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Summary
Heart failure (HF) occurs when the heart is unable to pump a sufficient supply of oxygenated
blood to the body. The subsequent reduction in oxygen supply and nutrients throughout the
body can exacerbate or lead to further co-morbidities in people suffering from HF and, if left
untreated, death. There are numerous possible causes of HF; two common causes are
myocardial infarction and cardiomyopathy. Both result in damage to the muscle of the heart,
leading to a reduction in the heart’s ability to perform work. Medical therapy and lifestyle
changes are able to improve the prognosis for patients with a milder level of HF. In severe cases
of HF surgery is recommended, either to implant a device to help support the patient’s heart or,
if all other options have been exhausted, transplant it with a donor heart.
Implanted devices are able to improve the heart’s ability to perform work by increasing the
efficiency of contraction or directly supporting blood circulation. Cardiac resynchronisation
therapy (CRT) devices support the heart by aiding the conduction of electrical signals that
activate the heart muscle. The pathways these signals take are seriously affected when the heart
muscle is damaged, resulting in dyssynchronous activation of the ventricles. When the heart
can no longer provide sufficient circulation, left ventricular assist devices (LVAD) support or
completely take over left ventricular function in pumping blood to the rest of the body. These
treatments can greatly improve patient health. However, identifying which patients require
them and how best to continue treatment post-implantation are significant challenges.
Ultrasound (US) based determination of systolic and diastolic (dys)function is a primary step
in diagnosing HF. This is predominantly performed by calculating the left ventricular ejection
fraction (LVEF). However, LVEF is a global measure of systolic function that does not provide
any temporal or local measure of cardiac function. Additionally, guidelines on LVEF are based
on data from the entire patient population, meaning that individual differences between patients
are not accounted for. This is important as dysfunction often occurs locally or during different
phases of the cardiac cycle. This is particularly the case in patients with electrical conduction
delays. Furthermore, support devices such as LVADs alter ventricular mechanics such that
formerly used methods do not aid in understanding residual ventricular function. Additionally,
echocardiographic evaluation of HF is almost without exception performed at rest. Patients with
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HF predominantly experience symptoms during exercise as a consequence of failing
compensatory mechanisms, meaning that these could be overlooked during evaluation.
There is therefore a need for improved imaging and clinical protocols in the measurement of
cardiac function. Ultrasound strain imaging (also known as speckle tracking echocardiography)
is an image analysis technique that enables measurement of tissue deformation and movement.
Since introduced, strain imaging has become accepted in the clinic as a method for the
measurement of global systolic function. However, the technique’s potential for the
measurement of local contractile disorders or the effects of ventricular unloading has not been
explored fully.
In this thesis, experimental and clinical approaches into the use and improvement of ultrasound
strain imaging as a method for measuring the function of the left ventricle are investigated for
the pathologies introduced. In vitro and ex vivo studies were performed to determine the
validity of ultrasound strain imaging in experimental models (Chapters 2 and 3). Methods to
measure residual ventricular function were developed for use with LVAD patients in further ex
vivo experiments focusing on circumferential strain (Chapter 4). A method to improve the
merit and trueness of strain estimation by calculating strain in the muscle fibre direction, rather
than in the radial, circumferential or longitudinal direction, was investigated in simulations
(Chapter 5). The accuracy and reproducibility of strain imaging in determining local strain
abnormalities in left bundle branch block cases were investigated, in an animal model (Chapter
6a), and in HF patients, both at rest (Chapter 6b) and during exercise (Chapter 7). Finally,
ways to improve the accuracy and reproducibility of strain imaging during exercise were
investigated by use of a probe fixation device (Chapter 8).
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Chapter 1

