopped by creating small lesions using RF-ablation
catheters. The catheters are inserted via the groin, and enter the right atrium via the vena
cava (see figure 1-8). The left atrium, where most of the ablations are done, is entered via
a transseptal puncture [17, 14]. Since AF usually originates from electrical activation of the
pulmonary veins, ablation is performed by encircling the ostia of the PV and, in some cases,
also by linear ablation of the LA roof and posterior wall [20, 21, 22, 23]. The ablation spots
are indicated figure 1-9.
AF ablation is a lengthy and complex procedure, that can take about 3 to 6 hours. The
variable anatomy of the pulmonary veins, and the close proximity of the esophagus to the left
atrial wall increases the risk of complications [24]. Ablating the tissue of the posterior LA
wall too deep, can induce so called "atrio-esophageal fistulas". This is a puncture through the
LA wall into the esophagus, which is a potentially fatal complication. It is therefore crucial
to ablate accurately and at the right location.
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1-2 Application of TEE in Atrial Ablation Procedures 7

1-2-3 Imaging during Atrial Ablation Procedures

Since ablation needs to be performed at the right spot to effectively stop the atrial fibrillation,
visualization of both catheters and the anatomy is of great importance [22]. Several tech-
niques exist for imaging during AF ablation proceduers. One technique uses Computerized
Tomography (CT), Magnetic Resonance Imaging (MRI) or rotational angiography to gener-
ate a 3D model of the left atrium [24, 17, 22]. This model is superimposed on the fluoroscopic
images during the procedure. Ablation catheters are monitored real-time on the fluoroscopy
images, and the superimposed 3D model shows the position of these catheters relative to the
LA anatomy. Figure 1-10 shows a 3D model of the LA that was acquired using CT imaging.

A more recent and common imaging technique is so called "Fast Anatomical Mapping (FAM)",
where a special mapping catheter is used to generate a 3D model of the atrium. The tip of the
mapping catheter is tracked using electromagnetic signals that are detected with three coils
that are placed on the patient. The 3D model of the LA is obtained through acquisition of
points when the mapping catheter is in touch with endocardium. A greater number of points
leads to a more accurate model of the atrium, but compared to the CT models the accuracy
is inferior [25]. The advantage of the FAM technique is that tracking of the ablation catheter
is also done with the electromagnetic signals, which eliminates the need for fluoroscopy to
visualize the ablation catheters. Figure 1-11 shows a FAM-generated model of the LA.

Although use of the 3D models has shown to be effective and helpful during EP procedures
[24], this technique also has some limitations. First, the CT, MRI or FAM acquired 3D
models are not real-time acquired, but are usually acquired prior to the ablation. This means
that these models are static, and that changes in the atrial anatomy due to heart beating
and breathing of the patient are not reflected in the model. This reduces the precision of the
3D model with respect to the actual physiological state [4]. Furthermore, the effect of the
ablation on the tissue cannot be visualized using these models. Besides that, preprocedural
generated models using CT or MRI brings additional costs and significant radiation burden
in case of CT imaging [4, 22, 20].

1-2-4 Current Status of TEE in Atrial Ablation Procedures

TEE is an imaging technique that can provide real-time, accurate 3D images of the cardiac
structure. Therefore, it was already suggested by Kettering et al. (2017) to use TEE for
imaging of the left atrium during AF ablation, and Haak, A. (2015) investigated TEE for
intraprocedural imaging during AF ablation procedures in his PhD thesis [22, 4]. Also Faletra
et al. (2013) have published several articles where they investigate the potential use of TEE
during AF ablation procedures [23].

Currently, TEE is used mainly preprocedural for assessment of the LA anatomy, and to ex-
clude thrombus in the LA appendage (LAA). Patients suffering from AF have an increased
risk on formation of blood clots, especially in the LAA. Since these blood clots can cause
stroke, scanning on thrombus in the LAA is an standard procedure before AF ablation pro-
cedures [27, 28, 24]. Furthermore, TEE is in some cases also used for transseptal puncture
guidance, as this is required to navigate the ablation catheter from the RV to the LV [28, 24].

Although preprocedural use of TEE is common, the intraprocedural use for visualization of
anatomy and catheter guidance during the ablation procedure is not yet applied due to both
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Figure 1-8: Atrial fibrillation is stopped
by ablating the tissue around the ostia of
the pulmonary veins. The catheters enter
the right atrium via the inferior vena cava.
The left atrium is accessed via a transseptal
puncture. Figure adapted from [26]

Figure 1-9: Posterior view of a 3D model
of the left atrium. The four pulmonary
veins and posterior left atrial wall are in-
dicated (LSPV: Left Superior Pulmonary
Vein, LIPV: Left Inferior Pulmonary Vein,
RSPV: Right Superior Pulmonary Vein,
RIPV: Right Inferior Pulmonary Vein). The
ostia of the PV is indicated with the dotted
lines. Ablation is performed at the ostia of
the PV and in some cases also at the pos-
terior LA wall.

Figure 1-10: Posterior view of a CT-
generated 3D model of the left atrium. Fig-
ure adapted from [24].

Figure 1-11: Posterior view of a FAM-
generated 3D model of the left atrium. Fig-
ure adapted from [25].
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1-2 Application of TEE in Atrial Ablation Procedures 9

Table 1-1: Distance (d) of the posterior LA wall and the ostia of the 4 PV to the esophageal wall
(LSPV: Left Superior Pulmonary Vein, LIPV: Left Inferior Pulmonary Vein, RSPV: Right Superior
Pulmonary Vein, RIPV: Right Inferior Pulmonary Vein). Table is adapted from [7].

Anatomical Strucure Distance to esophageal wall
(d) [mm]

Posterior LA wall 2− 5
LSPV 8− 14
LIPV 3− 11
RSPV 20− 30
RIPV 16− 20

practical and safety-related issues. First, due to the relatively large size of the TEE probe,
monitoring during the full length of an AF ablation procedure would be of great discomfort for
the non-sedated patient and increases the risk on laryngopharyngeal damage [4, 28, 24, 23].
Besides that, there are also some distinct aspects of potential thermal injury for patients
undergoing extensive atrial ablation. As already mentioned, the esophagus and posterior left
atrial wall are directly abutting each other. The minor pressure of the TEE transducer from
the esophagus on one side, and the pressure and heat of the ablation catheter on the other
side might increase the risk on atrio-esophageal fistula (i.e. penetration of the left atrial wall
into the esophageal wall), a potentially fatal complication [29, 30, 23].

Besides these safety-related issues, the main practical issue that limits use of TEE for in-
traprocedural imaging of AF ablation procedures is the limited Field of View (FOV) of the
TEE probe. The TEE probe produces a conical shaped 3D volume, or triangular 2D imaging
plane, with the origin located near the transducer surface. Especially close to the origin, (the
"near field"), the FOV of is very limited [30].
Since the transducer of the TEE probe needs to be in contact with the esophagus, and the
esophagus directly abuts the posterior LA wall, the transducer is always close to the LA wall
and PV [6, 5, 7]. The distance (d) of the esophageal wall to these landmarks is listed in table
1-1. The close proximity of the esophagus to the left atrial wall places severe limitations on
imaging any extent of the left atrial wall and PV since these anatomical structures appear in
the narrow near field of the ultrasound image, and will be partly outside the FOV [14, 4, 30].

A research to the visibility of left atrial anatomy on 3D TEE was conducted by A. Haak
(2015), where he concluded the following: "The atrial anatomy such as the pulmonary veins,
the atrial appendages, and the atrial septum are of importance for AF ablations. It has been
shown that these landmarks can be visualized with 3D TEE. However, (...) landmarks such
as the pulmonary veins may not always be visible. Secondly, the atria are in the near field
of the TEE probe and especially the left atrium is impossible to image entirely with a single
3D view. (...) The posterior wall of LA was always lost in the 3D TEE datasets, because the
currently used matrix TEE probe (Philips CX7-2t) is not capable of visualising the structures
in the very near field of the ultrasound beam." [4].

Figure 1-12 shows an example that illustrates above mentioned limitations of the TEE FOV.
The 2D and 3D FOV of standard TEE probe (X8-2t, Philips) was simulated using a 3D model
of the esophagus and LA. The figure shows that the LA is partly outside the FOV, especially
the posterior atrial wall and ostia of some of the PV. This example supports the conclusion
of Haak (2015) that it is impossible to entirely image the LA with 3D TEE.
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Figure 1-12: A: Simulated 2D and 3D view of a standard TEE probe (Cardiac Navigator, Philips,
Best, the Netherlands). The 3D model of the left atrium and esophagus is based on a 3D CT
dataset. The LA is shown in green, esophagus in yellow and the probe in red. A: posterior view
of the simulated probe. B: right view on the simulated probe. C: top view of the simulated probe
in the esophagus. This image shows that the posterior atrial wall, and part of the PV are outside
the 2D and 3D FOV due to the narrow FOV close to the transducer.

1-3 Improve Atrial Ablation Procedures using Miniaturized TEE

The safety-related and practical limitations of TEE mentioned in the previous section limit
the use of TEE for intra-procedural monitoring of AF ablation procedures. However, TEE
has significant clinical relevance as it is able to provide non-invasive, real-time imaging of the
cardiac anatomy, without using ionizing radiation as explained in section 1-1-3. Real-time,
accurate imaging of the cardiac structure is of great clinical relevance, and could improve
outcomes and efficacy of AF ablation procedures significantly, as this requires precise local-
ization of catheters with respect to the cardiac anatomy. Therefore, intraprocedural TEE
imaging could still be of great importance for AF ablation procedures, when it is used in a
way that excludes the limitations explained in section 1-2-4. To make TEE a suitable method
for intraprocedural imaging of AF ablation procedures, some adaptations to the standard
TEE probes are required.

First, as mentioned earlier, the ablation procedures are very lengthy and can take up to 6
hours. Therefore, the standard TEE probes cannot be used, as the large diameter of the probe
causes great discomfort for the patient when it is in place for such a long time [4, 28, 24]. There
are already some smaller TEE probes at the market (mini-TEE, micro-TEE, Philips), and
several studies have shown that patient comfort increases markedly, and long term monitoring
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1-3 Improve Atrial Ablation Procedures using Miniaturized TEE 11

is possible using smaller TEE probes [28, 31].

Secondly, apart from the perspective of patient comfort, also the FOV has to be improved to
make TEE useful for monitoring of AF ablation procedures. As already mentioned in section
1-2, direct contact between esophageal wall and transducer is required for TEE imaging.
Therefore, the LA is always in the near-field of the ultrasound image. Furthermore, with
miniaturized TEE probes, the transducer area is smaller, and maintaining tissue contact
within the esophagus will be even more challenging. A possible way to facilitate better acoustic
coupling between the transducer and esophagus, is to insert the transducer of the miniaturized
TEE probe in a balloon, and inflate the balloon with water. The water-filled balloon acts as a
coupling medium between the esophageal wall and transducer, and the articulated transducer
tip can be rotated, flexed and moved within the balloon without loosing acoustic coupling
with the tissue. This method potentially increases the clinical relevance of TEE imaging as it
allows to increase the distance between the esophageal wall and the transducer, which reduces
the near-field issues as described by Haak (2015). Next to its function as an acoustic coupling
medium, the water inside the balloon serves as a temperature buffer, which potentially reduces
the change on thermal injury of the esophageal wall due to the increased temperature of atrial
ablation. The method to use a water-filled balloon as a coupling medium between the tissue
and transducer is already applied in endoscopic ultrasound applications, but use of a balloon
to assist for miniaturized TEE imaging is not yet described in literature [32, 33].

With above mentioned adaptations, TEE could be a valuable imaging tool for intraprocedural
imaging of AF ablation procedures. The ultrasound image of the TEE probe can provide
real-time visual feedback of the left atrial anatomy, which is currently not possible with
preprocedural generated 3D models of the LA. Miniaturization of the TEE probe reduces
discomfort for the patient, and a water-filled balloon around the transducer facilitates the
possibility to create a distance between the transducer and esophageal wall, while acoustic
coupling is maintained. This increases visibility of the posterior LA wall and pulmonary veins
in the ultrasound FOV.

Figure 1-13 shows the FOV improvement of trans-balloon miniaturized TEE compared to
conventional TEE. With conventional TEE, the transducer is pressed against the esophageal
wall resulting in a short distance d to the left atrium. Since the esophagus has a diameter
of approximately 20 mm, the distance between the transducer and esophageal wall can be
increased with approximately 20 mm using a water-filled balloon. Figure 1-13A shows the
situation for conventional TEE imaging. In this case, the ostia of the PV and posterior LA
wall are outside the FOV. Figure 1-13B shows the situation for trans-balloon miniaturized
TEE imaging. With increased distance between the esopheal wall, the FOV covers the ostia
of the PV and posterior LA wall.
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Figure 1-13: A: With conventional TEE imaging, the distance d between transducer and left
atrium is very short. The simulated FOV shows that ostia of the Left Superior Pulmonary Vein
(LSPV), Left Inferior Pulmonary Vein (LIPV), Right Superior Pulmonary Vein (RSPV) and Right
Inferior Pulmonary Vein (RIPV) are not within the FOV. The probe position is indicated with the
red dot. B With trans-balloon miniaturized TEE imaging, the distance d between transducer and
left atrium is increased with approximately 20 mm. The simulated FOV shows that LSPV, LIPV,
RSPV and RIPV are covered in the FOV when the distance d is increased with approximately 20
mm.
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1-4 Definition of Thesis Research Scope

The preceding sections have shown the current state of the art application of TEE imaging,
and its limitations during AF ablation. Furthermore, it was shown that clinical value of TEE
imaging during AF ablation procedures could improve markedly when more of the LA and
PV anatomy is visible in the ultrasound image. The proposed solution to achieve better
visualization of the atrial anatomy is to apply a water-filled balloon around the transducer of
a miniaturized TEE probe. This balloon acts as a coupling medium between the transducer
and esophagus, and eliminates the need to press the transducer against the esophageal wall to
achieve acoustic coupling. Application of this method allows to increase the distance between
the transducer and esophageal wall, and brings the anatomical structures of interest for AF
ablation further into the FOV.

Since this method is entirely new within the application of TEE imaging, and not yet inves-
tigated on large scale, many open questions remain before this method can be applied in a
clinical setting. Questions that need to be answered are:

1. Is acoustic coupling in the esophagus attainable using a water filled balloon around the
tip of the ultrasound transducer?

2. Can the system maintain this coupling, and is it possible to manipulate the balloon
inside the esophagus?

3. Is it possible to manipulate the probe tip inside the balloon to view different cardiac
structures?

4. Is image quality and depth of miniaturized TEE probes sufficient for imaging of cardiac
structures?

5. How is image quality affected by the water-filled balloon around the transducer?

Next to these questions, also the clinical safety and applicability of this method has to be
investigated. Since answering all these questions is not possible in the limited time frame
available for this thesis work, a research scope has to be defined. Some of the above mentioned
questions were already investigated in a preliminary study of Philips Research North America
(PRNA), Cambridge. In this preliminary study, Balicki, M., Sutton, J., Stanton, D., Buizza,
R. Kyne, S. and Raju, B. (PRNA, 2018) investigated whether stable acoustic coupling using
trans-balloon miniaturized TEE is possible. In their research, they showed that it was possible
to introduce a small ultrasound catheter in a sheath, with a water-filled balloon at the distal
end of the sheath. They introduced the sheath and catheter in the esophagus of a phantom
model, and successfully obtained acoustic coupling between transducer and esophageal wall
of the phantom. Furthermore, they showed that flexion, rotation and advancing of the probe
inside the balloon is possible, while stable acoustic coupling was maintained. The results of
this preliminary study show that a water-filled balloon around the transducer of a miniaturized
echocardiographic catheter can serve as acoustic coupling medium.
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1-4-1 Research Scope

The preliminary study of Balicki et al. did not address quantification of image quality of the
trans-balloon miniaturized ultrasound probe. To investigate whether trans-balloon, miniatur-
ized TEE image quality is sufficient for intraprocedural monitoring of AF ablation procedures,
the image quality of trans-balloon miniaturized TEE has to be compared to image quality of
current state of the art TEE probes.
Therefore, this thesis focuses on quantification and comparison of image quality of the minia-
turized TEE probe and the current state of the art TEE probes. The scope of this thesis is
confined to the following items:

1. Development of a method to objectively compare image quality of ultrasound probes.

2. Objective image quality comparison of the standard TEE probes and miniaturized TEE
probe using the developed image quality assessment method.

3. Investigation to the effect of a balloon on image quality of the miniaturized TEE probe
using the developed image quality assessment method.

1-4-2 Research Questions

Main question The main question that is answered in this thesis work is:

Is image quality of trans-balloon, miniaturized ultrasound probes sufficient for
transesophageal echocardiograpic imaging during atrial fibrillation ablation pro-
cedures?

Sub-questions The main question is subdivided in the following sub-questions

• Sub-question 1: What is image quality of the miniaturized ultrasound probe compared
to the image quality of the currently used standard TEE probes?

• Sub-question 2: How does a transducer balloon influence the image quality of the minia-
turized ultrasound probe?

1-5 Thesis Outline

This thesis has the following structure. Chapter 2 introduces the reader to the topic of
ultrasound, and explains the basic principles of ultrasound physics, equipment and image
acquisition. Chapter 3 presents the image quality assessment method that was developed
to compare image quality of the miniaturized, trans-balloon probe to the conventional TEE
probes. In chapter 4, the research method is explained. Chapter 5 contains the results of the
image quality measurements, and these results are discussed in chapter 6. Chapter 7 presents
the conclusion, which answers the main question of this thesis. Appendix A and B present
the measurement method and results in a summarizing article. Appendix C contains details
of the measurement setup.
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Chapter 2

Fundamental Principles of Ultrasound
Imaging

This chapter introduces the reader to the basic principles of ultrasound imaging. It contains
an introduction to the fundamental ultrasound physics and interaction of ultrasound waves
with the insonated tissue. Furthermore, it is explained how the echo signal is obtained using
transducers, and how the signal is converted to a 2D image. This chapter provides the
background information for a basic understanding of the following chapters in this thesis.