1. General Introduction
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8 | Cardiac Anatomy

1.1 Cardiac Anatomy
The heart is the pump of the cardiovascular system, and consists primarily of cardiac muscle
(myocardium). The heart contains four main chambers, separated into two sides, left and right.
These alternately fill and empty with blood during the cardiac cycle. The cardiac cycle involves
two pumping phases: contraction (systole), when blood in the ventricles is ejected; and
relaxation (diastole), when the ventricles fill with blood. These phases are moderated by
electrical signals generated by the sinoatrial node in the wall of the right atrium. The right side
of the heart supplies deoxygenated blood that returns from the body (the systemic circulation)
to the lungs. Oxygenated blood returning from the lungs fills first the left atrium, then left
ventricle (LV), before being pumped by the left ventricle during systole through the aortic valve
into the aorta, and thereafter the systemic circulation.
When the heart and cardiovascular system are healthy the cardiac cycle occurs consistently with
little interruption. In this state the heart is able to respond to changes in oxygen requirements
around the body, e.g., during exercise. There are two main ways in which a change in oxygen
requirements can be met, through heart rate and stroke volume. The heart rate is the rate in beats
per minute at which the cardiac cycle occurs, whilst the stroke volume is the volume of blood
pumped from a ventricle with each beat. The product of heart rate and stroke volume is the
cardiac output, the volume of blood pumped each minute by the ventricles. The ratio between
the volume of blood ejected from the LV during systole, and end-diastolic volume of the LV is
the so-called left ventricular ejection fraction (LVEF). LVEF is a commonly used parameter
when assessing LV function.

1.2 Left Ventricular Function
There are three main factors that influence LV stroke volume; preload, afterload, and
contractility. If the volume or rate of blood entering the left ventricle increases (due to increased
venous return) then the muscle cells will be stretched further, to which the ventricle will respond
by contracting further, increasing the total blood volume pumped. The LV has the greatest
proportion of muscle in the heart, as it must overcome pressure from the systemic circulation
(the afterload) in order to pump blood to the rest of the body. Changes in the afterload, for
instance due to an increase in vascular resistance (e.g. hypertension) or aortic stenosis (a
narrowing of the aortic valve), can have long term effects on the LV. To compensate for chronic
pressure overload the LV becomes hypertrophic (enlargement of the muscle) or ischemia (lack

147885_Fixsen_BNW.indd 14

15-09-2021 10:15

Chapter 1 | General Introduction | 9
of oxygen). Contractility is the intrinsic ability of the myocardium to contract and can be
affected by enzymes, proteins, drugs, etc.

1.3 Heart Failure
Heart failure occurs when a disorder reduces the hearts ability to receive or pump blood,
meaning the heart cannot meet the oxygen requirements of the body. Common symptoms
include tiredness and shortness of breath, resulting in reduced exercise tolerance. As the main
pump of the heart, many of the possible disorders leading to heart failure directly affect the
LV’s ability to perform work. Causes include myocardial infarction (a heart attack),
cardiomyopathy (diseases affecting the muscle) and iatrogenesis (e.g. damage or dysfunction
due to radiation or chemotherapy).
Myocardial infarction occurs when the supply of blood to the coronary arteries is interrupted,
leading to ischemia and, unless treated rapidly, death of the affected region of myocardium.
Infarction can disrupt the electrical pathways that muscle activation signals take to and through
the LV. These conduction delays result in electrical and/or mechanical dyssynchrony of the
ventricle, reducing the efficiency of contraction. Mechanical dyssynchrony in the left ventricle
often occurs due to left bundle branch block (LBBB), where a specific conduction pathway is
damaged (for instance due to a pre-existing defect or myocardial infarction).
Heart failure can be classified into stages according to the New York Heart Association
functional classification system, with treatment options and prognosis dependent on the severity
of symptoms. Treatment of patients with early-stage heart failure focuses on pharmacological
therapies that aim to reduce complaints whilst improving cardiac function. However, due to an
increase in the prevalence of heart failure, the number of patients in which heart failure
progresses and symptoms worsen (despite optimal medical therapy) is increasing (Roger 2013).

1.4 Cardiac Resynchronisation Therapy
Cardiac resynchronisation therapy (CRT), introduced just over 20 years ago, is a surgical
treatment for patients with dyssynchronous heart failure. CRT involves the implantation of a
device to pace one or both of the ventricles. CRT has since been shown to be of benefit to most
heart failure patients with depressed LVEF and electrical conduction delays, particularly those
with LBBB (Ponikowski et al. 2016). However, since first introduced, there has been a large
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10 | Left Ventricular Assist Devices
number of non-responders (30-40% of patients), who have received treatment unnecessarily
(Auricchio and Prinzen 2011; Holzmeister and Leclercq 2011).
Efforts have been made to characterise responders and non-responders prior to surgery, often
focusing on mechanical dyssynchrony as a differentiator (Gorcsan et al. 2010). Thus far
however, randomised clinical trials of methods aiming to predict CRT response have not been
able to reduce the number of non-responders (Chung et al. 2008). The original parameters that
were developed analysed timing differences in the LV (Achilli et al. 2006; Chung et al. 2008;
Ghani et al. 2015a). However, echocardiographic analysis of LV deformation itself may yield
more specific results (Duchenne et al. 2020; Zweerink et al. 2016).