2-1 Ultrasound Physics

2-1-1 Wavelength, Frequency and Speed

Ultrasound waves are generated by compression and rarefaction of a medium. Compression
of a medium results in a region with a high pressure, and rarefaction results in a region with
low pressure relative to the surrounding medium. One cycle of compression and rarefaction is
defined as a ’wave’. The wavelength (λ) is defined as the distance between two pressure peaks
in the medium. The frequency (f) is the number of times the wave oscillates per second.
Ultrasound waves oscillate with a frequency above 20 kHz. Medical ultrasound usually has a
frequency around 2 to 10 Mhz. The speed of sound (c) is the distance traveled by the wave
per unit time, and is related to the speed of sound and wavelength according to equation 2-1:

c = λ · f (2-1)

The frequency of the ultrasound waves never changes, but the speed of sound does change
within different media.
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16 Fundamental Principles of Ultrasound Imaging

2-1-2 Ultrasound Intensity, and the dB Scale

The areas of compression and rarefaction in the ultrasound wave cause variations in local
pressure amplitude, (P ) in the medium. The pressure amplitude of an ultrasound wave is
defined as the peak maximum (or minimum) in the pressure with respect to the surrounding
medium. The intensity (I) of the ultrasound beam is the amount of power per unit area, and
is proportional to the square of the pressure amplitude (I ∝ P 2). The intensity is always
measured relative to a reference intensity (e.g.: The intensity of the returning echo with
respect to the intensity of the incident ultrasound signal.). The relative intensity between
two ultrasound signals with intensity (I1 and I2) expressed in dB is defined as:

relative intensity (dB) = 10 · log
(
I2
I1

)
(2-2)

2-1-3 Ultrasound Interaction with Matter

The ultrasound waves have various modes of interaction as they propagate trough the in-
sonated medium. Each mode of interaction (reflection, refraction, scattering and absorption)
is shortly discussed in this section.

Reflection

Reflection occurs at the boundary between two media with different acoustic impedance (Z)
(e.g. the boundary between an organ and surrounding tissue). When an incident ultrasound
beam is perpendicular to the boundary, a fraction of the beam is reflected (an echo), and
a fraction is transmitted in the adjacent medium. The fraction of the incident intensity
that is reflected is determined by the intensity reflection coefficient (RI). A large difference
in acoustic impedance, results in a high intensity reflection coefficient, which results in a
large reflected fraction of the incident ultrasound signal. The intensity reflection coefficient
is defined as:

RI = Ir
Ii

=
(
Z2 − Z1
Z2 + Z1

)2
(2-3)

The acoustic impedance difference between air and tissue is very large, resulting in an intensity
reflection coefficient of almost one. This means that almost all ultrasound energy is reflected
on an air-tissue boundary, which makes it impossible to see structures behind the boundary.
Therefore, acoustic coupling gel is applied between the transducer and the insonated tissue
to eliminate air pockets.

Nonperpendicular incident ultrasound waves are reflected at an angle θr equal to the incident
angle, θi = θr. The echos are directed away from the transducer, and thus undetected (figure
2-1B).
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Figure 2-1: A: Perpendicular reflection. Ratio between the reflected intensity and incident
intensity is the reflection coefficient (RI). The transmitted intensity equals the difference between
the incident and the reflected intensity. B: Non-perpendicular reflection. The incident angle equals
the reflection angle (θi = θr). C: Refraction refers to the change in direction of the transmitted
ultrasound beam. Figure adapted from [9].

Refraction

Refraction refers to the change in direction when an ultrasound beam propagates from one
medium to another with a different speed of sound. The angle of incidence (θi) and refraction
(θt) are measured relative to the axis perpendicular to the boundary, as shown in figure 2-1C.
The angle of refraction depends on the angle of incidence, and the speed of sound in the two
media, c1 and c2:

sin(θt)
sin(θi)

= c2
c1

(2-4)

Scattering

Scattering arises from reflections of objects within the tissue that are of equal or smaller
size as the wavelength of the ultrasound signal. Specular (smooth) reflectors are reflectors
with dimensions much larger than the wavelength, and reflect the sound in only one direction
(similar to reflection of light in a mirror). Non-specular reflectors reflect the sound in all
directions, and consequently, the echo of a nonspecular reflector is of lower intensity than the
echo of a specular reflector. Contrary to the specular reflectors, the intensity of the returning
echo is independent of angle of incidence (see figure 2-2).

Attenuation

Ultrasound attenuation refers to the loss of intensity of the ultrasound signal with distance
traveled. Attenuation is caused mainly by absorption and scattering of the ultrasound signal.
Ultrasound attenuation is expressed as the intensity of the ultrasound signal at a given depth
(I) relative to the initial intensity (I0). Usually, the ratio (I/I0) is expressed in decibel,
and is proportional to the product of probe frequency (f) expressed in MHz, the frequency
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18 Fundamental Principles of Ultrasound Imaging

Figure 2-2: A: The ultrasound beam is scattered by small objects in the tissue that are of
similar dimension as the wavelength. B: Specular reflectors reflect the incident beam in only
one direction. Nonspecular reflectors reflect the beam in all directions. The echo intensity of
nonspecular reflectors is (approximately) independent of the incedent angle. Figure adapted from
[9].

dependent attenuation coefficient (µf ) expressed in dB/(MHz·cm) and the distance from the
transducer (d) expressed in cm [9]:

10 · log
(
I

I0

)
= −µf · f · d (2-5)

The attenuation coefficient, µ, expressed in units of dB/cm, is the relative intensity loss
per centimeter of travel for a given medium and frequency. The product of the ultrasound
frequency (in MHz) with the frequency dependent attenuation coefficient µf , (dB/cm)/MHz
gives the approximate attenuation coefficient in dB/cm. Increasing frequency increases the
attenuation coefficient, which increases ultrasound attenuation.

2-2 Ultrasound Transducers

The ultrasound signal is generated with an ultrasound transducer. The ultrasound transducer
consists of an array of piezoelectric elements. Each piezoelectric element in the transducer
serves both as an emitter and receiver. A potential difference over the element induces rapid
expansion and contraction of the piezoelectric element. Contraction and expansion of the
element emits an ultrasound wave. In the receiving mode, the pressure amplitude of the
returning echo causes mechanical compression of the piezoelectric element, which induces an
electric signal. The combined electric signal of all the piezoelectric elements in the transducer
array is used the reconstruct the ultrasound image.

2-2-1 Piezoelectric Elements

The piezoelectric elements in the transducer operate in a resonance mode. A short voltage
spike (usually 150 V, 1 µs) is applied to the element, which causes the material initially to
contract and then subsequently vibrate at a natural resonance frequency. The wavelength (λ)
of the emitted ultrasound signal equals two times the material thickness of the piezoelectric
element. This means that higher ultrasound frequencies are achieved with thinner elements,
and lower frequencies with thicker elements.
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2-3 Ultrasound Beam Properties 19

Figure 2-3: The damping block on the back of the piezoelectric elements determines the SPL.
Heavy damping reduces the number of waves n in the emitted pulse, which reduces the SPL.
Figure adapted from [9].

On the back of the piezoelectric element is a block of absorbing material. This so called
’damping block’ damps the resonance vibration of the piezoelectric element, to reduce the
Spatial Pulse Length (SPL). SPL is the spatial length of the pulse that is emitted when the
element is activated with the voltage peak. The SPL is determined by wavelength (λ) and
the number of waves (n):

SPL = λ · n (2-6)

SPL influences spatial resolution. A short SPL has a positive impact on spatial resolution.
The damping block on the back of the elements reduces the number of waves in the pulse, n,
which reduces the SPL. The relation between spatial resolution and SPL is furhter elaborated
in section 2-3.

2-2-2 Phased Array Transducers

Most modern ultrasound equipment acquires ultrasound images with so called "phased array
transducers". All piezoelectric elements in a phased array transducer are involved in formation
of the ultrasound beam. The elements are activated nearly simultaneously with a voltage
peak to generate a single ultrasound beam. Small time delays between the activation of the
individual elements in the array are used to steer and focus the beam electronically, using
constructive and destructive wave summations. In the receiving mode, all elements of a
phased array are involved in the reconstruction of the returning echo from the emitted pulse.

2-3 Ultrasound Beam Properties

The interaction of all elements in a phased array transducer induces a longitudinal wave that
travels from the transducer surface into the propagation medium, where it is reflected by
structures within the medium. The ultrasound beam exhibits two distinct beam patterns.
Close to the transducer surface, the beam converges to a certain point at a distance determined
by transducer geometry and frequency. Beyond that point, the beam diverges.

2-3-1 Transmit Focus

The point where the beam converges is called the "focal point" of the ultrasound beam. The
distance of the focal point can be manipulated by changing the time delays between the
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20 Fundamental Principles of Ultrasound Imaging

Figure 2-4: Simultaneous interaction of the piezoelectric elements induces an ultrasound pulse
that travels through the tissue. The length of the pulse (SPL) is determined by damping of the
elements. The point where the beam converges is determined by small time delays between the
activation of the individual elements. Focal depth is increased by decreasing the time delays.
Figure adapted from [9].

activation of the individual elements in the transducer array. A shallow focal zone is created
by activating the outer elements before the inner elements of the transducer array. The focal
distance is increased by reducing the time delay difference over the elements in the array (see
figure 2-4).

2-3-2 Spatial Resolution

The visibility of detail in the ultrasound images, "spatial resolution", depends on the dimen-
sions of the emitted ultrasound pulse. A short and narrow pulse creates less overlapping echos,
which allows to visualize small details in the tissue. The width of the pulse is determined by
focussing the ultrasound beam. The length of the pulse (SPL) is determined by damping of
the elements and frequency of the signal (figure 2-4). The length and width of the ultrasound
signal determine the "axial resolution" and "lateral resolution" of the ultrasound probe.

Axial Resolution

Axial resolution (∆A) is the closest distance of two objects along the axis of the ultrasound
beam that can be resolved as separate [9]. The axial resolution depends on the SPL of the
emitted ultrasound pulse. Resolvablity of two distinct objects along the axis of the emitted
pulse requires the echos to be distinct without overlap. Objects spaced further than 1/2 SPL
are resolved as two separate objects (figure 2-5A,B). Objects spaced closer than 1/2 SPL
cannot be resolved, since their echos are overlapping (figure 2-5C). Equation 2-7 shows the
relation between axial resolution and SPL:

∆A = 1
2 · SPL = n · λ

2 = n · c
2 · f (2-7)

Equation 2-7 shows that axial resolution is improved by increasing the frequency of the
ultrasound signal (f), or by increasing the damping of resonance, which reduces the number
(n) of waves in the pulse (figure 2-5D). The axial resolution depends only on transducer
frequency, and is independent of ultrasound beam geometry. Consequently, axial resolution
does not change with distance from the transducer.
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Figure 2-5: A: The axial resolution depends on the Spatial Pulse Length (SPL) of the ultrasound
pulse that is emitted by the transducer. B: Objects spaced further than 1/2 SPL are resolved in
the ultrasound image. C: Objects spaced closer than 1/2 SPL cannot be resolved as two separate
objects in the image. D: Increasing the frequency decreases the SPL, which allows to resolve
closely spaced objects (increased axial resolution). Figure adapted from [9].

Lateral Resolution

Lateral resolution refers to the ability to discern two closely separated objects perpendicular
to the axis of the ultrasound beam. Lateral resolution depends on the lateral width of the
ultrasound beam, which depends on distance from the transducer. The best lateral resolution
is at the narrowest point in the ultrasound beam. When two points are spaced further than
the lateral beam widht, these points can be resolved as two separate points in the ultrasound
image (figure 2-6A,B). Objects spaced closer than the lateral beam dimension cannot be
resolved as two distinct objects, unless the lateral beam width is reduced by focussing 2-
6C,D). So, contrary to the axial resolution, the lateral resolution is depth-dependent, and
depends on beam geometry [34, 9].

Figure 2-6: A: The lateral resolution depends on the lateral dimension of the ultrasound beam.
B: Objects spaced further than the lateral beam dimension are resolved in the ultrasound image.
C: Objects spaced closer than the lateral beam dimension cannot be resolved as two separate
objects in the image. D: Reducing the lateral beam width by focussing allows to resolve closely
spaced objects (increased lateral resolution). Figure adapted from [9].

2-4 Ultrasound Image Acquisition

This section explains how a 2D ultrasound image is reconstructed from the sequence of re-
turning echos. Each single pulse of the ultrasound transducer results in single line of echo
information. Emitting multiple pulses under a small incrementing angle (δθ) allows to recon-
struct a 2D ultrasound image from the multiple lines of echo information.
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Figure 2-7: After a short ultrasound pulse is emitted (1-2 µs), a period of approximately 500 µs
is occupied with receiving the echos of the emitted pulse. The timepoint of the returning echo is
directly related to its depth. The time between two pulses is called the Pulse Repetition Period.
Figure adapted from [9].

2-4-1 Pulse-Echo Operation

The transducer array of an ultrasound probe serves both as emitter of ultrasound pulses,
and receiver of the returning echos. After the pulse is emitted, the system switches to the
receiving mode to detect echos. The majority of the time is occupied by listening to the
returning echos. The time interval (T ) between excitation of the transducer, and the received
echo is directly related to the depth (D) of the object that causes the echo:

T = 2 ·D
c

(2-8)

where c, the speed of sound, is expressed in cm/µs (0.154 cm/µs in soft tissue); distance from
the transducer to the reflector, D, is expressed in cm; the constant 2 represents the round-trip
distance; and time is expressed in µs (figure 2-7) [9].

The time interval between two emitted ultrasound pulses is called the Pulse Repetition Period
(PRP). The PRP is determined by the time required of the most distinct echos to return to
the transducer. When echos from the previous pulse return after the second pulse is already
emitted, these echos are confused with prompt echos of the second pulse in stead of distinct
echos from the previous pulse, and artifacts occur. Therefore, the PRP cannot be shorter as
the time required for the most distinct echo to return to the transducer. The inverse of PRP
is Pulse Repetition Frequency (PRF). For imaging purposes, typical a PRF of 2 kHz to 4
kHz is required.

2-4-2 2D Image Reconstruction

The sequence of echos returning from one emitted pulse results in a digital signal, proportional
to the amplitude of the returning echos. This amplitude-modulated signal as function of time
is the so called ’A-line’ of image data.

This amplitude modulated signal is converted to a brightness-modulated signal, by conversion
of the amplitude of the signal to brightness-modulated dots along the A-line trajectory. The
location of the dot on the line is determined by the timepoint of the signal in the A-line
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Figure 2-8: A: The phased array transducer electronically adjust the angle under which the
ultrasound beam is emitted. B: One single frame is acquired by emitting ultrasound beams
under an incrementing angle δθ until the full angle θ of the Field of View (FOV) is covered.
Figure adapted from [9].

according to equation 2-8, and the brightness of the dot is determined by the amplitude of
the signal at that point. The brightness modulated signal is called a ’B-line’ of image data.

One single frame in a sequence of 2D-ultrasound images is reconstructed from a number of
B-lines. The phased-array transducer ’scans’ the image within the FOV by emitting each
ultrasound pulse under a small incrementing angle (δθ) until the total angle θ of the FOV is
covered. Decreasing δθ increases the number (N) of B-lines that is used to build the image,
which results in a higher image quality. However, since more B-lines are used, more pulses are
required to generate one image, which increases the time required to generate one ultrasound
frame (Tframe). The time required to produce one frame is the product of the number of
B-lines (N) and the time required to generate one B-line (Tline). Tline is determined by the
imaging depth (D), according to equation 2-8. The relation between frame rate, number of
lines per frame, and imaging depth is as follows:

Frame Rate = 1
Tframe

= 1
N · Tline

= 1
N ·

(
2·D
c

) (2-9)

MSc Thesis L. Grandia



24 Fundamental Principles of Ultrasound Imaging

L. Grandia MSc Thesis



Chapter 3

Development of an Objective Image
Quality Assessment Method

In the introduction of this thesis it was stated that real-time imaging of the left atrium could
improve efficacy and outcome of Atrial Fibrillation (AF) ablation procedures. Currently used
Transesophageal Echocardiography (TEE) equipment is not suitable for real-time imaging
during ablation, due to the limited Field of View (FOV). Anatomical landmarks such as the
ostia of the Pulmonary Veins (PV), and the posterior Left Atrium (LA) wall are of importance
to visualize during AF ablation procedures, but are (partly) outside the FOV.

Furthermore, it was shown that a miniaturized, trans-balloon TEE imaging probe possibly
solves the aforementioned limitations of the FOV, which makes miniaturized trans-balloon
TEE a candidate for real-time imaging of the left atrium during atrial ablation procedures.

However, before miniaturized, trans-balloon TEE can be applied in clinical practice, it is re-
quired to validate that the image quality of the miniaturized probe is sufficient for the intended
application. Therefore, the image quality of the miniaturized probe has to be compared to
the image quality of the currently used TEE probe.

To compare image quality of ultrasound probes, a method to objectively measure the image
quality has to be developed. This chapter presents the objective Image Quality Assessment
(IQA) method that was used in this thesis. Standardized ultrasound phantoms and IQA
software were used, and measurement methods are in accordance with the standards specified
in IEC 62736 and IEC 61391 [35, 36]. The developed IQA method is applied to compare the
image quality of the miniaturized, trans-balloon TEE probe with the currently used TEE
probes.

This chapter discusses the ultrasound phantoms and software that were used. Furthermore,
the image quality parameters are discussed and quantification of these parameters is explained.
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3-1 Ultrasound Image Quality Assessment Phantoms

Objective assessment of ultrasound image quality requires the use of standardized ultrasound
IQA phantoms. These phantoms are made of a base material with similar speed of sound,
attenuation and scattering characteristics as parenchymal soft tissue [37, 38, 34]. The base
material contains several "targets" of specific size and contrast with respect to the background.
Scanning the phantom and analysis of the ultrasound images allows to quantify certain image
quality parameters [37, 39].

In this thesis, image quality measurements were carried out using the UltraiQ uniformity
phantom (figure 3-1A), and the UltraiQ general purpose ultrasound phantom (figure 3-1B)
from CablonMedical, Leusden, the Netherlands.

The UltraiQ uniformity phantom (figure 3-1A) consists of a uniform block of silicone gel,
that contains no targets. This phantom is used to generate uniform ultrasound images for
measurement of the signal to noise ratio.

The base material of the UltraiQ general purpose ultrasound phantom (figure 3-1B) contains
a vertical line of monofilament nylon wires, the so called "pins", and a group of 6 echogenic,
cylindrical grey targets. Target dB level is defined as the echo intensity of the targets (IT )
with respect to the echo intensity of the background (IBG). The relative echo intensity of
targets and background is expressed in decibel (dB):

target dB level = 10 · log
(
IT
IBG

)
(3-1)

The echogenic grey targets have a relative echo intensity with respect to the background of
-9dB, -6dB, -3dB, 3dB, 6dB and 15dB respectively (figure 3-1C). Ultrasound images of the
general purpose phantom are used to measure the contrast resolution, contrast to noise ratio
and spatial resolution of the ultrasound probe. Image quality parameter quantification is
explained in section 3-3.

Figure 3-1: A: The ultraIQ uniformity phantom (Cablon Medical, Leusden, Netherlands) [40].
B:The UltraiQ general purpose phantom (Cablon Medical, Leusden, Netherlands) [40]. C Target
pattern in the general purpose phantom.
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3-2 Image Quality Assessment Software

The ultrasound images of the IQA phantoms were analyzed using IQA software for quan-
tification of the image quality. In this thesis, the "UltraiQ" software tool (CablonMedical,
Leusden, the Netherlands) was used. Several studies have shown that the results are accurate
and repeatable, and that the software provides objective, quantitative assessment of image
quality [41, 39].

The UltraiQ software tool is able to quantify image quality parameters using pixel grey value
analysis of the ultrasound images obtained from scanning the ultrasound phantoms. These
ultrasound phantom images were imported in the software tool, and the relevant targets for
measurement were selected by placing a Region of Interest (ROI) over the targets. Image
quality parameters such as contrast resolution, spatial resolution and penetration depth are
quantified based on pixel grey value analysis within the ROI. The quantification process is
explained in detail in the following sections of this chapter.

The results obtained with the UltraiQ software tool were exported to Excel. The data from
the Excel files was analyzed using several MATLAB function files.

3-3 Image Quality Parameters

In this thesis, ultrasound image quality and probe characteristics were measured by quan-
tification of the following image quality parameters: The contrast resolution, which is the
smallest detectable difference in echo intensity. The Contrast-to-Noise Ratio (CNR), which is
the ratio between contrast and noise in the ultrasound image. The spatial resolution, which
is the smallest distance between two points in the ultrasound image that can be resolved as
separate. And finally, the penetration depth of the ultrasound signal, which is defined as the
depth in the ultrasound image where the Signal-to-Noise Ratio (SNR) drops below one. This
section discusses each image quality parameter, and describes the parameter quantification
process using the UltraIQ software.

3-3-1 Contrast Resolution

The contrast resolution is defined as the smallest difference in echo intensity of an object
(IOBJ) with respect to the echo intensity of the background (IBG) that can be detected in
the ultrasound image [38, 34].

The ability to distinguish an object as separate from the background, depends on the mapping
of differences in echo intensity to grey values. When a small difference in echo intensity results
in a large difference in grey value at the screen, even objects with low contrast w.r.t. the
background (low IOBJ/IBG) can be detected in the ultrasound image. The grey step per dB
echo level is called the "gamma" of the ultrasound probe [39, 34]. Probes with a high gamma
have a better contrast resolution as probes with a low gamma.

Quantification
The gamma of ultrasound probes can be quantified by scanning objects with known echo
intensity w.r.t. the background [39, 42]. For this purpose, the group of grey targets in
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Figure 3-2: A:Ultrasound image of the grey targets in the Cablon ultrasound phantom. The
targets in the image have a known echo dB level with respect to the background. B Close up of
one of the targets in the image. The target grey value (GVT ) and background grey value (GVBG)
are determined by averaging the pixel grey values within the target Region of Interest (ROI) and
background ROI respectively.

the UltraiQ general purpose phantom is scanned (see figure 3-2A). The UltraiQ software
calculates the grey value of each target (GVT ) by averaging grey values of the pixels within
the circular ROI (figure 3-2B). The gamma is determined by plotting the grey value of the
targets against the dB level of the targets. Plotting a linear fit through the datapoints yields
a straight increasing line. The steepness of this line is the average increase in grey value per
echo dB level, which is the gamma.

3-3-2 Contrast to Noise Ratio

Visibility of objects with respect to the background is not only determined by the contrast
difference between background and object, but also by the noise in the image. The ratio
between contrast and noise, CNR, is a measure for the visibility of structures relative to the
noise level in the image.

The contrast between background and target is the absolute difference between the mean grey
value of the target (GVT ) and the mean grey value of the background (GVBG). The noise is
the variance in pixel grey values within the target (σ2

T ) and background (σ2
BG). The ratio

between the contrast and the noise yields the CNR [34, 38]:

CNR = |GVT −GVBG|√
σ2
T + σ2

BG

(3-2)

Quantification
The UltraiQ software tool was used to calculate the CNR for each grey target in the ultrasound
image (figure 3-2). The software calculates GVT and GVBG as the average grey value of the
target and background ROI respectively (figure 3-2B). The variance of grey values, σ2

T and
σ2
BG, is determined by calculation of the variance of pixel grey values within the target ROI

and background ROI. CNR is calculated according to equation 3-2.
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3-3-3 Spatial Resolution

Spatial resolution refers to the ability to discern two closely spaced objects in the ultrasound
image as separate. Objects spaced closer than the spatial resolution cannot be resolved as two
distinct points in the image. In chapter 2, section 2-3, it was explained that spatial resolution
depends on the spatial dimensions of the emitted ultrasound pulse.

Since it is impossible to measure the spatial dimensions of the ultrasound pulse directly, the
spatial resolution is indirectly measured by measuring the dimensions of the so called "Point
Spread Function (PSF)". The PSF determines how an infinitely small point is represented in
the ultrasound image. Convolution of the object with the PSF yields the image. A narrow
PSF will spread out the points over a smaller area as a wide PSF, which will result in a high
spatial resolution (figure 3-3B,C). So, a high spatial resolution corresponds to a narrow PSF,
and vice versa, a low spatial resolution corresponds to a wide PSF [9].

Figure 3-3: A: Typical Point Spread Function (PSF) of an ultrasound probe. The PSF is wider
in lateral direction (L) as in axial direction (A). Convolution of the Point Spread Function (PSF)
with the objects yields the image. B: A narrow PSF yields an image with two resolvable points
(high spatial resolution). C: A wide PSF yields an image where the two points cannot be resolved
(low spatial resolution).

The PSF of the ultrasound probe is asymmetrical: the PSF is wider in lateral direction as
in axial direction (figure 3-3A). Therefore, the spatial resolution of the ultrasound probe is
measured in ’axial resolution’ and ’lateral resolution’ [39, 42, 34, 9]. Axial direction refers to
the direction along the axis of the ultrasound beam. Lateral direction is perpendicular to the
axial direction.

Quantification
To quantify the spatial resolution of the ultrasound probes, the vertical pin group of the
UltraiQ general purpose phantom was scanned. The line of pins in the phantom appears as
line of bright spots in the ultrasound image (figure 3-4A). The axial and lateral dimension
(∆A, ∆L) of each pin, are a measure for the lateral and axial resolution: a small, sharp pin
in the image indicates good spatial resolution, and a wide, faded pin indicates poor spatial
resolution (figure 3-4B). Measuring the lateral and axial dimension of each pin along the line
allows to calculate the lateral and axial resolution of the ultrasound probe as function of
distance from the transducer [39].

The lateral and axial dimension of the pins were calculated by the UltraiQ image quality
assessment software. The software automatically detects the pin in the selected ROI, and
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Figure 3-4: A: The vertical line of pins in the ultrasound phantom is displayed as a line of
bright spots in the ultrasound image. Axial direction is along the line of pins, lateral direction is
perpendicular to the axial direction, in the plane of the image. B: Close-up of one of the pins in
the image. The axial dimension (∆A) and lateral dimension (∆L) of the pin are shown.

determines the central axes of the pin. The lateral and axial pin dimensions are determined
by grey value analysis along the horizontal and vertical central axis of the pin respectively.
Figure 3-5 shows an example of the grey value analysis along the lateral axis of one of the
pins in the ultrasound image.

Figure 3-5: A:Grey value profile along the lateral axis of one of the pins in the ultrasound image
B: Close up of the pin, with the lateral axis indicated with the dashed line.

The pixel grey value analysis along the central line of the pin results in a graph representing
the grey value of each pixel along that axis (figure 3-5A). The width of the pin is defined as
the width of the grey value curve at the point where the curve intersects a certain threshold.
In this thesis, the "Full-Width, Half-Maximum (FHWM)" threshold was used. The FWHM
threshold is standardized by IEC 61391-1 as the threshold for spatial resolution measurement
of ultrasound equipment [36].

The maximum grey value along the axis (GVmax) and the mean grey value of the background
pixels within the ROI (GVBG) are determined. The nominal peak value is the difference
between the maximum grey value and the mean background grey value (GVmax − GVBG).
The ’FWHM-width’ is the width of the graph at grey level one half of the nominal peak value
above the mean background grey value:
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GVFWHM = GVBG + GVmax −GVBG
2 (3-3)

In the example in figure 3-5, the maximum grey value is 252 (GVmax = 252) and the mean
background grey value is 80 (GVBG = 80). According to equation 3-3, the FWHM-grey value
is 166. The width of the graph, measured at grey value 166 is 221 pixels; i.e.: the lateral pin
size, measured with the FWHM threshold is 221 pixels.
The software calculates the lateral axial dimension of each pin along the line according to the
method described above. This yields the lateral and axial resolution of the ultrasound probe,
as function of distance from the transducer.

3-3-4 Penetration Depth

The penetration depth of the ultrasound signal is defined as the depth in the ultrasound image
where the SNR drops below one [35, 43, 41]. In chapter 2, section 2-1-3, it was explained
that the intensity of the returning ultrasound echos reduces with increasing depth. This
means that the amplitude of the "signal" reduces with depth. On the other hand, the noise
originating from signal amplification and electronic components is independent of the depth
in the image. This means that the SNR reduces over depth: close to the transducer SNR is
high, and far from the transducer the SNR is low [39, 42, 9].
The SNR is defined as the ratio between the the power of the signal (PS) and the power of
the noise (PN ). Since the signal power scales with the amplitude squared, the SNR can be
expressed as the ratio between the amplitude of the signal (AS) and the amplitude of the
noise (AN ):

SNR = PS
PN

= A2
S

A2
N

(3-4)

Quantification
In this thesis, penetration depth of the ultrasound signal was determined according the
method described in IEC 62736 [35]. This method uses the combined information of two
ultrasound images to determine the penetration depth. The penetration depth was deter-
mined using an ultrasound image of the UltraiQ uniformity phantom and an ultrasound
image holding the probe in air. The ultrasound image holding the probe in air shows the
noise originating from transducer elements and electronic amplification. This is the back-
ground noise in the ultrasound image. The ultrasound image of the uniform phantom shows
the echo signal of the phantom, combined with the background noise. Figure 3-6 shows an
example of these ultrasound images.
The UltraiQ software calculates the grey value profile along the central axis of both ultrasound
images by laterally averaging the grey values in the rectangular ROI (figure 3-6). The grey
value profile of the air-scan image shows the grey values of the noise as a function of depth
(d) in the image: GVN (d). The grey value profile of the uniform phantom image shows the
grey values of the noise added to the echo signal as a function of depth GVS+N (d).
Assuming uncorrelated noise, the power of the pure ultrasound signal (without noise) is
computed by subtracting the power of the noise from the power of the noisy signal:
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Figure 3-6: A: Ultrasound image of the probe in air. This shows the background noise originating
from transducer elements and electronic amplification. B: Ultrasound image of the uniform
phantom. This shows the pure ultrasound signal added to the background noise.

PS = PS+N − PN (3-5)

Using equation 3-5, the SNR in equation 3-4 is rewritten as:

SNR = PS
PN

= PS+N − PN
PN

= PS+N
PN

− 1 (3-6)

Since signal power scales with amplitude squared, and since the amplitude of the signal is
directly correlated to the grey values in the ultrasound image, the SNR in equation 3-6 can
be rewritten as:

SNR(d) = PS+N
PN

− 1 =
A2
S+N
A2
N

− 1 = GVS+N (d)2

GVN (d)2 − 1 (3-7)

The penetration depth is the depth where the signal-to-noise ratio is less than one. With
SNR equal to one, equation 3-7 is rewritten as:

GV 2
S+N (d)

GV 2
N (d)

= 2→ GVS+N (d)
GVN (d) =

√
2 (3-8)

Using equation 3-8, the penetration depth (PD) is calculated as the depth where the grey
value profile of the uniform phantom minus the grey value profile of the air image multiplied
with the square root of 2 intersects zero. written as equation this yields:

PD := GVS+N (d)−
√

2 ·GVN (d) = 0 (3-9)
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Chapter 4

Method

This chapter presents the structure of the research that was conducted in this master thesis.
The goal of this thesis was to investigate whether image quality of miniaturized trans-balloon
Transesophageal Echocardiography (TEE) is sufficient for intraprocedural imaging of Atrial
Fibrillation (AF) ablation procedures. The main research question was divided in the follow-
ing two sub-questions:

• Sub-question 1: What is image quality of the miniaturized ultrasound probe compared
to the image quality of the currently used standard TEE probes?

• Sub-question 2: How does a transducer balloon influence the image quality of the minia-
turized ultrasound probe?

To answer these sub-questions, two separate studies were performed. In each study, the
Image Quality Assessment (IQA) method as described in chapter 3 was applied to measure
image quality. This chapter provides a summary of the applied research method. Detailed
information is in the measurement report of the two studies (attached in appendix A and B).

4-1 IQ Comparison: Miniaturized TEE vs. Normal TEE

In the first study of this thesis, image quality of a miniaturized ultrasound probe was compared
to the image quality of the currently used standard TEE probes. The miniaturized ultrasound
probe that was used in this study was the Philips Intra-Cardiac Echocardiography (ICE)
ultrasound probe. This is a small, high frequency ultrasound probe with a diameter of
approximately 3mm. The image quality of this miniaturized probe was compared to the
Philips X8-2t and Philips S7-3t TEE ultrasound probes. The Philips X8-2t is the current
state of the art probe used for TEE imaging. This probe has a lower frequency as the ICE
ultrasound probe, and a transducer diameter of approximately 18 mm. The S7-3t is a probe
used for peadiatric TEE imaging with transducer diameter of approximately 12 mm. The
frequency of the S7-3t probe is higher than the X8-2t, but lower than the ICE. Figure 4-1
shows the transducers of the three probes.
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4-1-1 Workflow

The workflow in this paragraph describes the procedure that was followed to measure image
quality of the probes. This workflow was followed three times: First to measure image quality
of the X8-2t TEE probe, next to measure the image quality of the S7-3t TEE probe, and
finally to measure image quality of the ICE ultrasound probe.

First, the UltraiQ general purpose phantom and the UltraiQ uniformity phantoms were
scanned with the ultrasound probe. The scans were repeated 6 times, which reduced the
influence of stochastic effects. The ultrasound images were stored on the ultrasound system,
and copied to USB. The next step was to import and analyze these images in the UltraiQ
software tool. The contrast resolution, contrast to noise ratio, spatial resolution and pene-
tration depth were determined according to the method described in chapter 3. Finally, the
data was imported in MATLAB to visualize the measurement results in graphs.

Above described workflow was followed for the X8-2t, S7-3t and ICE miniaturized ultrasound
probe, which allowed to objectively compare the image quality of these probes to each other.
The workflow is schematically presented in figure 4-3.

4-2 IQ Comparison: Trans-Balloon vs. Direct US Imaging

In the second study of this thesis, the influence of a water-filled balloon on image quality
was studied. To measure this, the Philips ICE ultrasound probe was inserted in a water-
filled balloon and image quality of the trans-balloon ultrasound images was compared to the
ultrasound images of the ICE probe without balloon around the transducer. Figure 4-2 shows
the transducer of the ICE ultrasound probe and the sheath with balloon where the ICE probe
was inserted in. Details of the setup are provided in appendix C.

4-2-1 Workflow

The workflow in this paragraph describes the procedure that was followed to measure the
influence of the water-filled balloon on image quality. This workflow was followed two times:
First to measure image quality of the ICE ultrasound probe without interference of the bal-
loon. Next, the ICE probe was inserted in the water-filled balloon as described in appendix C,
and the same workflow was followed again to measure image quality of the trans-balloon ul-
trasound images. Comparing the results of the image quality measurements with and without
balloon allows to evaluate the influence of the balloon on image quality.

First, the UltraiQ general purpose phantom and the UltraiQ uniformity phantoms were
scanned with the ultrasound probe. The scans were repeated 20 times, which reduced the
influence of stochastic effects. The ultrasound images were stored on the ultrasound system,
and copied to USB. The next step was to import and analyze these images in the UltraiQ
software tool. The contrast resolution, contrast to noise ratio, spatial resolution and pene-
tration depth were determined according to the method described in chapter 3. Finally, the
data was imported in MATLAB to visualize the measurement results in graphs.

These steps were first applied to the ICE ultrasound probe, and then applied to the ICE
ultrasound probe inserted in the water-filled balloon. This method allows to objectively
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Figure 4-1: Transducer of the Intra-Cardiac
Echocardiography (ICE) ultrasound probe
(1) compared to the transducer of the S7-
3t (2) and X8-2t TEE ultrasound probe (3).
Image quality of the ICE ultrasound probe
was compared to image quality of the X8-2t
and S7-3t TEE probe.

Figure 4-2: The Intra-Cardiac Echocardio-
graphy (ICE) ultrasound probe (1), and the
sheath with balloon (2). Image quality of
the ICE ultrasound probe was compared to
image quality of the ICE inserted in the
sheath to study the influence of the balloon
on image quality.

compare trans-balloon to direct ultrasound image quality of the miniaturized ultrasound
probe. The workflow is schematically presented in figure 4-3.
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Figure 4-3: Workflow of the two studies that were performed to answer the two sub-questions
of this thesis.
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Chapter 5

Results

This chapter presents the results of the image quality measurements. The chapter is split up
in two sections, corresponding to the two sub questions in which the main research question
was divided. Mean value and standard deviation of the measurements were calculated, and
the results were graphically presented using MATLAB. The graphical representation makes
it easier to observe differences and interpret the results.

5-1 IQ Comparison: Miniaturized TEE vs. Normal TEE

This section presents the results of the first study of this master thesis. In this study, the
image quality of a miniaturized ultrasound probe (Intra-Cardiac Echocardiography (ICE)
ultrasound probe) was compared to the image quality of the currently used Transesophageal
Echocardiography (TEE) probes (X8-2t probe, S7-3t probe). Image quality was assessed
based on measurement of the contrast resolution, Contrast-to-Noise Ratio (CNR), spatial
resolution and penetration depth. Measurements were repeated 6 times, and results are
reported with mean and standard deviation (µ± σ).

5-1-1 Contrast Resolution

Figure 5-1A shows the measured grey value of each target plotted against the target dB
value. Figure 5-1B shows a linear regression line through the datapoints in figure 5-1A. The
errorband indicates the 95% confidence interval of the linear fit. The regression coefficient of
the line is defined as the "gamma" (γ), which is a measure for the contrast resolution.

Multiple regression analysis was used to test if the regression coefficient for the ICE probe
and the X8-2t probe, and the regression coefficient for the ICE probe and S7-3t probe were
significantly different. The gamma of the ICE probe (γICE = 5.0) and the X8-2t probe
(γX8-2t = 5.0) were not significantly different, t(1) = -0.00, p = 0.997. The gamma of the ICE
probe (γICE = 5.0) and the S7-3t probe (γS7-3t = 4.2) were not significantly different, t(1) =
-1.11, p = 0.298.
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Figure 5-1: A: Mean grey value of each target plotted against target echo level (dB). B: Linear
fit through datapoints, the errorband indicates the 95% confidence interval of the linear fit.