1.5 Left Ventricular Assist Devices
If heart failure continues to progress, the heart will no longer be able to supply sufficient blood
supply to support the vital organs. The gold standard treatment for end-stage heart failure is a
heart transplant. However, the number of transplants performed worldwide has not kept pace
with increasing demand, meaning the number of candidates on transplant waiting lists has been
regularly increasing each year. There is therefore considerable demand for alternative
treatments, particularly mechanical circulatory support (MCS) (Bowen et al. 2020). MCS are a
group of devices (extra-corporeal or implanted) that maintain the circulation and vital organ
perfusion.
Left ventricular assist devices (LVAD) are a particular type of implanted MCS that replace or
supplement LV function. Modern LVADs resemble small pumps, with an axial or centrifugal
impeller that pushes blood from the LV into aorta. These operate at constant rate, meaning the
pulsatile action of the LV is replaced by a continuous flow of blood to the body.
There are three main LVAD treatment strategies (Feldman et al. 2013): as a bridge to transplant,
where the device is implanted to support the patient until heart transplantation is performed
(around half of candidates receive an LVAD prior to transplantation (Khush et al. 2019)); as
destination therapy, where the patient is supported by the LVAD for the rest of their life; or as
a bridge to recovery. If a patient’s unsupported cardiac function recovers whilst undergoing
LVAD therapy then the device can be explanted. At present this is only performed in a subset
of LVAD patients however (1-3%), as only a small number recover sufficiently (Jakovljevic et
al. 2017; Topkara et al. 2016).
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Figure 1.1: Diagram of person with implanted
left ventricular assist device (LVAD)

LVAD implantation is highly invasive, involving the removal of part of the myocardium so that
an inflow tube can be inserted into the ventricle, the presence of the pumping device inside the
chest cavity, and the insertion of an outflow tube into the aorta. LV mechanics can be greatly
affected, both by suction within the cavity from the pump, and from the mass of the pump
attached to the ventricle. Moreover, the long-term effect on a patient’s left ventricular function
from continuous unloading is not fully known. Both are factors that influence the heart’s ability
to perform work post-implantation. Invasive and non-invasive diagnostic techniques such as
ventricular pressure measurements, computed tomography and magnetic resonance imaging
(MRI) are not suitable for monitoring purposes in LVAD patients for safety reasons (Rear et al.
2016; Slaughter et al. 2010). This means detailed, directly measured, information on cardiac
function that could be used to inform treatment strategies is not available.
LVAD patient health is tracked through use of classification methods such as the NYHA and
INTERMACS systems (Feldman et al. 2013; Lietz et al. 2007). Cardiac function is monitored
by use of echocardiography, through measurement of aortic valve insufficiency (often preexisting or occurring during support) and LVEF, 6-minute walk distance (Park et al. 2012) and
patient symptoms. Additional measurements such as pump speed change procedures
(sometimes combined with exercise) allow study of the effect of LVAD unloading on the heart
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12 | Ultrasound
as the pump speed is increased through a range of speeds (Myers et al. 2006; Uriel et al. 2012),
but are less commonly performed as they may cause patients discomfort.

1.6 Ultrasound
Ultrasound imaging involves the transmission and reception of high frequency sound waves. In
non-invasive medical ultrasound, a transducer placed on the skin transmits a pulsed wave into
the tissue (insonification). Changes in the acoustic impedance of the tissue as the wave travels,
for instance at the border between a layer of fat and muscle, cause the reflection of part of the
emitted wave’s energy (an echo). As tissue has very high water content, sound waves can travel
easily between different parts of the body, provided the change in impedance is not too large.
Part of the returning wave is received by the transducer elements, which convert the wave into
first voltages, then radio frequency (RF) signals.
Images can be formed by compiling the information on how far a returning wave has travelled
and the RF signals generated. The most common image type used in medical ultrasound
imaging is brightness-mode (B-mode), with distance shown in each axis and each individual
image being a frame. The time that the ultrasound machine waits and receives reflected waves
for prior to emitting another pulse is related to the depth that is being imaged. This means that
the maximum number of images that can be created in one second (the frame rate) is inherently
linked to the depth of the region being imaged and the amount of waves being generated and
received.
Diagnostic ultrasound uses low energy waves, meaning it is safe to use in patients and has no
known side effects. Additionally, ultrasound machines are cheap (relative to other diagnostic
imaging methods), portable, so imaging can be done at the bedside, and can image tissues at a
high frame rate. Whilst ultrasound images have a high axial resolution (i.e., through their
depth), as this is related to the centre frequency of the transducer (typically 2-20 MHz), they
suffer from a lack of lateral resolution (i.e., across the transducer elements). This is because
transducers have a limited number of individual elements and a small footprint relative to the
typical depths being imaged. Most transducers still utilise piezoelectric materials, which are
difficult to consistently manufacture in very small elements. Furthermore, the signal from each
element must be received by the machine as a separate channel (and wire), meaning the greater
the number of elements the more complex the system hardware (and the thicker cable) would
be.
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Chapter 1 | General Introduction | 13
Echocardiography, ultrasound imaging of the heart, is widely used throughout the treatment of
heart failure patients (Ponikowski et al. 2016). Common echocardiographic measurements
include ventricular volumes, wall thickness, valvular dysfunction, etc. In addition to manually
performed measurements, signal and image analysis techniques can yield more detailed
information on cardiac function by measuring blood velocity (e.g. Doppler imaging) and tissue
motion or deformation (e.g. speckle tracking or strain imaging).

1.7 Strain Imaging
Ultrasound strain imaging (or speckle tracking) is a technique that allows measurement of the
motion and deformation of tissue. The impedance changes in tissue that result in bright borders
between tissue regions also give rise to smaller changes in image brightness within tissues,
speckle. As it is related to the actual structure of tissue, and not simply noise, when tissue
moves, the speckle pattern will move similarly within the image or radio frequency ultrasound
data.
In strain imaging, a normalised cross correlation function (or other measurement of similarity)
is used to find the most likely point in the following frame that a region of speckle from the
present frame has moved to. By performing this calculation in the entire region-of-interest the
local inter-frame displacement of tissue within a given region (e.g. the LV wall) can be found.
Strain (specifically engineering strain) is the relative change in length between two points in
space, expressed as a ratio or percentage. Local strains in the image are calculated by specifying
the initial geometry of the measure region within the image in the first frame of a sequence,
mapping the inter-frame displacements to these pre-defined points, and calculating the change
in length between each point.
Strain imaging was first introduced by Ophir et al. (Ophir et al. 1991), who combined quasistatic measurements with material properties to obtain maps of elasticity, a method termed
elastography. Ultrasound strain imaging has since been used to perform dynamic strain
measurements around the body on blood vessels, skeletal muscle, etc. (de Korte et al. 1997; H.
H. G. Hansen et al. 2009; Lopata et al. 2010; T. Deffieux et al. 2008). In echocardiography,
strain imaging has been used in the estimation of LV function (Amundsen et al. 2006; D’Hooge
et al. 2000; Langeland et al. 2005). In the LV, strain can give information on the change in
dimensions of the ventricle over the cardiac cycle. Measurements are typically performed in
the radial (across the wall), circumferential (around the wall) and longitudinal (along the wall,
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14 | Strain Imaging

Figure 1.2: Top row: Apical four-chamber view (left); parasternal long axis (middle) and
corresponding short axis view of the heart (right). The left ventricle is indicated in (light brown);
The middle row shows the longitudinal (left, middle) and circumferential strain directions (right)
vs the areas of high strain precision (green dashed). The radial strain direction is shown in the
lower figures for all views.