5-1-2 Contrast to Noise Ratio

Figure 5-3 shows the results of the CNR measurements. Data points in the graphs are mean
values of the repeated measurements, variance is indicated with the errorband (µ ± σ). No
significant difference between the CNR of the ICE ultrasound probe was observed compared
to CNR of the X8-2t and S7-3t ultrasound probe, except for the -9 dB target. At the -9 dB
target, the CNR of the ICE probe (CNRICE = 4.3 ± 0.6) was higher than the CNR of the
X8-2t and S7-3t (CNRX8-2t = 3.2± 0.3,CNRS7-3t = 1.4± 0.1).

5-1-3 Spatial Resolution

Figure 5-2 shows the lateral and axial dimension (∆L,∆A) of the pins in the ultrasound image
as a function of depth (d). Data points in the graphs are mean values of the repeated measure-
ments, variance is indicated with the errorband (µ±σ). The spatial resolution measurements
in figure 5-2A show that the lateral and axial resolution of the ICE probe are superior to the
lateral and axial resolution of the X8-2t and S7-3t probe.

The average ratio between the lateral pin size (∆L) of the ICE ultrasound probe and X8-2t
(∆L, ICE/∆L, X8-2t) = 0.8±0.2, and for the S7-3t (∆L, ICE/∆L, S7-3t) = 0.6±0.2. The average
ratio between the axial pin size (∆A) of the ICE ultrasound probe and X8-2t (∆A, ICE/∆A, X8-2t) =
0.7± 0.1, and for the S7-3t (∆A, ICE/∆A, S7-3t) = 0.7± 0.1.

It was observed that the lateral resolution of the ICE ultrasound probe strongly depends on
imaging plane rotation. Rotating the imaging plane 60o decreases lateral resolution of the
ICE ultrasound probe with a factor of approximately 2 (figure 5-2B). (∆L, ICE/∆L, X8-2t) =
1.4± 0.3, and (∆L, ICE/∆L, S7-3t) = 1.2± 0.2. Axial resolution was not significantly affected
by rotation of the imaging plane. (∆A, ICE/∆A, X8-2t) = 0.6± 0.1, and (∆A, ICE/∆A, S7-3t) =
0.7± 0.1.
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Figure 5-2: A: The lateral and axial dimension (∆L,∆A) [mm] of the pins at depth (d) [mm].
B: ∆L(d),∆A(d), measured with rotated imaging plane (X8-2t, S7-3t 90o; ICE ultrasound probe
60o). Data points are mean values of the measurement (N = 6), variance is indicated with the
errorband (µ± σ).

Figure 5-3: CNR for the X8-2t, S7-3t and
ICE ultrasound probe. Data points are mean
values of the measurement (N = 6), vari-
ance is indicated with the errorband (µ±σ).

Figure 5-4: Penetration depth of the sig-
nal. Data points are mean values of the
measurement (N = 6), variance is indicated
with the errorband (µ± σ).
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5-1-4 Penetration Depth

Figure 5-4 shows the results of the ultrasound penetration depth measurements. Ultrasound
penetration depth of the ICE ultrasound probe (PDICE = 70.9 ± 0.8 mm) was significantly
less as the penetration depth of the X8-2t and S7-3t probe (PDX8-2t = 126.4 ± 0.7 mm,
PDS7-3t = 100.7± 0.3 mm).

5-2 IQ Comparison: Trans-Balloon US vs. Direct US Imaging

This section presents the results of the second study of this master thesis. In this study,
the image quality of the ICE ultrasound probe was compared to image quality of the intra-
balloon ICE ultrasound probe to investigate the influence of the balloon on image quality.
Image quality was assessed based on measurement of the contrast resolution, CNR, spatial
resolution and penetration depth. Measurements were repeated 20 times, and results are
reported with mean and standard deviation (µ± σ).

5-2-1 Contrast Resolution

Figure 5-5A shows the measured grey value of each target plotted against the target dB value.
Figure 5-5B shows a linear least-square regression line through the datapoints in figure 5-5A.
The errorband indicates the 95% confidence interval of the linear fit. The regression coefficient
of the line is defined as the "gamma" (γ), which is a measure for the contrast resolution.

Multiple regression analysis was used to test if the regression coefficient for the ICE probe
without balloon and the ICE probe with balloon are significantly different. The gamma
of the ICE probe without balloon (γICE, no balloon = 5.1) and the ICE probe with balloon
(γICE, balloon = 5.0) were not significantly different, t(1) = 0.11, p = 0.913.

Figure 5-5: A: Mean grey value of each target plotted against target echo level (dB). B: Linear
fit through datapoints, the errorband indicates the 95% confidence interval of the linear fit.
Steepness of the line is the contrast resolution of the probe.
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5-2-2 Contrast to Noise Ratio

Figure 5-7 shows the results of the CNR measurements. Data points in the graphs are mean
values of the repeated measurements, variance is indicated with the errorband (µ ± σ). No
significant difference between the CNR of the ICE probe without balloon and the probe with
balloon was observed.

5-2-3 Spatial Resolution

Figure 5-6 shows the lateral and axial resolution (∆L,∆A) as a function of depth (d). Data
points in the graphs are mean values of the repeated measurements, variance is indicated
with the errorband (µ ± σ). The lateral and axial resolution show no significant differences
between the probe without balloon and the probe with balloon.

The average ratio between the lateral pin size (∆L) of the ICE ultrasound probe with balloon
and without balloon (∆L, balloon/∆L, no balloon) = 1.1± 0.1,

The average ratio between the axial pin size (∆A) of the ICE ultrasound probe with balloon
and without balloon (∆A, balloon/∆A, no balloon) = 1.0± 0.1.

5-2-4 Penetration Depth

Figure 5-8 shows the penetration depth of the probe with and without balloon. No significant
difference between the penetration depth of the ICE ultrasound probe without balloon (69.8±
1.8 mm) and the ICE ultrasound probe with balloon (71.1 ± 1.3 mm) was observed, t(1) =
1.43, p = 0.185.
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Figure 5-6: The lateral and axial dimension (∆L,∆A) [mm] of the pins at depth (d) [mm]. Data
points are mean values of the measurements (N = 20), variance is indicated with the errorband
(µ± σ).

Figure 5-7: CNR for the probe without
balloon and the probe with balloon. Data
points are mean values of the measurement
(N = 20), variance is indicated with the
errorband (µ± σ).

Figure 5-8: Penetration depth of the signal.
Data points are mean values of the measure-
ment (N = 20), variance is indicated with
the errorband (µ± σ).
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Chapter 6

Discussion

The goal of this thesis was to investigate whether image quality of miniaturized trans-balloon
Transesophageal Echocardiography (TEE) is sufficient for real-time imaging during Atrial
Fibrillation (AF) ablation procedures. To investigate this, a research question was formulated,
which was divided in the following sub-questions:

• Sub-question 1: What is image quality of the miniaturized ultrasound probe compared
to the image quality of the currently used standard TEE probes?

• Sub-question 2: How does a transducer balloon influence the image quality of the minia-
turized ultrasound probe?

To answer these questions, a method for objective image quality assessment was developed,
and two studies were conducted.

First, the developed image quality assessment method was applied in a study to compare the
image quality of a miniaturized ultrasound probe to image quality of current state of the art
TEE probes. In this study, the image quality of the Intra-Cardiac Echocardiography (ICE)
miniaturized ultrasound probe was compared to to the X8-2t and S7-3t TEE ultrasound
probe.

In a second study, the influence of a water-filled transducer balloon on image quality was
studied by comparing the image quality of the ICE ultrasound probe without a balloon to
the image quality of the ICE ultrasound probe with the balloon around the transducer.

This chapter summarizes and discusses the results and study limitations. Furthermore, the
clinical relevance of the results is discussed, and some recommendations for further research
are given. Finally, other areas of application for miniaturized, trans-balloon ultrasound imag-
ing are discussed.

MSc Thesis L. Grandia



44 Discussion

6-1 Summary and Discussion of Measurement Results

6-1-1 IQ Comparison: Miniaturized TEE vs. Normal TEE

In the first study of this master thesis, image quality of the ICE ultrasound probe was com-
pared to image quality of the X8-2t and S7-3t TEE probe. The results have shown that,
despite its significantly smaller size, image quality of the miniaturized ultrasound probe is
comparable to image quality of the larger TEE probes, but that spatial resolution strongly de-
pends on image plane rotation and that the ultrasound penetration depth of the miniaturized
probe is less than that of the TEE probes.
The linear fit through the points in figure 5-1 shows how the grey value changes as function
of echo dB level. The steepness of the line is the contrast resolution of the probe. A steep
line means that a small difference in echo intensity results in a large change in grey value,
which corresponds to a good contrast resolution. Figure 5-1 shows that the contrast resolution
lines of the ICE, X8-2t and S7-3t are approximately overlapping, which means that contrast
resolution of the probes is not significantly different.
The Contrast-to-Noise Ratio (CNR) measurements in figure 5-3 show no important differences
between CNR of the probes. However, it is important to note that CNR measurements were
performed using targets at a depth of 25 mm below the scanning surface. At this depth, the
observed differences in CNR between the probes were minor. At greater depth it is expected
that the CNR of the X8-2t, S7-3t and ICE shows larger differences as attenuation of the signal
increases exponentially with depth.
The lateral and axial resolution as function of depth (d) in the ultrasound image are shown
in figure 5-2. It is observed that the axial resolution remains constant with depth, but
that the lateral resolution changes as function of depth. This observation is in accordance
with the theory in chapter 2, section 2-3, where it was stated that the axial resolution is
independent of beam geometry and depends on Spatial Pulse Length (SPL) only. The lateral
resolution depends on the width of the ultrasound beam, which changes with distance from
the transducer. Consequently, the lateral resolution is depth dependent.
Figure 5-2 shows that the lateral resolution of the ICE probe is superior to that of the X8-2t
and S7-3t probe. However, it is important to mention that the lateral resolution of the ICE
probe strongly depends on the rotation angle of the imaging plane, due to the geometry of the
transducer array. The transducer array of the ICE has a rectangular shape, which means that
more piezo-elements are along the long axis of the array than on the short axis of the array.
When the imaging plane is aligned with the long axis of the transducer array (0o rotation),
the maximum amount of elements is involved in forming the image, resulting in maximum
achievable image quality. In the worst case, the image plane is rotated 90o (aligned with the
short axis of the rectangular transducer), and a lower amount of piezo-elements is involved
in forming the image, resulting in a significantly lower spatial resolution compared to the
situation where the image plane is not rotated. Figure 6-1 shows a sketch of the rotated and
non-rotated imaging plane.
The measurement results in figure 5-2A were obtained with 0o rotation of the imaging plane.
Figure 5-2B shows the results when the imaging plane of the X8-2t, S7-3t and ICE are rotated
90o, 90o, and 60o respectively. Increasing the image plane rotation angle of the ICE above
60o resulted in a too low image quality to perform measurements.
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Figure 6-1: A: Imaging plane rotated 0o, the plane is aligned with the long axis of the rectangular
transducer array. B: Imaging plane rotated 90o, the plane is aligned with the shortest axis of the
array. Figure adapted from [44].

Figure 5-2B shows that the lateral resolution of the ICE decreases with a factor of approx-
imately 2, while the lateral resolution of the X8-2t and S7-3t does not significantly change
compared to the results in figure 5-2A. Lateral resolution of the X8-2t and S7-3t does not
change because the transducer array of these probes is designed such that spatial resolution is
independent of the image plane rotation angle. Contrary to this, the rectangular design of the
transducer array of the ICE results in a strongly rotation angle-dependent spatial resolution.
Figure 5-2A and 5-2B show that the axial resolution of the X8-2t, S7-3t and ICE probe does
not depend on the imaging plane rotation angle. This is as expected, since the axial resolution
is independent of beam geometry. Therefore, rotation of the imaging plane does not affect
axial resolution.

Figure 5-4 shows that the penetration depth of the ICE probe is significantly less compared to
the penetration depth of the S7-3t and X8-2t ultrasound probe (70.9±0.8 mm vs. 126.4±0.7
mm, 100.7±0.3 mm). This difference is mainly explained by power (P [W]) and frequency (f
[MHz]) of the ultrasound probe. Ultrasound penetration depth decreases exponentially with
decreasing power and increasing frequency. The ICE has the lowest penetration depth due to
the high frequency and lower power compared to the X8-2t and S7-3t ultrasound probe.
The difference in penetration depth was also observed in the spatial resolution measurements
in figure 5-2. The curve of the ICE probe ends at 70 mm, because pins for the spatial
resolution measurement in the ultrasound image could not be resolved at greater depth.

6-1-2 IQ Comparison: Trans-Balloon US vs. Direct US Imaging

In the second study of this master thesis, the image quality of the ICE ultrasound probe
was compared to the image quality of the intra-balloon ICE ultrasound probe to study the
influence of the balloon on image quality.

Compared to direct ultrasound imaging, trans-balloon ultrasound imaging adds extra inter-
faces between the transducer and the insonated tissue: the ultrasound waves travel from the
transducer in the medium inside the balloon (water), than from the medium into the balloon
wall, and from the balloon wall into the insonated tissue. It was expected that these extra
interfaces would absorb some of the ultrasound energy, which results in a lower ultrasound
image quality. However, the results in figure 5-5 to 5-8 have shown that the influence of the
water-filled balloon on image quality is negligible.
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6-2 Study Limitations and Recommendations

A limitation of the applied Image Quality Assessment (IQA) method is that this method is
suitable for measurements in the 2D imaging mode only. In clinical practice, a 3D ultrasound
volume is used to select a 2D plane through the 3D ultrasound volume, and this 2D imaging
plane is used for clinical diagnostics or treatment guidance. Therefore, a 3D ultrasound
IQA method would possibly give more valuable results. However, since 3D ultrasound IQA
software and phantoms are not available yet, it was decided to measure and compare image
quality using a 2D IQA method. The authors decided that this 2D IQA method still yields
valid and useful results, since in clinical practice the 3D volume is only used to select a 2D
plane, while the 2D imaging plane is used for diagnosis and assessment of the anatomy. An
advantage of the IQA method that was developed in this thesis, is that it can be used to
assess image quality of any ultrasound probe, and is not just limited to the probes that were
assessed in this thesis.

Another limitation is that the ICE catheter that was used for image quality measurements
is not intended for TEE imaging. In the first study of this master thesis, image quality of
the Philips ICE catheter was compared to image quality of the Philips X8-2t and S7-3t TEE
probe. The goal of this study was to investigate whether the image quality of a miniaturized
TEE probe is comparable to that of currently used TEE probes. Due to its small size, the
ICE catheter was used as miniaturized ultrasound probe for comparison with TEE probes,
although the ICE catheter is not intended for TEE imaging. The ICE probe is developed
as a catheter for intracardiac ultrasound imaging during minimally invasive Structural Heart
Disease (SHD) procedures.
However, since imaging characteristics of the ICE catheter are likely to be very similar to a
TEE probe of the same size as the ICE catheter, results of this study are useful as a first
estimate of the image quality of a miniaturized TEE probe. In a follow-up study, the image
quality of standard TEE probes can be compared to the miniaturized TEE probe but this was
not possible during this study because the miniaturized TEE probe is still under development.

In the second study of the thesis, trans-balloon ultrasound image quality was compared to
direct ultrasound image quality to study the influence of the water-filled balloon around the
transducer of the miniaturized ultrasound probe. The results have shown no significant in-
fluence of the balloon on image quality. However, a limitation to these results is that the
balloon was inflated with only 10 ml of water, which does not fully deploy the balloon (figure
6-2B). For the intended application of trans-balloon TEE imaging, the water-filled balloon
needs to be inflated to a diameter of approximately 20 mm (30 ml) to be fully in contact with
the esophagus (figure 6-2A).
The reason why the balloon was not further inflated, was that inflating the balloon to a
diameter of 20 mm induced severe mirroring artifacts of the balloon wall, which influenced
the image quality such that measurements could not be performed (see figure 6-3A). It was
observed that these artifacts became stronger with increasing balloon diameter. Therefore, it
was decided to perform measurements with a minimum diameter of the balloon (figure 6-3B).
The mirroring artifacts are due to the balloon-air interface where the balloon is not in con-
tact with the flat scanning surface of the phantom. At the balloon-air interface, all scattered
ultrasound waves are reflected back, and are detected by the transducer as an echo. This
echo causes an artifact in the image (see figure 6-4).
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Figure 6-2: A: Picture of the ICE ultrasound probe inserted in the fully inflated balloon. B:
Picture of the ICE ultrasound probe inserted in the deflated balloon.

Figure 6-3: A: Ultrasound image of the phantom with the balloon inflated to a diameter of 20
mm (red arrow). The balloon-air interface causes severe mirroring artifacts of the balloon wall
(indicated with the white arrows). B: Mirroring artifacts disappear when the diameter of the
balloon was reduced.

Figure 6-4: When the balloon was fully inflated, mirroring of the balloon wall causes artifacts
in the ultrasound image. These mirroring effects occur from reflected ultrasound waves at the
balloon-air interface, where the balloon is not in contact with the phantom surface. It was
observed that deflating the balloon reduced the mirroring artifacts.
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It is expected that these mirroring artifacts will not occur when the balloon is inserted in
the esophagus, because the esophageal wall entirely surrounds the balloon. When the tissue
entirely surrounds the balloon, scattered ultrasound signals are absorbed in the tissue, and
will not reflect on the balloon-air interface as it was the case in the measurement setup.
It is recommended to perform a follow-up study, where the balloon is inserted in a phantom
with a tubular cavity that entirely surrounds the balloon to validate whether this reduces the
mirroring artifacts.

6-3 Clinical Relevance of Thesis Research

The previous sections discussed the results and study limitations. In this section, the clinical
relevance, and limitations of trans-balloon miniaturized TEE for application in AF ablation
are discussed.

6-3-1 FOV improvement

In the introduction of this thesis it was stated that conventional TEE provides a limited
view of the Pulmonary Veins (PV) and posterior Left Atrium (LA) wall, due to the close
proximity of these structures to the transducer surface. At this short distance, the conical
shaped Field of View (FOV) is too narrow to include te ostia of the Left Superior Pulmonary
Vein (LSPV), Left Inferior Pulmonary Vein (LIPV), Right Superior Pulmonary Vein (RSPV)
and Right Inferior Pulmonary Vein (RIPV) entirely in the FOV [6, 5, 7, 4, 23]. This limits
the use of TEE for imaging of ablation procedures.

Miniaturized trans-balloon TEE was proposed as a solution for the limited FOV, as the
balloon serves as primary coupling medium between the transducer and esophageal wall.
This eliminates the need to press the transducer to the esophageal wall, and allows to shift
the transducer posteriorly, increasing the distance between the transducer and esophageal
wall. Increasing the distance between the transducer and the esophageal wall brings the ostia
of the PV and LA wall further in the FOV.