from apex to base) directions. Measurement of myocardial strains therefore allows assessment
of deformation at a global or local level and in multiple directions, in comparison LVEF which
is solely a measure of global radial function.
However, ultrasound imaging has inherent limitations, especially when imaging the heart.
Trans-thoracic ultrasound must pass between the ribs, meaning a small transducer is used,
reducing the maximum possible image quality and depth. Most imaging in echocardiography
is two-dimensional (2D), as this is cheaper and has a higher frame-rate (important as heart
motion occurs rapidly). The heart deforms in three-dimensions (3D) however, meaning out-ofplane motion (i.e. the LV moving through the image) can disrupt the accurate tracking of tissue.
3D ultrasound is widely available, but conventional transmission methods significantly reduce
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Chapter 1 | General Introduction | 15
frame rate, as more transducer elements must be addressed, and image quality, since a relatively
limited number of channels are available.
Poor image quality means that displacement tracking is further hampered, particularly in the
lateral (and elevational) direction. The cumulative effect of errors in displacement tracking of
each frame results in the under- or over-estimation of strain. For this reason, segmental or global
(i.e. the average of local strains in an area) are calculated (Voigt et al. 2015), as this increases
the reproducibility of measurements. Furthermore, there have been issues in the (lack of)
standardisation of exactly how measurements are performed.
Ultrasound machines are produced by a variety of manufacturers worldwide, and each has
produced their own strain imaging software. A user can obtain different results depending on
the software used, even when using identical data. This is logical given the variety of
displacement tracking, meshing and strain calculation methods that exist, but severely reduces
clinicians trust in measurements obtained from strain imaging. Furthermore, methods that
regularise the results of strain imaging, through filtering and smoothing, to make them more
interpretable and reproducible can obscure the underlying ‘true’ strain results. Research and
standardisation efforts are underway (Mirea et al. 2018), however these have so far focused on
a limited set of parameters.
Inter-vendor variability is of particular importance in dyssynchronous heart failure patients.
Systolic rebound stretch of the septum (SRSsept), a deformation-based parameter estimated
with ultrasound strain imaging, has been demonstrated as a predictor of response to CRT (De
Boeck et al. 2009; Salden et al. 2020). In Chapter 6a the influence of different software and
filtering methods on circumferential strain and SRSsept in the dyssynchronous LV was
investigated.