Figure 6-5 illustrates the FOV improvement using trans-balloon miniaturized TEE. Figure
6-5A shows the current situation, where the TEE probe is pressed against the esophageal wall,
resulting in a suboptimal view of the LA where the ostia of the PV are outside the FOV. In
this situation, the distance d between transducer and LA wall is typically in the range of 3
to 5 mm [6]. The esophagus has a diameter of approximately 20 mm [5], which means that
the distance d between transducer and LA wall can be increased with approximately 20 mm
using a trans-balloon miniaturized ultrasound probe. Figure 6-5B shows the situation when
a miniaturized trans-balloon TEE probe is used for imaging. Increasing the distance d with
20 mm results in an improved FOV, including the ostia of the PV and LA posterior wall.

Research in this thesis has shown that trans-balloon ultrasound imaging is possible, and
that image quality is not negatively affected by the water-filled balloon surrounding the
transducer of the miniaturized ultrasound probe. However, some limitations regarding the
spatial resolution and penetration depth of the miniaturized ultrasound probe were discovered
as well. The impact of these limitations for clinical application of trans-balloon miniaturized
ultrasound is discussed in the following subsections.
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Figure 6-5: A: Due to the short distance d between transducer and LA, ostia of the PV and
posterior LA wall are outside the FOV. B: The distance d is increased with 20 mm using a
water-filled miniaturized TEE probe. Ostia of the PV and posterior LA wall are now in the FOV.

6-3-2 Spatial Resolution

The results have shown that spatial resolution of the ICE miniaturized ultrasound probe
strongly depends on rotation of the imaging plane. In section 6-1 it was explained that this
rotation-dependency of the spatial resolution is caused by the geometry of the transducer
array. Spatial resolution of the ICE is optimal when imaging plane is not rotated, and
decreases with rotation angle of the imaging plane. It was observed that the lateral resolution
decreases with a factor 2 when imaging plane was rotated from 0o to 60o.

In clinical practice, the 2D image plane is often rotated such that it is aligned with the
anatomical structure of interest. Examples of frequently used standard TEE views for as-
sessment of the LA are the mid-esophageal, four-chamber view (image plane rotated 90o),
mid-esophageal short axis view (image plane rotated 30o to 45o), or the mid-esophageal long
axis view (image plane rotated −40o to −50o) [2, 45]. Figure 6-6 shows the image plane in
its neutral position, and in the standard views for LA assessment.

With the imaging plane rotated above +/-60o, the ICE ultrasound probe operates in its sub-
optimal range and the lateral resolution is decreased with a factor >2 w.r.t zero rotation of
the imaging plane. Especially the mid-esophageal four-chamber view is a sub-optimal view
for the miniaturized ultrasound probe, as the imaging plane is rotated 90o. For monitoring
of AF ablation, good spatial resolution is required to visualize for example tissue-catheter
contact during ablation.

Although this study enables to quantify the spatial resolution of the miniaturized ultrasound
probe and its relation with plane rotation angle, it is difficult to conclude from the measure-
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Figure 6-6: Image plane rotation of the mid-esophageal four-chamber view, mid-esophageal short
axis view and mid-esophageal long axis view.

Table 6-1: Distance (d) of the posterior LA wall and the ostia of the 4 PV to the esophageal wall.
Distance to the transducer is approximately d + 20mm when the distance between esophageal
wall and transducer is 20 mm.

Anatomical Strucure Distance to esophageal wall
d mm

Distance to transducer
d+ 20 mm

Posterior LA wall 2− 5 22− 25
LSPV 8− 14 28− 34
LIPV 3− 11 23− 31
RSPV 20− 30 40− 50
RIPV 16− 20 36− 40

ment results whether image quality is sufficient for AF ablation. It is recommended to perform
an in-vivo experiment with experts to judge whether image quality of the miniaturized probe
with rotated imaging plane is sufficient for the intended application of TEE imaging.

6-3-3 Penetration Depth

Another limitation of the miniaturized ultrasound probe is its limited ultrasound penetration
depth. Results have shown that the large TEE probes reach a penetration depths of ±120
mm, while the miniaturized ultrasound probe reached a penetration depth of only ±70mm.
In section 6-1 it was explained that the lower penetration depth is due to the low power and
high frequency of the miniaturized ultrasound probe.

However, it is expected that the limited penetration depth will not be a major limitation
for application in AF ablation procedures, since the anatomical structures of interest are
relatively close close to the transducer. The distance d of the posterior LA wall and four
PV to the esophageal wall is shown in table 6-1. When the distance between the transducer
and the esophageal wall is 20 mm, the distance between these anatomical structures and the
transducer is approximately d+ 20 mm. Table 6-1 shows that, even with maximum distance
between the esophageal wall and transducer, the anatomical structures of interest are at a
distance well below 70 mm from the transducer, which is in the range of the penetration
depth of the ultrasound signal.
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6-4 Other Areas of Application

Trans-balloon miniaturized ultrasound is relevant in more clinical settings as just in AF
ablation procedures.

One example is pediatric TEE imaging. Usually, smaller TEE probes are used for TEE
examination of infants and children. However, due to the smaller transducer area, achieving
stable acoustic coupling in the esophagus is more difficult. A water-filled balloon around the
transducer increases the area that is in contact with the esophagus, providing a more stable
acoustic coupling.

Another area of application that can benefit from miniaturized trans-balloon TEE is hemody-
namic TEE (hTEE). In the critically ill patient on the intensive care unit, the hemodynamic
status is continously monitored using small hTEE probes. Since the hTEE probe is in place
for such a long time (up to 72 hours), it is miniaturized to reduce the risk on laryngopha-
ryngeal damage [46]. However, similar to pedeatric TEE, the small transducer area makes
it difficult to maintain acoustic coupling for such a long time. To facilitate a more stable
acoustic coupling, the transducer can be inserted in a water-filled balloon.

A more far-fetched area of application is Endobronchial Ultrasound (EBUS). EBUS elastog-
raphy is an imaging modality that uses ultrasound to detect and monitor cancer tumors in
the lungs. Tumor tissue is stiffer as the surrounding tissue, and this difference in elasticity is
used to visualize tumors using EBUS [47]. Since the lungs are filled with air, a water-filled
balloon is required to achieve acoustic coupling. Miniaturizing the ultrasound probe allows
to navigate the probe deeper in the lungs, which enables to image a greater extend of the
lung tissue using EBUS.
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Chapter 7

Conclusion

Atrial fibrillation (AF) ablation requires accurate tracking of catheter position and tissue
contact for successful and effective treatment. Therefore, real-time imaging of the catheters
and anatomical structure is of great importance. In this thesis, trans-balloon, miniatur-
ized Transesophageal Echocardiography (TEE) is proposed as imaging modality for real-time
imaging during AF ablation procedures.

This thesis aimed to investigate whether image quality of trans-balloon, miniaturized TEE is
sufficient for intraprocedural imaging of AF ablation procedures. To investigate this approach,
a method for objective Image Quality Assessment (IQA) was developed. This IQA method
was used to compare image quality of a miniaturized ultrasound probe to current state of
the art TEE probes, and to investigate influence of the balloon on image quality. The results
indicate that the developed IQA method was effective, providing accurate and repeatable
image quality measurements.

The study has shown that image quality of the miniaturized ultrasound probe was comparable
to image quality of the current state of the art TEE probes. Furthermore, it was observed that
the balloon not negatively impacts image quality in the test setup, but this result has to be
validated in an in-vivo setting. Imaging depth of the miniaturized probe is less compared to
state of the art probes, but this will not be a major limitation during AF ablation procedures,
since the anatomical structures of interest are well within the imaging range of the transducer.
A limitation of the miniaturized ultrasound probe is that spatial resolution decreases with
increasing image plane rotation angle. Rotating the imaging plane is common practice in TEE
imaging, which means that rotation-dependent spatial resolution is undesired. It is therefore
recommended to perform a review study involving clinical experts to judge whether image
quality of the miniaturized ultrasound probe with rotated imaging plane is acceptable.

The results of this research indicate that trans-balloon miniaturized TEE can provide real-
time ultrasound imaging of the left atrium during ablation procedures. There is a continuous
demand for more accurate and real-time imaging techniques during catheter based treatment
of atrial fibrillation. The research in this thesis provides a theoretical framework to measure
and compare image quality of ultrasound probes, which is an important first step in the de-
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velopment of a new, real-time and non invasive imaging technique for imaging of AF ablation
procedures.
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Objective Image Quality Assessment of
Ultrasound Probes used for Trans Esophageal

Echocardiography (TEE) - Report I
Grandia, L.

Abstract— Miniaturized, trans-balloon transesophageal
echocardiography (TEE) potentially improves intraproce-
dural imaging of atrial ablation procedures. This study
aims to investigate whether image quality of a miniaturized
TEE probe is sufficient for intraprocedural imaging of
atrial ablation procedures. Image quality of the miniaturized
ultrasound probe was compared to image quality of current
state of the art TEE probes based on objective assessment of
ultrasound phantom scans. Results have shown that contrast
resolution and contrast to noise ratio of the miniaturized
probe are equal to the large TEE probes, but that penetra-
tion depth is significantly less. Furthermore it was observed
that spatial resolution of the miniaturized probe decreases
with rotation of the imaging plane.

Keywords—Ultrasound, Image quality, Objective assess-
ment, Performance testing, Quality assurance, Contrast reso-
lution, Spatial resolution, UltraIQ

I. INTRODUCTION

This article is part of a MSc thesis research study. The
goal of the thesis is to investigate the feasibility of minia-
turized, trans-balloon, trans-esophageal echocardiography
(TEE) as imaging modality for intraprocedural monitoring
of atrial ablation (AF) procedures.

During AF ablation procedures, atrial fibrillation is
treated by catheter-based ablation of the left atrial tissue.
These lesions in the tissue isolate parts of the left atrium,
which prevents electrical signals to spread over the atria.
During AF ablation procedures, real time imaging of the
cardiac structure and the ablation catheters is required in
order to perform ablation accurately in the left atrium.
Effectiveness and success rates of ablation procedure
strongly depend on the accuracy of ablation.

Currently used TEE probes are not suitable for real
time imaging during ablation, due to their high level of
discomfort for the patient, and limitations in the field of
view (FOV).

In this MSc thesis study it is proposed that miniatur-
ized, trans-balloon TEE can provide real-time imaging of
the cardiac anatomy during ablation procedures, which
potentially improves efficacy and outcome of AF ablation
procedures. However, before miniaturized trans-balloon
TEE can be applied in clinical practice, it is required to
validate that the image quality of the miniaturized probe
is sufficient for the intended application.

In this study, the image quality of the Philips IntraC-
ardicac Echocardiography (ICE) miniaturized ultrasound
probe is compared to image quality of current state of
the art TEE probes (Philips X8-2t TEE probe and Philips
S7-3t TEE probe). The image quality is assessed based
on objective analysis of phantom scan images using the
image quality assessment software of UltraiQ. This paper
presents the method and results of the image quality
comparison.

A. Research Objective
This study aims to objectively compare the image

quality of the miniaturized ultrasound probe (Philips ICE
ultrasound probe) to current state of the art TEE probes
(Philips X8-2t TEE probe, Philips S7-3t TEE probe). The
results of this study are used in a feasibility study to the
miniaturized trans-balloon ultrasound imaging for TEE
imaging.

II. MATERIALS

A. Image Quality Assessment Phantoms
Standardized ultrasound image quality assessment

phantoms were used for measurement of the image qual-
ity. Image quality parameters were quantified by objective
analysis of the ultrasound images of these phantoms.

Contrast resolution and spatial resolution were mea-
sured using the UltraIQ general purpose ultrasound phan-
tom (CablonMedical, Leusden, Netherlands). The attenu-
ation coefficient and speed of sound of the phantom base
material are similar to those in parenchymal soft tissue
(0.5 dB/(cm·Mhz) ±5% and 1450 m/s respectively). The
base material contains a vertically aligned group of ’pins’,
and a group of 6 echogenic, cylindrical grey targets. Each
grey target reflects the incident ultrasound signal with a
specific echo intensity (IT ). The background material re-
flects the incident ultrasound signal with intensity (IBG).
The echo intensity of the targets (IT ) with respect to the
echo intensity of the background (IBG) is expressed in
decibel (dB):

target dB level = 10 · log

(
IT
IBG

)
(1)

The echogenic grey targets have a relative echo intensity
with respect to the background of -9dB, -6dB, -3dB, 3dB,
6dB and 15dB respectively. The distance between the
center of the targets and the surface of the phantom is
25 mm (figure 1).
Penetration depth of the ultrasound signal was measured
using the UltraiQ uniformity phantom (CablonMedical,
Leusden, Netherlands). This phantom consists of a block
of uniform echogenic material without any targets.

B. Ultrasound Probes
Ultrasound images were obtained using the 3D-TEE

(X8-2t, Philips, Reedsville, PA, USA), 2D-TEE-mini
(S7-3t, Philips, Reedsville, PA, USA) ultrasound probes
and the Intra-Cardiac Echocardiography (ICE) ultrasound
catheter (Philips, Alajuela, Costa-Rica) (figure 2).

C. Ultrasound System and Software
The ultrasound images were acquired and stored in

DICOM format using the Epiq 7Ci Ultrasound sys-
tem (Philips, Bothell, WA, USA). The DICOM images
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Fig. 1: The target pattern in the UltraIQ General Purpose
Phantom (Cablon Medical, Leusden, Netherlands).

Fig. 2: From left to right: ICE, S7-3t, X8-2t

were analyzed with the UltraIQ ultrasound image quality
assessment software (CablonMedical, Leusden, Nether-
lands). The results of the UltraiQ software were stored in
Excel, and imported in MATLAB (R2018b) to visualize
the data in graphs.

III. METHODS

A. Image Quality Parameters
Image quality of the ICE ultrasound probe was com-

pared to image quality of the X8-2t and S7-3t probe
by objective image quality assessment of the ultrasound
phantom scans. Image quality of the ultrasound images
was assessed based on the following image quality param-
eters: contrast resolution, contrast-to-noise ratio (CNR),
spatial resolution and penetration depth of the ultrasound
signal. Each parameter is shortly discussed in this section.
For a more detailed explanation of the image quality
parameters, please refer to the thesis document, chapter
3.

The contrast resolution is defined as the smallest differ-
ence in echo intensity of a target (IT ) with respect to the
echo intensity of the surrounding background (IBG) that
can be detected in the ultrasound image [1]. The contrast
resolution depends on the mapping of echo intensity
(I), to grey values (GV ) in the ultrasound image. Good
contrast resolution means that objects with low difference
in echo intensity w.r.t. background (IT /IBG ≈ 1), still
can be resolved in the ultrasound image (GVT /GVBG >

1). Contrast resolution is determined by measuring the
”gamma”, defined as the increase in grey level per dB
echo level (grey value/echo dB).

The contrast-to-noise ratio (CNR) is the contrast be-
tween background and target divided by the noise in the
image [1]. The contrast between background and target is
the absolute difference between the mean grey value in the
target (GVT ) and the mean grey value in the background
(GVBG). The noise is the variance in pixel grey values
within the target (σ2

T ) and background (σ2
BG). The ratio

between the contrast and the noise yields the CNR:

CNR =
|GVT −GVBG|√

σ2
T + σ2

BG

(2)

Spatial resolution is defined as the smallest distance
between two closely spaced objects in the ultrasound
image that can be resolved as separate. Points spaced
closer as the spatial resolution cannot be resolved as two
distinct points in the image. The spatial resolution of an
ultrasound probe is determined by measuring the width
of the point spread function (PSF) in axial and lateral
direction. [1, 2]. Spatial resolution of ultrasound images is
measured with ’axial resolution’ and ’lateral resolution’.

The penetration depth (PD) of the ultrasound signal is
defined as the depth in the ultrasound image where the
signal-to-noise ratio (SNR) drops below one.
SNR is defined as the amplitude of the signal squared
(A2

S) divided by the amplitude of the noise in the signal
(A2

N ) squared [3]:

SNR =
A2

S

A2
N

(3)

Since the signal (amplitude of the returning echos)
decreases with depth, and the noise originating from
electronic components and signal amplification is depth-
independent, the SNR decreases with depth. The depth
where SNR is lower than one is the penetration depth of
the ultrasound signal [4]:

PD := SNR < 1 (4)

B. Experimental Design
In this study, three experiments were performed:

Experiment 1: scanning the image quality assessment
phantoms with the X8-2t ultrasound probe;
Experiment 2: scanning the image quality assessment
phantoms with the S7-3t ultrasound probe;
Experiment 3 scanning the image quality assessment
phantoms with the ICE ultrasound probe.
A single experiment consists of a series of scans on the
ultrasound image quality assessment phantoms. The scans
were repeated N = 6 times to reduce the influence of
stochastic effects.

C. Measurement Protocol
To objectively compare image quality of the ICE ul-

trasound probe to image quality of the X8-2t and S7-
3t ultrasound probes, influence of system settings had
to be eliminated. Therefore, the image acquisition and
processing parameters were equal across all experiments.
To compensate for the different pre-amplification levels
of the probes, the overall gain of each probe was adjusted
such that the average grey value in the ultrasound images
was equal for all probes. The overall gain for the X8-2t,
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S7-3t and ICE was 55%, 65% and 50% respectively. A
list of the ultrasound system settings and gains is provided
in appendix A.
After selecting the system settings as described in ap-
pendix A, the experiments were carried out. A single
experiment consists of a series of scans, which were
repeated six times to reduce the influence of stochastic
effects. The scans were executed in a fixed order, which
is described below:

Step 1: Scanning the grey targets. First, the system
settings for this measurement were adjusted according
to appendix A. The scanning surface of the UltraiQ
general purpose phantom was covered with coupling gel
to ensure consistent acoustic coupling. The ’dual’ mode
was selected on the ultrasound system which enables the
user to acquire two images in one screen. First, the probe
was positioned such that the -9, -6 and -3 dB appeared in
the ultrasound image. When these targets were visible in
the image, the ’dual’ button was clicked to switch screen.
After that, the probe was repositioned, such that the +3,
+6 and +15 dB target were visible in the image, and
the ’acquire’ button was clicked to store both ultrasound
acquisitions in one image. This process was repeated 6
times.

Step 2: Scanning the vertical pin group. The settings
were adjusted according to appendix A. The probe was
repositioned on the scanning surface of the UltraiQ gen-
eral purpose phantom, such that the line of vertical pins
was aligned with the central axis of the ultrasound image.
The ’acquire’ button was clicked 6 times to store the
ultrasound images.

Step 3: Scanning the uniformity phantom The settings
were adjusted according to appendix A, and any coupling
gel was removed from the transducer. An ultrasound
image was acquired holding the probe in air to measure
the noise. After acquiring the image in air, the probe
was positioned on the scanning surface of the UltraiQ
uniformity phantom, and the ’acquire’ button was clicked
6 times to store the ultrasound images.

The acquired ultrasound images were stored in DICOM
format by the ultrasound system. After finishing the
measurement, the DICOM files were exported to USB,
and imported in the UltraIQ software. Analysis of the
DICOM images with the UltraiQ software yielded the
data to quantify the image quality assessment parameters.
The data processing is described in the next section.

D. Data Processing
The ultrasound images of the series of scans in the

experiments were stored in DICOM format. These DI-
COM files were imported in the UltraIQ software for
analysis. Analysis of the ultrasound images using UltraiQ
was used to quantify the image quality parameters. The
quantification of these parameters using UltraiQ software
is described in this section.

The contrast resolution was determined by analysis of
the ultrasound images of the grey targets. After the grey
target images were imported in the UltraiQ image quality
assessment tool, the software automatically created a
circular Region Of Interest (ROI) which was manually
placed over the grey targets in the image, by clicking on
each target in an order from -9dB to +15dB (see figure
3). The UltraiQ software calculated the grey value of
each target (GVT ) by averaging pixel grey values within
the circular ROI (figure 3B). Knowing the grey value
and echo dB value of each target allows to calculate the

average increase in grey value per unit change of echo dB
value. This grey step per unit change of echo dB is called
the ”gamma”, and is a measure for contrast resolution.

Fig. 3: A: Grey targets in the ultrasound image (-9dB, -
6dB, -3dB, 3dB, 6dB, 15dB). B: close up of one of the
targets. The software automatically calculates the mean value
and standard deviation of the grey values in the target ROI and
the background ROI. These values are used to determine the
contrast resolution and CNR.

The contrast-to-noise ratio of each target in figure 3A
was calculated according to the definition of CNR in
equation 2. The UltraiQ software automatically calculated
the mean grey value of each target (GVT ) and background
(GVBG), and the the variance of grey values, σ2

T and
σ2
BG, within the target ROI and background ROI respec-

tively (figure 3B). These values are used to calculate the
CNR for each target according to equation 2.

The spatial resolution was determined by analysis of
the vertical pins in the ultrasound image (figure 4). The
images obtained from scanning the vertical pin group
were imported in the UltraIQ software. The software
automatically created a rectangular ROI that was man-
ually placed over each pin in the image by clicking on
it, starting from to upper most pin to the bottom one
in the image (see figure 4). After all pins were selected,
the software automatically calculated the lateral and axial
dimensions of each pin in the image using the ’Full
Width, Half Maximum’ (FWHM) measurement method.
Details of this measurement method are explained in
appendix B. The point spread in lateral direction (∆L)
and axial direction (∆A) are a measure for the lateral
and axial resolution respectively.

Fig. 4: A Vertical pins in the ultrasound image. B: Close-
up of one of the pins in the ultrasound image. The soft-
ware automatically calculates the lateral (∆L) and axial (∆A)
dimension of each pin.

The penetration depth of the ultrasound signal was
determined by analysis of the ”air scan” image (figure 5A)
and the ”uniform-phantom scan” image (figure 5B). First,
the air scan image was loaded in, and a rectangular ROI
was placed over the central axis of the ultrasound image
(figure 5A). The software automatically calculated the
grey levels along the central axis of the ultrasound image
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by laterally averaging the grey levels in the ROI. The grey
value profile along the central axis of the air-scan image
shows the grey values of the noise as a function of depth
(d) in the image: GVN (d). Next, the uniform scan image
was loaded in, and the same process was repeated (figure
5B). The grey value profile of the uniform phantom image
shows the grey values of the noise added to the echo
signal as a function of depth GVS+N (d). The penetration
depth was calculated using these values according to the
theory as explained in chapter 3 of the thesis document.

Fig. 5: A: Ultrasound image of the probe in air. B: Ultrasound
image of the uniform phantom. A rectangular ROI is placed
over the central axis of the images, and the laterally averaged
grey value profile along the central axis is calculated.

After finishing the analysis of all DICOM images, the
results were saved and exported to Excel. A self written
MATLAB-function was used to read the data from the
Excel file. The output of the MATLAB-function consists
of the following figures:

1) The grey value for each grey target dB level (-9dB
- +15dB);

2) The contrast-to-noise ratio (CNR) for each grey
target (-9dB - +15dB);

3) The axial and lateral dimension of the pins in the
ultrasound image;

4) The penetration depth based on the SNR measure-
ment.

IV. RESULTS

Figure 6A shows the measured grey value of each
target plotted against the target dB value. In figure 6B, a
linear least square regression line is plotted through the
datapoints. The errorband indicates the 95% confidence
interval of the linear fit. The regression coefficient of the
line is defined as the ”gamma” (γ), which is a measure
for the contrast resolution.
Multiple regression analysis was used to test if the regres-
sion coefficient for the ICE probe and the X8-2t probe,
and the regression coefficient for the ICE probe and S7-
3t probe were significantly different. The gamma of the
ICE probe (γICE = 5.0) and the X8-2t probe (γX8-2t = 5.0)
were not significantly different, t(1) = -0.00, p = 0.997.
The gamma of the ICE probe (γICE = 5.0) and the S7-3t
probe (γS7-3t = 4.2) were not significantly different, t(1)
= -1.11, p = 0.298.

Figure 8 shows the results of the CNR measurements.
Data points in the graphs are mean values of the repeated
measurements, variance is indicated with the errorband
(µ ± σ). No significant difference between the CNR of
the ICE ultrasound probe was observed compared to CNR

of the X8-2t and S7-3t ultrasound probe, except for the -9
dB target. At the -9 dB target, the CNR of the ICE probe
(CNRICE = 4.3±0.6) was higher than the CNR of the X8-
2t and S7-3t (CNRX8-2t = 3.2±0.3,CNRS7-3t = 1.4±0.1).

The spatial resolution measurements in figure 7A show
that the lateral and axial resolution of the ICE ultrasound
probe are superior to the lateral and axial resolution of
the X8-2t and S7-3t.
The average ratio between the lateral pin size (∆L) of the
ICE and X8-2t (∆L, ICE/∆L, X8-2t) = 0.8 ± 0.2, and for
the S7-3t (∆L, ICE/∆L, S7-3t) = 0.6± 0.2.
The average ratio between the axial pin size (∆A) of the
ICE and X8-2t (∆A, ICE/∆A, X8-2t) = 0.7 ± 0.1, and for
the S7-3t (∆A, ICE/∆A, S7-3t) = 0.7± 0.1.
It was observed that the lateral resolution of the ICE
ultrasound probe strongly depends on imaging plane
rotation. Rotating the imaging plane 60o decreases lateral
resolution of the ICE ultrasound probe with a factor of ap-
proximately 2 (figure 7B). (∆L, ICE/∆L, X8-2t) = 1.4±0.3,
and (∆L, ICE/∆L, S7-3t) = 1.2± 0.2
Axial resolution was not significantly affected by rotation
of the imaging plane 60o. (∆A, ICE/∆A, X8-2t) = 0.6±0.1,
and (∆A, ICE/∆A, S7-3t) = 0.7± 0.1

Figure 9 shows the results of the ultrasound penetration
depth measurements. Ultrasound penetration depth of
the ICE ultrasound probe (PDICE = 70.9 ± 0.8 mm)
was significantly less as the penetration depth of the
X8-2t and S7-3t probe (PDX8-2t = 126.4 ± 0.7 mm,
PDS7-3t = 100.7± 0.3 mm).

Details of the measurement results are presented in ta-
bles III and IV, Appendix C. Table III contains the results
of the grey target scans for each probe. Table IV contains
the results of the spatial resolution measurements.

V. DISCUSSION

The results in figure 6 show that mean grey value of
the targets increases with dB level, which is as expected.
The steepness of the line indicates the change in grey
value per step in echo dB level, which is defined as the
contrast resolution. Figure 6 shows that contrast resolution
of the ICE is not significantly different from the contrast
resolution of the X8-2t and S7-3t probe.

The CNR curves in figure 8 have a characteristic U-
profile, which is explained by the fact that targets with a
lower dB level have a lower contrast with respect to the
background and, consequently, have a lower CNR. Figure
10 shows that the -3dB and +3dB targets are barely visible
in the surrounding background, which is represented with
the low CNR in figure 8.
In general, CNR of the ICE probe is not significantly
different from CNR of the X8-2t and S7-3t ultrasound
probe, except for the -9dB targets, where the ICE probe
has a significantly higher CNR than the S7-3t probe (4.3±
0.6 vs. 1.4± 0.1)
It is important to note that CNR measurements were
performed using targets at a depth of 25 mm below the
scanning surface. At this depth, the differences in CNR
between the probes are minor. However, at greater depth
it is expected that the CNR of the X8-2t, S7-3t and ICE
shows larger differences.

The spatial resolution of the ultrasound probe is mea-
sured with the axial and lateral dimension of the pins in
the ultrasound image. The results of the measurements
are shown in figure 7.
As expected, the lateral resolution of the probes changes
with depth: the resolution decreases with increasing depth
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Fig. 6: A: Mean grey value of each target plotted against target echo level (dB). B: Linear fit through datapoints, the errorband
indicates the 95% confidence interval of the linear fit. Steepness of the line is the contrast resolution of the probe.

Fig. 7: A: The lateral and axial dimension (∆L,∆A) [mm] of the pins at depth (d) [mm]. B: Axial and lateral resolution of
the probes, measured with rotated imaging plane (X8-2t, S7-3t: 90o; ICE: 60o). Data points are mean values of the measurement
(N = 6), variance is indicated with the errorband (µ± σ).

Fig. 8: The contrast-to-noise ratio for the X8-2t, S7-3t and ICE
probe. Data points are mean values of the measurement (N =
6), variance is indicated with the errorband (µ± σ).

Fig. 9: Penetration depth of the signal. The dashed lines shows
the threshold where the signal is lower than the noise (SNR ≤
1).
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Fig. 10: Ultrasound images of the grey targets. A: Ultrasound
image acquired with the X8-2t probe, B: Ultrasound image
acquired with the S7-3t probe, C: Ultrasound image acquired
with the ICE probe. The target dB from left to right: -9dB,
-6dB, -3dB, +3dB, +6dB and +15dB.

(i.e. the lateral dimension of the pins in the image
increases). Figure 7A shows that the lateral resolution of
the ICE probe is superior to that of the other two probes.
However, it is important to mention that the lateral
resolution of the ICE probe strongly depends on the
rotation angle of the imaging plane, due to the geometry
of the transducer array. The transducer array of the ICE
has a rectangular shape, which means that more piezo-
elements are along the long axis of the array than on
the short axis of the array. When the imaging plane is
aligned with the long axis of the transducer array (0o

rotation), the maximum amount of elements is involved
in forming the image, resulting in maximum achievable
image quality. In the worst case, the image plane is
rotated 90o (aligned with the short axis of the rectangular
transducer), and a lower amount of piezo-elements is
involved in forming the image, resulting in a significantly
lower spatial resolution compared to the situation where
the image plane is not rotated. The measurement results in
figure 7A were obtained with 0o rotation of the imaging
plane. Figure 7B shows the results when the imaging
plane of the X8-2t, S7-3t and ICE are rotated 90o, 90o,
and 60o respectively. Increasing the image plane rotation
angle of the ICE above 60o resulted in a too low image
quality to perform measurements.
Figure 7B shows that the lateral resolution of the ICE
decreases with a factor of approximately 2, while the
lateral resolution of the X8-2t and S7-3t does not sig-
nificantly change compared to the results in figure 7A.
Lateral resolution of the X8-2t and S7-3t does not change
because the transducer array of these probes is designed
such that spatial resolution is independent of the image
plane rotation angle. Contrary to this, the rectangular
design of the transducer array of the ICE results in a
strongly rotation angle-dependent spatial resolution.
Figure 7A and 7B show that the axial resolution of the
X8-2t, S7-3t and ICE probe does not depend on the
imaging plane rotation angle. This is as expected, since
the axial resolution is independent of beam geometry.
Therefore, rotation of the imaging plane does not affect
axial resolution.

Figure 9 shows that the penetration depth of the ICE
probe is significantly less compared to the penetration
depth of the S7-3t and X8-2t ultrasound probe (70.9±0.8
mm vs. 126.4±0.7 mm, 100.7±0.3 mm). This difference
is mainly explained by power (P [W]) and frequency (f
[MHz]) of the ultrasound probe. Ultrasound penetration

depth decreases exponentially with decreasing power and
increasing frequency. The ICE has the lowest penetration
depth due to the high frequency and lower power com-
pared to the X8-2t and S7-3t ultrasound probe.

A. Study Limitations and Recommendations

In this study, image quality of the ICE ultrasound probe
was compared to the image quality of the Philips X8-
2t TEE probe and S7-3t TEE probe. The ICE probe is
not intended for TEE imaging, but is developed as a
catheter for intracardiac ultrasound imaging. However,
since imaging characteristics are likely to be very similar
for a TEE probe of the same size as the ICE catheter,
results of this study are useful as a first estimate of the
image quality of a miniaturized TEE probe. In a follow-
up study, the image quality of standard TEE probes can
be compared to the miniaturized TEE probe but this was
not possible during this study because the miniaturized
TEE probe is still under development.

This study did not take into account the effects of
the balloon on image quality for trans-balloon ultrasound
imaging. It is recommended to perform a follow-up study
to investigate the effects of a water-filled balloon on image
quality of the ICE miniaturized ultrasound probe.

VI. CONCLUSION

The ultrasound image quality assessment method de-
veloped for this study has proven to be an effective
method, with repeatable and consistent results that allow
objective comparison of ultrasound probe image quality.
In this study, the image quality of the ICE miniaturized
ultrasound probe was compared to the image quality of
the standard X8-2t TEE probe and S7-3t TEE probe.
Image quality was assessed based on measurement of the
contrast resolution, contrast-to-noise ratio (CNR), spatial
resolution and penetration depth.
Despite its significantly smaller design, the ICE probe
performed well compared to X8-2t and S7-3t probe.
Contrast resolution and CNR of the probes was not
significantly different.
Spatial resolution of the ICE miniaturized ultrasound
probe was superior to spatial resolution of the X8-2t
and S7-3t, although the lateral resolution of the ICE was
strongly limited by imaging plane rotation angle. Rotating
the imaging plane significantly reduced the lateral resolu-
tion of the ICE ultrasound probe, while lateral resolution
of the X8-2t and S7-3t remained unaffected.
A major difference in ultrasound penetration depth was
observed between the ICE miniaturized ultrasound probe
and the X8-2t and S7-3t. Penetration depth of the ICE
probe is 70 mm, where penetration depth of the other
probes exceeded 100 mm, with a maximum of 126 mm.

REFERENCES

[1] J. Thijssen, G. Weijers, and C. de Korte, “Objective performance
testing and quality assurance of medical ultrasound equipment.,”
Ultrasound in Medicine and Biology, vol. 33, no. 3, pp. 460–471,
2007.

[2] “Ultrasonics - pulse-echo scanners - techniques for calibrating
spatial measurement systems and measurement of system point-
spread function response,” standard, International Electrotechnical
Commission, Geneva, CH, july 2017.

[3] J. T. Bushberg, J. A. Seibert, E. M. Leidholdt, and J. M. Boone, The
Essential Physics of Medical Imaging. Wolters Kluwer/Lippincott
Williams Wilkins, 2012.



MASTER THESIS REPORT, BIOMEDICAL ENGINEERING 7

[4] “Ultrasonics - pulse-echo scanners - simple methods for periodic
testing to verify stability of an imaging system’s elementary per-
formance,” standard, International Electrotechnical Commission,
Geneva, CH, july 2016.



MASTER THESIS REPORT, BIOMEDICAL ENGINEERING 8

APPENDIX A
SYSTEM SETTINGS EPIQ

For consistent comparison of image quality it is important that the image acquisition and image processing
settings of the ultrasound system are equal for the probes that are compared. The system settings were
adjusted according to the settings listed in table I and II. The settings in table I are the same for all
measurements. The gain, scanning depth, focal depth and autoscan are dependent on the measurement and
are listed in table II.

TABLE I: System settings for the Epiq. The Touch Screen Module (TSM) on the Epiq has two screens for selecting
image aquisition and processing settings. The settings for each screen are shown in the collumns ’TSM screen 1’ and
’TSM screen 2’.
∗ These settings are only applicaple to the X8-2t and ICE probe.

TSM screen 1 TSM screen 2

Chroma Map ’off’ Grey Map ’4’
Harmonics ’off’ Xres ’off’
Quick Angle∗ ’0’ LGC ’off’

Autoscan See table II
Capture Type ’prospective’
ECG Lead ’II’ Up/Down ’up’

Left/Right ’left’
View PLAX2D Elevation Compounding∗ ’off’

Xplane ’off’ Temp. ’Celsius’
3D-Zoom ’off’ Temp. Disp. ’on’
Full Volume ’off”

Output power ’-0.5dB’
2Dopt ’gen’
Res/Spd ’middle’
Compress ’50’
Loop Length ’2 beats’
Sector Widht ’max’
Seek Angle∗ ’0’

TABLE II: Measurement dependent system settings.

Grey Target Measurement Vertical Pin Measurement Penetration Depth Measurement
X8-2t Gain: 55% Gain: 55% Gain: 80%

Scanning Depth: 50mm Scanning Depth: 120mm Scanning Depth: 150mm
Focal Depth: at targets Focal Depth: deep Focal Depth: deep
Autoscan: ’On’ Autoscan: ’On’ Autoscan: ’Off’

S7-3t Gain: 65% Gain: 65% Gain: 90%
Scanning Depth: 50mm Scanning Depth: 120mm Scanning Depth: 150mm
Focal Depth: at targets Focal Depth: deep Focal Depth: deep
Autoscan: ’On’ Autoscan: ’On’ Autoscan: ’Off’

ICE Gain: 50% Gain: 50% Gain: 75%
Scanning Depth: 50mm Scanning Depth: 91mm Scanning Depth: 150mm
Focal Depth: at targets Focal Depth: deep Focal Depth: deep
Autoscan: ’On’ Autoscan: ’On’ Autoscan: ’Off’
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APPENDIX B
AXIAL AND LATERAL PIN SIZE MEASUREMENT METHOD

The lateral and axial dimension of the pins were calculated by the UltraiQ image quality assessment
software. The software automatically detects the pin in the selected ROI, and determines the central axes
of the pin. The lateral and axial pin dimensions are determined by grey value analysis along the horizontal
and vertical central axis of the pin respectively. Figure 11 shows an example of the grey value analysis
along the lateral axis of one of the pins in the ultrasound image.

Fig. 11: A:Grey value profile along the lateral axis of one of the pins in the ultrasound image B: Close up of the pin,
with the lateral axis indicated with the dashed line.

The pixel grey value analysis along the central line of the pin results in a graph representing the grey
value of each pixel along that axis (figure 11A). The width of the pin is defined as the width of the grey
value curve at the point where the curve intersects a certain threshold. In this thesis, the ”Full-Width,
Half-Maximum (FHWM)” threshold was used. The FWHM threshold is standardized by IEC 61391-1 as
the threshold for spatial resolution measurement of ultrasound equipment [2].
The maximum grey value along the axis (GVmax) and the mean grey value of the background pixels within
the ROI (GVBG) are determined. The nominal peak value is the difference between the maximum grey
value and the mean background grey value (GVmax − GVBG). The ’FWHM-width’ is the width of the
graph at grey level one half of the nominal peak value above the mean background grey value:

GVFWHM = GVBG +
GVmax −GVBG

2
(5)

In the example in figure 11, the maximum grey value is 252 (GVmax = 252) and the mean background grey
value is 80 (GVBG = 80). According to equation 5, the FWHM-grey value is 166. The width of the graph,
measured at grey value 166 is 221 pixels; i.e.: the lateral pin size, measured with the FWHM threshold is
221 pixels.
The software calculates the lateral axial dimension of each pin along the line according to the method
described above. This yields the lateral and axial resolution of the ultrasound probe, as function of distance
from the transducer.
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APPENDIX C
MEASUREMENT RESULTS

The results of the measurements are presented in tables III and IV. Table III contains the results of the grey
target scans for each probe. Table IV presents the results of the vertical pin scans for each probe. The lateral
dimension (∆L) and axial dimension (∆A) of the displayed pins was calculated with the FWHM threshold.

TABLE III: Results of the grey target scans.

Target dB X8-2t
(µ± σ)

S7-3t
(µ± σ)

ICE
(µ± σ)

Target Grey Value

-9 30.2± 2.0 54.3± 1.6 17.3± 1.3
-6 51.5± 2.8 61.1± 2.5 60.6± 2.1
-3 66.1± 3.0 69.3± 3.4 70.9± 3.4
3 94.6± 4.4 90.2± 1.9 92.1± 2.0
6 110± 4.03 116.7± 2.4 122± 1.9
15 154± 1.8 151.9± 3.1 146± 3.5

Contrast to Noise Ratio (CNR)

-9 3.2± 0.3 1.4± 0.1 4.3± 0.6
-6 1.5± 0.3 0.9± 0.1 0.9± 0.2
-3 0.7± 0.2 0.5± 0.11 0.5± 0.3
3 0.6± 0.2 0.5± 0.1 0.4± 0.1
6 1.3± 0.3 1.6± 0.3 1.7± 0.3
15 3.2± 0.9 3.2± 0.7 2.6± 0.6

TABLE IV: Results of the spatial resolution measurements.

X8-2t S7-3t ICE

D [mm] ∆L [mm]
(µ± σ)

∆A [mm]
(µ± σ)

∆L [mm]
(µ± σ)

∆A [mm]
(µ± σ)

∆L [mm]
(µ± σ)

∆A [mm]
(µ± σ)

10 0.8± 0.0 0.7± 0.0 1.2± 0.1 0.9± 0.0 1.1± 0.3 0.6± 0.0
20 1.2± 0.0 0.8± 0.1 1.6± 0.0 0.9± 0.1 0.8± 0.1 0.6± 0.0
30 1.4± 0.0 0.8± 0.0 2.3± 0.0 0.9± 0.0 1.2± 0.0 0.6± 0.0
40 1.8± 0.1 0.9± 0.0 2.6± 0.0 0.8± 0.0 1.5± 0.1 0.6± 0.0
50 2.1± 0.1 0.9± 0.0 3.2± 0.1 0.8± 0.0 1.7± 0.2 0.6± 0.0
60 2.6± 0.1 0.9± 0.0 4.0± 0.1 0.8± 0.0 1.6± 0.2 0.5± 0.0
70 3.2± 0.1 0.9± 0.0 4.4± 0.1 0.8± 0.0 2.4± 0.5 0.7± 0.1
80 3.4± 0.1 0.9± 0.0 4.2±−− 0.7± 0.0 −− −−
90 3.6± 0.2 0.7± 0.0 −− −− −− −−
100 3.6± 0.3 0.6± 0.0 −− −− −− −−
110 3.7±−− 0.7± 0.1 −− −− −− −−
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Objective Image Quality Assessment of
Ultrasound Probes used for Trans Esophageal

Echocardiography (TEE) - Report II
Grandia, L.

Abstract— Miniaturized, trans-balloon transesophageal
echocardiography (TEE) potentially improves intraprocedu-
ral imaging of atrial ablation procedures. Current state of
the art TEE probes are not sufficient for intraprocedural
imaging of ablation procedures due to discomfort for the
patient and limitations in the field of view. In this the-
sis study, miniaturized, trans-balloon TEE is proposed as
imaging modality for AF ablation procedures. A water-filled
balloon around the transducer of a miniaturized TEE probe
serves as primary coupling medium between transducer
and esophageal wall. This study aims to investigate the
influence of the water-filled balloon on image quality, by
comparison of trans-balloon ultrasound image quality with
direct ultrasound image quality. Ultrasound image quality
was assessed based on objective image quality analysis
of ultrasound phantom scans. The results of this study
have shown that contrast resolution, contrast-to-noise ratio
(CNR), spatial resolution and penetration depth are not
significantly influenced by the water-filled balloon.

Keywords—Trans Balloon Miniaturized Ultrasound, Image
quality, Objective assessment, Performance testing, UltraIQ

I. INTRODUCTION

This article is part of a MSc thesis research study. The
goal of the thesis is to investigate the feasibility of minia-
turized, trans-balloon, trans-esophageal echocardiography
(TEE) as imaging modality for intraprocedural monitoring
of atrial fibrillation (AF) ablation procedures.

During AF ablation procedures, real time imaging of
the cardiac structure and the ablation catheters is required
in order to perform ablation accurately. Effectiveness and
success rates of ablation procedure strongly depend on the
accuracy of ablation. Currently used TEE probes are not
suitable for real time imaging during ablation, due to their
high level of discomfort for the patient, and limitations
in the field of view (FOV).

In this thesis research it is proposed that miniaturized,
trans-balloon TEE can provide real time imaging of
the cardiac anatomy during ablation procedures, which
potentially improves efficacy and outcome of AF ablation
procedures.

A water-filled balloon is required to ensure acoustic
coupling between the esophageal wall and transducer of
the miniaturized probe. The current state of the art TEE
probes have a large transducer with a diameter of approxi-
mately 1-1.5 cm. The miniaturized ultrasound probe has a
diameter of only 3 mm, which makes it almost impossible
to achieve consistent acoustic coupling without using a
water filled balloon around the transducer as primary
coupling medium. In a previous study of this thesis,
it was validated that image quality of the miniaturized
ultrasound probe is comparable to the image quality of
the currently used TEE probes. However, this study did
not take into account the effect of the balloon around the
transducer of the miniaturized ultrasound probe.

A. Research Objective

This research aims to compare trans-balloon ultrasound
image quality to image quality of ultrasound images
obtained without a balloon around the transducer, using
the miniaturized ultrasound probe. The results of this
study are used in a feasibility study of trans-balloon
miniaturized TEE imaging for intraprocedural imaging of
AF ablation procedures.

II. MATERIALS

A. Image Quality Assessment Phantoms

Standardized ultrasound image quality assessment
phantoms were used for measurement of the image qual-
ity. Image quality parameters were quantified by objective
analysis of the ultrasound images of these phantoms.

Contrast resolution and spatial resolution were mea-
sured using the UltraIQ general purpose ultrasound phan-
tom (CablonMedical, Leusden, Netherlands). The attenu-
ation coefficient and speed of sound of the phantom base
material are similar to those in parenchymal soft tissue
(0.5 dB/(cm·Mhz) ±5% and 1450 m/s respectively). The
base material contains a vertically aligned group of ’pins’,
and a group of 6 echogenic, cylindrical grey targets. Each
grey target reflects the incident ultrasound signal with a
specific echo intensity (IT ). The background material re-
flects the incident ultrasound signal with intensity (IBG).
The echo intensity of the targets (IT ) with respect to the
echo intensity of the background (IBG) is expressed in
decibel (dB):

target dB level = 10 · log

(
IT
IBG

)
(1)

The echogenic grey targets have a relative echo intensity
with respect to the background of -9dB, -6dB, -3dB, 3dB,
6dB and 15dB respectively. The distance between the
center of the targets and the surface of the phantom is
25 mm (figure 1).
Penetration depth of the ultrasound signal was measured
using the UltraiQ uniformity phantom (CablonMedical,
Leusden, Netherlands). This phantom consists of a block
of uniform echogenic material without any targets.

B. Ultrasound Probe

The Intra-Cardiac Echocardiography (ICE) ultrasound
catheter (Philips, Alajuela, Costa-Rica) was used as a
miniaturized ultrasound probe for trans-balloon ultra-
sound image quality measurements (figure 2). The ICE
catheter is a 3 mm diameter ultrasound catheter, that was
initially developed for intra-cardiac ultrasound imaging.
Due to its small size, this ultrasound catheter can also
serve as miniaturized ultrasound probe for TEE imaging.
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Fig. 1: The target pattern in the UltraIQ General Purpose
Phantom (Cablon Medical, Leusden, Netherlands).

Fig. 2: The miniaturized ultrasound probe (Intra-Cardiac
Echocardiography (ICE) ultrasound catheter, Philips, Alajuela,
Costa-Rica). For measurement of trans-balloon ultrasound im-
age quality, the probe was inserted in a polymer sheath with a
water-filled balloon at the end.

C. Test Setup

The miniaturized ultrasound probe was inserted in
a water-filled balloon for measurement of trans-balloon
ultrasound image quality. The ultrasound probe was in-
serted in a 1/4 inch o.d. plastic sheath (48636955, MSC
Industrial Direct Co., Melville, NY, USA), with a latex
balloon at the distal end of the sheath. On the proximal
end of the sheath was a union tee connected (48622088,
MSC Industrial Direct Co., Melville, NY, USA). This
union tee was connected to a reducer connector, which
provided an air- and water tight seal around the shaft
of the ultrasound probe. The branch of the union tee
connector was connected to a piece of 1/4” o.d. plastic
tubing, which was air- and water tight connected to a
140 mL syringe (22257152, FisherScientific, Hampton,
NH, USA).

When the catheter was inserted through the sealing con-
nector at the proximal end of the plastic sheath, the
catheter was advanced until the probe head was inside the
balloon at the distal end of the plastic sheath. The balloon
was inflated and deflated with water using the syringe,
which was connected to the system via the union tee.
Figure 3 provides a schematic overview of the catheter
inserted in the tubing system.

Fig. 3: Schematic of the test setup to measure trans-balloon
ultrasound image quality. The miniaturized ultrasound probe (1)
was inserted in a plastic tube sheath (2), with a latex balloon (3)
at the distal end of the sheath. A union tee (4) was connected
at the proximal end of the sheath. A reducer connector (5) in
the union tee provided an air- and water tight seal around the
shaft of the miniaturized ultrasound probe (1). The branch of
the tee connector (4) was via a plastic tube connected to a 140
mL, water-filled syringe (6).

D. Ultrasound System and Software
The ultrasound images were acquired and stored in

DICOM format using the Epiq 7Ci Ultrasound sys-
tem (Philips, Bothell, WA, USA). The DICOM images
were analyzed with the UltraIQ ultrasound image quality
assessment software (CablonMedical, Leusden, Nether-
lands). The results of the UltraIQ software were stored in
Excel, and imported in MATLAB (R2018b) to visualize
the data in graphs.

III. METHODS

A. Image Quality Parameters
Image quality of the miniaturized ultrasound probe

with balloon around the transducer was compared to
image quality of the probe without balloon around the
transducer based on measurement of the following image
quality parameters: contrast resolution, contrast-to-noise
ratio (CNR), spatial resolution and penetration depth.

The contrast resolution is defined as the smallest differ-
ence in echo intensity of a target (IT ) with respect to the
echo intensity of the surrounding background (IBG) that
can be detected in the ultrasound image [1]. The contrast
resolution depends on the mapping of echo intensity
(I), to grey values (GV ) in the ultrasound image. Good
contrast resolution means that objects with low difference
in echo intensity w.r.t. background (IT /IBG ≈ 1), still
can be resolved in the ultrasound image (GVT /GVBG >
1). Contrast resolution is determined by measuring the
”gamma”, defined as the increase in grey level per dB
echo level (grey value/echo dB).

The contrast-to-noise ratio (CNR) is the contrast be-
tween background and target divided by the noise in the
image [1]. The contrast between background and target is
the absolute difference between the mean grey value in the
target (GVT ) and the mean grey value in the background
(GVBG). The noise is the variance in pixel grey values
within the target (σ2

T ) and background (σ2
BG). The ratio

between the contrast and the noise yields the CNR:
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CNR =
|GVT −GVBG|√

σ2
T + σ2

BG

(2)

Spatial resolution is defined as the smallest distance
between two closely spaced objects in the ultrasound
image that can be resolved as separate. Points spaced
closer as the spatial resolution cannot be resolved as two
distinct points in the image. The spatial resolution of an
ultrasound probe is determined by measuring the width
of the point spread function (PSF) in axial and lateral
direction. [1, 3]. Spatial resolution of ultrasound images is
measured with ’axial resolution’ and ’lateral resolution’.

The penetration depth (PD) of the ultrasound signal is
defined as the depth in the ultrasound image where the
signal-to-noise ratio (SNR) drops below one.
SNR is defined as the amplitude of the signal squared
(A2

S) divided by the amplitude of the noise in the signal
(A2

N ) squared [4]:

SNR =
A2

S

A2
N

(3)

Since the signal (amplitude of the returning echos)
decreases with depth, and the noise originating from
electronic components and signal amplification is depth-
independent, the SNR decreases with depth. The depth
where SNR is lower than one is the penetration depth of
the ultrasound signal [5]:

PD := SNR < 1 (4)

B. Experimental Design
In this study, two experiments were performed:

Experiment 1: scanning the image quality assessment
phantoms with the miniaturized ultrasound probe, without
a balloon around the transducer;
Experiment 2: scanning the image quality assessment
phantoms with the miniaturized ultrasound probe, with
a balloon around the transducer.

A single experiment consists of a series of scans on
the ultrasound image quality assessment phantoms. The
scans were repeated N = 20 times to reduce the influence
of stochastic effects.

C. Measurement Protocol
Prior to conducting the experiments the imaging set-

tings of the ultrasound system were selected. To observe
the influence of the transducer balloon on image quality
only, the influence of image acquisition and processing
parameters had to be excluded. Therefore, ultrasound
image acquisition and processing parameters were equal
across all experiments. Imaging settings are listed in
appendix A.
Prior to executing the measurements of the second exper-
iment (with balloon), the ultrasound probe was inserted
in the sheath, and the balloon was filled with water
by depressing the plunger of the syringe. In the first
experiment (without balloon) this step was not applicable.
After the system settings are adjusted as listed in ap-
pendix A, the image quality measurements were caried
out. Within a single experiment, the measurements were
repeated twenty times (N = 20). The scans were executed
in a specific order, which is described below:

Step 1: Scanning the grey targets. First, the system
settings for this measurement were adjusted according

to appendix A. The scanning surface of the UltraiQ
general purpose phantom was covered with coupling gel
to ensure consistent acoustic coupling. The ’dual’ mode
was selected on the ultrasound system which enables the
user to acquire two images in one screen. First, the probe
was positioned such that the -9, -6 and -3 dB appeared in
the ultrasound image. When these targets were visible in
the image, the ’dual’ button was clicked to switch screen.
After that, the probe was repositioned, such that the +3,
+6 and +15 dB target were visible in the image, and
the ’acquire’ button was clicked to store both ultrasound
acquisitions in one image. This process was repeated 20
times.

Step 2: Scanning the vertical pin group. The settings
were adjusted according to appendix A. The probe was
repositioned on the scanning surface of the UltraiQ gen-
eral purpose phantom, such that the line of vertical pins
was aligned with the central axis of the ultrasound image.
The ’acquire’ button was clicked 20 times to store the
ultrasound images.

Step 3: Scanning the uniformity phantom The settings
were adjusted according to appendix A, and any coupling
gel was removed from the transducer. An ultrasound
image was acquired holding the probe in air to measure
the noise. After acquiring the image in air, the probe
was positioned on the scanning surface of the UltraiQ
uniformity phantom, and the ’acquire’ button was clicked
20 times to store the ultrasound images.

The acquired ultrasound images were stored in DICOM
format by the ultrasound system. After finishing the
measurement, the DICOM files were exported to USB,
and imported in the UltraIQ software. Analysis of the
DICOM images with the UltraiQ software yielded the
data to quantify the image quality assessment parameters.
The data processing is described in the next section.

D. Data Processing
The ultrasound images of the series of scans in the

experiments were stored in DICOM format. These DI-
COM files were imported in the UltraiQ software for
analysis. Analysis of the ultrasound images using UltraiQ
was used to quantify the image quality parameters. The
quantification of these parameters using UltraiQ software
is described in this section.

The contrast resolution was determined by analysis of
the ultrasound images of the grey targets. After the grey
target images were imported in the UltraiQ image quality
assessment tool, the software automatically created a
circular Region Of Interest (ROI) which was manually
placed over the grey targets in the image, by clicking on
each target in an order from -9dB to +15dB (see figure 4).
The UltraiQ software calculated the grey value of each
target (GVT ) by averaging grey values of the pixels within
the circular ROI (figure 4B). Knowing the grey value
and echo dB value of each target allows to calculate the
average increase in grey value per unit change of echo dB
value. This grey step per unit change of echo dB is called
the ”gamma”, and is a measure for contrast resolution.

The contrast-to-noise ratio of each target in figure 4A
was calculated according to the definition of CNR in
equation 2. The UltraiQ software automatically calculated
the mean grey value of each target (GVT ) and background
(GVBG), and the the variance of grey values, σ2

T and
σ2
BG, within the target ROI and background ROI respec-

tively (figure 4B). These values were used to calculate
the CNR for each target according to equation 2.
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Fig. 4: A: Grey targets in the ultrasound image (-9dB, -
6dB, -3dB, 3dB, 6dB, 15dB). B: close up of one of the
targets. The software automatically calculates the mean value
and standard deviation of the grey values in the target ROI and
the background ROI. These values are used to determine the
contrast resolution and CNR.

The spatial resolution was determined by analysis of
the vertical pins in the ultrasound image (figure 5). The
images obtained from scanning the vertical pin group
were imported in the UltraIQ software. The software au-
tomatically created a rectangular ROI that was manually
placed over each pin in the image by clicking on it,
starting from to upper most pin to the bottom one in
the image (see figure 5). After all pins were selected,
the software automatically calculated the lateral and axial
dimensions of each pin in the image using the ’Full
Width, Half Maximum’(FWHM) measurement method.
Details of this measurement method are explained in
appendix B. The point spread in lateral direction (∆L)
and axial direction (∆A) are a measure for the lateral
and axial resolution respectively.

Fig. 5: A Vertical pins in the ultrasound image. B: Close-up of
one of the pins in the ultrasound image. The software automat-
ically calculates the lateral (∆L) and axial (∆A) dimension of
each pin.

The penetration depth of the ultrasound signal was
determined by analysis of the ”air scan” image (figure 6A)
and the ”uniform-phantom scan” image (figure 6B). First,
the air scan image was loaded in, and a rectangular ROI
was placed over the central axis of the ultrasound image
(figure 6A). The software automatically calculated the
grey levels along the central axis of the ultrasound image
by laterally averaging the grey levels in the ROI. The grey
value profile along the central axis of the air-scan image
shows the grey values of the noise as a function of depth
(d) in the image: GVN (d). Next, the uniform scan image
was loaded in, and the same process was repeated (figure
6B). The grey value profile of the uniform phantom image
shows the grey values of the noise added to the echo
signal as a function of depth GVS+N (d). The penetration
depth was calculated using these values according to the
theory as explained in chapter 3 of the thesis document.

After finishing the analysis of all DICOM images, the

Fig. 6: A: Ultrasound image of the probe in air. B: Ultrasound
image of the uniform phantom. A rectangular ROI is placed
over the central axis of the images, and the laterally averaged
grey value profile along the central axis is calculated.

results were saved and exported to Excel. A MATLAB-
function file was used to read the data from the Excel
file, and present the data in figures.

IV. RESULTS

In general, no significant influence of the balloon on
image quality was observed.

Figure 8A shows the measured grey value of each target
plotted against the target dB value. Figure 8B shows a
linear least-square regression line through the datapoints
in figure 8A. The errorband indicates the 95% confidence
interval of the linear fit. The regression coefficient of the
line is defined as the ”gamma” (γ), which is a measure
for the contrast resolution.
Multiple regression analysis was used to test if the re-
gression coefficient for the ICE probe without balloon
and the ICE probe with balloon are significantly dif-
ferent. The gamma of the ICE probe without balloon
(γICE, no balloon = 5.1) and the ICE probe with balloon
(γICE, balloon = 5.0) were not significantly different, t(1) =
0.11, p = 0.913.

Figure 9 shows the results of the CNR measurements.
No significant difference in CNR was observed between
the two experimental conditions.

The spatial resolution measurements in figure 7 show
no significant influence of the balloon around the trans-
ducer on spatial resolution.
The average ratio between the lateral pin size (∆L) of
the ICE probe with balloon and without balloon was
(∆L, balloon/∆L, no balloon) = 1.1± 0.1,
The average ratio between the axial pin size (∆A) of
the ICE probe with balloon and without balloon was
(∆A, balloon/∆A, no balloon) = 1.0± 0.1.

Figure 10 shows the penetration depth of the probe with
and without balloon. No significant difference between
the penetration depth of the ICE ultrasound probe without
balloon (69.8 ± 1.8 mm) and the ICE ultrasound probe
with balloon (71.1± 1.3 mm) was observed, t(1) = 1.43,
p = 0.185.

Details of the measurement results are presented in ta-
bles III and IV, Appendix C. Table III contains the results
of the grey target scans for each probe. Table IV contains
the results of the spatial resolution measurements.

V. DISCUSSION

In this study, the image quality of a miniaturized
ultrasound probe was compared to the image quality of
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Fig. 7: The lateral and axial dimension (∆L,∆A) [mm] of the pins at depth (d) [mm]. The solid line represents the lateral dimension,
the dashed line represents the axial dimension. Data points are mean values of the measurements (N = 20), variance is indicated
with the errorband (µ± σ).

Fig. 8: A: Mean grey value of each target plotted against target echo level (dB). B: Linear fit through datapoints, the errorband
indicates the 95% confidence interval of the linear fit. Steepness of the line is the contrast resolution of the probe.

Fig. 9: The contrast-to-noise ratio for the ICE probe without
balloon and with balloon around the transducer. Data points
are mean values of the measurements (N = 20), variance is
indicated with the errorband (µ± σ).

Fig. 10: Penetration depth of the signal. The dashed lines shows
the threshold where the signal is lower than the noise (SNR ≤
1). Data points are mean values of the measurements (N = 20),
variance is indicated with the errorband (µ± σ).
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an intra-balloon miniaturized ultrasound probe to study
the influence of the balloon on image quality. The results
have shown that the balloon did not negatively influence
image quality.

Compared to direct ultrasound imaging, trans-balloon
ultrasound imaging adds extra interfaces between the
transducer and the insonated tissue: the ultrasound waves
travel from the transducer in medium inside the balloon
(water), than from the medium into the balloon wall, and
from the balloon wall into the insonated tissue. It was
expected that these extra interfaces would absorb some of
the ultrasound energy, which results in a lower ultrasound
image quality. However, the results have shown that the
influence of the water-filled balloon on image quality are
negligible.

A. Study Limitations and Recommendations

A major limitation to the aforementioned observations
is that the balloon was inflated with only 10 ml of
water, which does not fully deploy the balloon. For the
intended application of trans-balloon TEE imaging, the
water-filled balloon needs to be inflated to a diameter of
approximately 20 mm (30 ml).

The reason why the balloon was not further inflated,
was that inflating the balloon to a diameter of 20 mm
induced severe mirroring artifacts of the balloon wall,
which influenced the image quality such that measure-
ments could not be performed. It was observed that
these artifacts became stronger with increasing balloon
diameter. Therefore, it was decided to perform measure-
ments with a minimum diameter of the balloon.

The mirroring artifacts are due to the balloon-air inter-
face where the balloon is not in contact with the scanning
surface of the phantom. At this interface, all scattered
ultrasound waves are reflected back, and are detected by
the transducer as an echo. This echo causes an artifact in
the image (see figure 11).

It is expected that these mirroring artefacts will not
occur when the balloon is inserted in the esophagus,
because the esophageal wall entirely surrounds the bal-
loon. This means that scattered ultrasound signals will be
absorbed in the tissue, and will not reflect on the balloon-
air interface as it was the case in the measurement setup.

It is recommended to perform a follow-up study, where
the balloon is inserted in a phantom with a tubular cavity
that entirely surrounds the balloon to validate whether this
reduces the mirroring artifacts.

VI. CONCLUSION

This study has shown that contrast resolution, CNR,
spatial resolution and penetration depth are not negatively
influenced by a water-filled balloon around the transducer
of a miniaturized ultrasound probe. Inflating the water-
filled balloon to a diameter of 20 mm induced strong
artifacts in the ultrasound image, but it is expected that
these effects are specific to the measurement setup, and
will not occur when the balloon is inserted in the esoph-
agus.
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APPENDIX A
SYSTEM SETTINGS EPIQ

For consistent comparison of image quality it is important that the image acquisition and image processing
settings of the ultrasound system are equal for the probes that are compared. The system settings were
adjusted according to the settings listed in table I and II. The settings in table I are the same for all
measurements. The gain, scanning depth, focal depth and autoscan are dependent on the measurement and
are listed in table II.

TABLE I: System settings for the Epiq. The Touch Screen Module (TSM) on the Epiq has two screens for selecting
image aquisition and processing settings. The settings for each screen are shown in the collumns ’TSM screen 1’ and
’TSM screen 2’.
∗ These settings are only applicaple to the X8-2t and ICE probe.

TSM screen 1 TSM screen 2

Chroma Map ’off’ Grey Map ’4’
Harmonics ’off’ Xres ’off’
Quick Angle∗ ’0’ LGC ’off’

Autoscan See table II
Capture Type ’prospective’
ECG Lead ’II’ Up/Down ’up’

Left/Right ’left’
View PLAX2D Elevation Compounding∗ ’off’

Xplane ’off’ Temp. ’Celsius’
3D-Zoom ’off’ Temp. Disp. ’on’
Full Volume ’off”

Output power ’-0.5dB’
2Dopt ’gen’
Res/Spd ’middle’
Compress ’50’
Loop Length ’2 beats’
Sector Widht ’max’
Seek Angle∗ ’0’

TABLE II: Measurement dependent system settings.

Grey Target Measurement Vertical Pin Measurement Penetration Depth Measurement
ICE, no balloon Gain: 50% Gain: 55% Gain: 75%

Scanning Depth: 50mm Scanning Depth: 91mm Scanning Depth: 150mm
Focal Depth: at targets Focal Depth: deep Focal Depth: deep
Autoscan: ’On’ Autoscan: ’On’ Autoscan: ’Off’

ICE, balloon Gain: 50% Gain: 55% Gain: 75%
Scanning Depth: 50mm Scanning Depth: 91mm Scanning Depth: 150mm
Focal Depth: at targets Focal Depth: deep Focal Depth: deep
Autoscan: ’On’ Autoscan: ’On’ Autoscan: ’Off’
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APPENDIX B
AXIAL AND LATERAL PIN SIZE MEASUREMENT METHOD

The lateral and axial dimension of the pins were calculated by the UltraiQ image quality assessment
software. The software automatically detects the pin in the selected ROI, and determines the central axes
of the pin. The lateral and axial pin dimensions are determined by grey value analysis along the horizontal
and vertical central axis of the pin respectively. Figure 12 shows an example of the grey value analysis
along the lateral axis of one of the pins in the ultrasound image.

Fig. 12: A:Grey value profile along the lateral axis of one of the pins in the ultrasound image B: Close up of the pin,
with the lateral axis indicated with the dashed line.

The pixel grey value analysis along the central line of the pin results in a graph representing the grey
value of each pixel along that axis (figure 12A). The width of the pin is defined as the width of the grey
value curve at the point where the curve intersects a certain threshold. In this thesis, the ”Full-Width,
Half-Maximum (FHWM)” threshold was used. The FWHM threshold is standardized by IEC 61391-1 as
the threshold for spatial resolution measurement of ultrasound equipment [3].
The maximum grey value along the axis (GVmax) and the mean grey value of the background pixels within
the ROI (GVBG) are determined. The nominal peak value is the difference between the maximum grey
value and the mean background grey value (GVmax − GVBG). The ’FWHM-width’ is the width of the
graph at grey level one half of the nominal peak value above the mean background grey value:

GVFWHM = GVBG +
GVmax −GVBG

2
(5)

In the example in figure 12, the maximum grey value is 252 (GVmax = 252) and the mean background grey
value is 80 (GVBG = 80). According to equation 5, the FWHM-grey value is 166. The width of the graph,
measured at grey value 166 is 221 pixels; i.e.: the lateral pin size, measured with the FWHM threshold is
221 pixels.
The software calculates the lateral axial dimension of each pin along the line according to the method
described above. This yields the lateral and axial resolution of the ultrasound probe, as function of distance
from the transducer.
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APPENDIX C
MEASUREMENT RESULTS

The results of the measurements are presented in tables III andIV. Table III contains the results of the
grey target scans for each probe. Table IV presents the results of the vertical pin scans for each probe. The
lateral dimension (∆L) and axial dimension (∆A) of the displayed pins was calculated with the FWHM
threshold.

TABLE III: Results of the grey target scans.

Target dB ICE, no balloon
(µ± σ)

ICE, balloon
(µ± σ)

Target Grey Value

-9 18.7± 2.6 17.6± 5.5
-6 57.6± 2.4 56.7± 2.6
-3 67.2± 4.5 64.8± 6.7
3 86.5± 4.9 87.5± 12.9
6 120± 3.6 119± 3.1
15 148± 3.3 143± 7.7

Contrast to Noise Ratio (CNR)

-9 2.6± 0.7 2.8± 0.9
-6 1.9± 0.3 2.0± 0.1
-3 0.8± 0.4 0.7± 0.4
3 0.4± 0.3 0.5± 0.3
6 1.3± 0.2 1.3± 0.2
15 3.7± 0.6 3.4± 0.6

TABLE IV: Results of the spatial resolution measurements.

ICE, no balloon ICE, balloon

D [mm] ∆L [mm]
(µ± σ)

∆A [mm]
(µ± σ)

∆L [mm]
(µ± σ)

∆A [mm]
(µ± σ)

10 0.9± 0.1 0.6± 0.0 0.9± 0.1 0.6± 0.1
20 0.9± 0.0 0.6± 0.1 1.0± 0.1 0.7± 0.1
30 1.1± 0.1 0.6± 0.1 1.2± 0.1 0.6± 0.1
40 1.3± 0.2 0.6± 0.1 1.6± 0.2 0.6± 0.1
50 1.6± 1.2 0.6± 0.1 1.8± 0.2 0.7± 0.1
60 2.5± 0.2 0.7± 0.1 2.4± 0.3 0.7± 0.1
70 2.7± 0.4 0.7± 0.1 2.6± 0.2 0.6± 0.1



Appendix C

Balloon and Sheath System for
Trans-Balloon US Imaging

Trans-balloon image quality of the Philips Intra-Cardiac Echocardiography (ICE) probe was
measured using the balloon and sheath system described in this appendix.

The ICE ultrasound probe (1) was inserted in a 1/4 inch outer diameter plastic sheath (2),
with a latex balloon (3) at the distal end of the sheath. On the proximal end of the sheath
was a union tee connected (4). This union tee was connected to a reducer connector (5),
which provided an air- and water tight seal around the shaft of the ICE ultrasound probe.
The branch of the union tee connector was connected to a piece of 1/4 inch outer diameter
plastic sheath (4), which was air- and water tight connected to a 140 ml syringe (6). The
components of the tubing setup are listed in table C-1. A schematic drawing of the tubing
system is provided in figure C-2. A photo of the tubing system is provided in C-3. A detail
photo of the tee connector is provided in figure C-1.

Depressing the plunger of the syringe allowed to inflate the balloon with water. In the deflated
state, the balloon was filled with approximately 10 ml of water (figure C-4). Inflating the
balloon with 30 ml, increased the diameter of the balloon to approximately 20 mm (figure
C-5).

Figure C-1: A tee connector (4) was attached at the proximal end of the plastic sheath (2). A
reducer connector (5) was connected to the tee connector to provide a water- and air- tight seal
with the shaft of the ICE catheter (1).

MSc Thesis L. Grandia



78 Balloon and Sheath System for Trans-Balloon US Imaging

Table C-1: Components of the test setup for measuring trans-balloon ultrasound image quality

Component Number Component Description

1 Philips Intra-Cardiac Echocardiography (ICE) probe
(Philips Healthcare, Alajuela, Costa-Rica)

2 1/4 inch outer diameter plastic sheath
(48636955, MSC Industrial Direct Co., Melville, NY, USA)

3 latex balloon

4 union tee connector
(48622088, MSC Industrial Direct Co., Melville, NY, USA)

5 reducer connector
(62378609, MSC Industrial Direct Co., Melville, NY, USA)

6 syringe
(22257152, FisherScientific, Hampton, NH, USA)

Figure C-2: Sketch of the setup. The
ICE probe (1) was inserted in a plastic tube
sheath (2), with a latex balloon (3) at the
distal end of the sheath. A union tee (4) was
connected at the proximal end of the sheath.
A reducer connector (5) in the union tee pro-
vided an air- and water tight seal around the
shaft of the miniaturized ultrasound probe
(1). The branch of the tee connector (4)
was via a plastic tube connected to a 140
mL, water-filled syringe (6)

Figure C-3: Photo of the setup. The ICE
probe (1) was inserted in a plastic tube
sheath (2), with a latex balloon (3) at the
distal end of the sheath. A union tee (4) was
connected at the proximal end of the sheath.
A reducer connector (5) in the union tee pro-
vided an air- and water tight seal around the
shaft of the miniaturized ultrasound probe
(1). The branch of the tee connector (4)
was via a plastic tube connected to a 140
mL, water-filled syringe (6)

Figure C-4: Balloon in deflated state (filled
with 10 ml water).

Figure C-5: Balloon in inflated state (filled
with 30 ml water), diameter is 20 mm.
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Glossary

List of Acronyms

EP electrophysiology

TEE Transesophageal Echocardiography

ICE Intra-Cardiac Echocardiography

CT Computerized Tomography

MRI Magnetic Resonance Imaging

LA Left Atrium

RA Right Atrium

LV Left Ventricle

RV Right Ventricle

PV Pulmonary Veins

LSPV Left Superior Pulmonary Vein

LIPV Left Inferior Pulmonary Vein

RSPV Right Superior Pulmonary Vein

RIPV Right Inferior Pulmonary Vein

AF Atrial Fibrillation

AV atrioventricular

SA sinoatrial

SHD Structural Heart Disease

FOV Field of View
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IQA Image Quality Assessment

CNR Contrast-to-Noise Ratio

SNR Signal-to-Noise Ratio

ROI Region of Interest

PSF Point Spread Function

SPL Spatial Pulse Length

PRP Pulse Repetition Period

PRF Pulse Repetition Frequency

FAM Fast Anatomical Mapping

EBUS Endobronchial Ultrasound

L. Grandia MSc Thesis


	Front Matter
	Cover Page
	Title Page
	Table of Contents
	Acknowledgements

	Main Matter
	Introduction to Thesis Assignment
	TEE Imaging
	Heart, Esophagus and Anatomical Relation
	TEE Imaging and Imaging Equipment
	Clinical Relevance and State of the Art Application of TEE

	Application of TEE in Atrial Ablation Procedures
	Atrial Fibrillation
	Treatment of Atrial Fibrillation
	Imaging during Atrial Ablation Procedures
	Current Status of TEE in Atrial Ablation Procedures

	Improve Atrial Ablation Procedures using Miniaturized TEE
	Definition of Thesis Research Scope
	Research Scope
	Research Questions

	Thesis Outline

	Fundamental Principles of Ultrasound Imaging
	Ultrasound Physics
	Wavelength, Frequency and Speed
	Ultrasound Intensity, and the dB Scale
	Ultrasound Interaction with Matter

	Ultrasound Transducers
	Piezoelectric Elements
	Phased Array Transducers

	Ultrasound Beam Properties
	Transmit Focus
	Spatial Resolution

	Ultrasound Image Acquisition
	Pulse-Echo Operation
	2D Image Reconstruction


	Development of an Objective Image Quality Assessment Method
	Ultrasound Image Quality Assessment Phantoms
	Image Quality Assessment Software
	Image Quality Parameters
	Contrast Resolution
	Contrast to Noise Ratio
	Spatial Resolution
	Penetration Depth


	Method
	IQ Comparison: Miniaturized TEE vs. Normal TEE
	Workflow

	IQ Comparison: Trans-Balloon vs. Direct US Imaging
	Workflow


	Results
	IQ Comparison: Miniaturized TEE vs. Normal TEE
	Contrast Resolution
	Contrast to Noise Ratio
	Spatial Resolution
	Penetration Depth

	IQ Comparison: Trans-Balloon US vs. Direct US Imaging
	Contrast Resolution
	Contrast to Noise Ratio
	Spatial Resolution
	Penetration Depth


	Discussion
	Summary and Discussion of Measurement Results
	IQ Comparison: Miniaturized TEE vs. Normal TEE
	IQ Comparison: Trans-Balloon US vs. Direct US Imaging

	Study Limitations and Recommendations
	Clinical Relevance of Thesis Research
	FOV improvement
	Spatial Resolution
	Penetration Depth

	Other Areas of Application

	Conclusion

	Appendices
	Article 1
	Article 2
	Balloon and Sheath System for Trans-Balloon US Imaging

	Back Matter
	Bibliography
	Glossary
	List of Acronyms
	List of Symbols