1.8 Clinical Need and Aims of this Thesis
Given the aforementioned lack of information on LV function and current limitations of strain
imaging, there is a clinical need for improved diagnostic methods that can improve
understanding of the failing left ventricle pre- and post-device implantation surgery. Ultrasound
strain imaging could provide clinicians this information, however, as mentioned, there are a
number of issues that have prevented widespread adoption of the method.
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In this thesis, applications and techniques for the improved use of ultrasound strain imaging in
heart failure were investigated in both experimental and clinical studies. Experimental studies
allow measurements to be performed in a controlled environment, prior to in vivo volunteer or
patient studies. Methods must be rigorously tested prior to use in humans to make sure that they
are (most of all) safe to perform, and that the method has merit. In silico studies involve the
testing of methods in computer simulations. Simulations and in vitro experiments can be
(almost) completely controlled and measured, but can lack realism, so are more suited to the
initial stages of testing. Ex vivo experiments provide a middle ground prior to in vivo studies,
allowing the validation of a method in a realistic scenario.
In Chapter 2, the reproducibility of ultrasound image analysis methods in a novel ex vivo
beating porcine heart platform (able to reproduce physiological pressures and flows) is
presented, towards its use for further studies in clinical/pathological scenarios. Good agreement
was found between sensor and ultrasound based cardiac output measurements, whilst estimated
LV strains were highly reproducible.
Improved methods for the validation of imaging techniques, such as ultrasound strain imaging,
are needed. In Chapter 3, in vitro experiments are performed on porcine hearts to compare
ultrasound strain imaging to a novel 3D digital image correlation (3D-DIC) method for
estimating surface strains on the LV. Whilst direct comparison of measurements was not
possible due to differences in the imaging methods used, there was good agreement in computed
strain between the two methods. Advantages of 3D-DIC were apparent in the lower cumulative
error in estimated strains over heart cycles. However, the need for visual access to the heart
limits the eventual range of uses of the method greatly.
An initial investigation into the utility of ultrasound strain imaging in LVAD patients postimplantation is performed in Chapter 4. Ex vivo porcine hearts were implanted with LVADs
and connected to the mock circulatory loop used in Chapter 3. The effect of changes in pump
speed and myocardial degradation were analysed by performing pump speed change procedures
at different time points over the course of the experiments. Estimated strain, combined with
measured left ventricular pressure, showed the increasing influence of the LVAD on LV
mechanics as the hearts degraded. When healthy, the hearts continued contracting to the same
extent, albeit with a lower total volume over the heart cycle. In contrast, when degraded and
with a high LVAD pump speed the manner in which LV contraction occurred was greatly
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Chapter 1 | General Introduction | 17
affected, with a different contraction pattern and small change in strain observed during
contraction.
In Chapter 5 an investigation in simulations to assess the performance of a novel method to
increase the physiological relevance of strain imaging when characterising tissue function is
presented. Ultrasound images of the LV (including muscle fibres) were created, based on a
model of LV mechanics. The orientation of the muscle fibres was combined with estimated
strain to compute the fibre-directional strain. Good agreement was found between estimated
and ground truth fibre-directional strain. However, simplifications made to the simulations (to
reduce computational complexity) resulted in inaccurate estimation of other strain parameters.
In Chapter 6a the influence of different software and regularisation methods on circumferential
strain in the dyssynchronous LV is investigated in a canine LBBB model. Strain patterns and
parameters such as septal systolic rebound stretch (SRSsept) obtained with ultrasound and
tagged-MRI were compared pre- and post-LBBB inducement. It was found that software and
filtering methods both affected the measured parameters, particularly subtle changes in strain
pattern such as SRSsept. This is important given the increasing use of SRSsept and similar
parameters in studies attempting to predict response to CRT.
In Chapter 6b the study of Chapter 6a is extended into patients. Good agreement was found
between tagged-MRI and the ultrasound-based methods in estimating average and lateral wall
circumferential strain. However, likely due to worse image quality in patients for both
ultrasound and MRI, poor agreement was found between tagged-MRI and ultrasound for septal
strain patterns and SRSsept.
Most heart failure patients experience symptoms during exercise, yet the vast majority of
echocardiographic measurements are performed at rest. In Chapter 7, a study is presented that
was performed to investigate the feasibility and reproducibility of septal strain measurements
(including SRSsept) during exercise. Ultrasound strain imaging was performed in heart failure
patients as they exercised on two separate visits. Echocardiography was possible in most
patients, with septal strains showing good reproducibility up to 60% of the patients ventilatory
threshold.
It is often difficult for sonographers to maintain a stable imaging window as a person exercises.
This is one of the reasons for which exercise echocardiography is less frequently used than
might otherwise be the case. In Chapter 8, a volunteer study is presented that was conducted
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to determine the stability and variability of echocardiography in conjunction with a hands-free
probe-fixation device. The structural similarity and septal longitudinal strains from manually
and hands-free acquired images were compared as volunteers exercised in a semi-supine
position. Structural similarity and septal strain in the hands-free ultrasound images were at least
as consistent as the manually acquired images.
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Chapter 2

2. Ultrasound functional imaging
in an ex vivo beating porcine
heart platform

This chapter is based on: Petterson NJ, Fixsen LS, Rutten MCM, Pijls NHJ, Van de Vosse
FN, Lopata RGP. Ultrasound functional imaging in an ex vivo beating porcine heart platform.
Phys Med Biol 2017;62:9112–9126.
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2.1 Abstract
In recent years, novel ultrasound functional imaging (UFI) techniques have been introduced to
assess cardiac function by measuring, e.g., cardiac output (CO) and/or myocardial strain.
Verification and reproducibility assessment in a realistic setting remain major issues.
Simulations and phantoms are often unrealistic, whereas in vivo measurements often lack
crucial hemodynamic parameters or ground truth data, or suffer from the large physiological
and clinical variation between patients when attempting clinical validation. Controlled
validation in certain pathologies is cumbersome and often requires the use of lab animals.
In this study, an isolated beating pig heart setup was adapted and used for performance
assessment of UFI techniques such as volume assessment and ultrasound strain imaging. The
potential of performing verification and reproducibility studies was demonstrated. For proofof-principle, validation of UFI in pathological hearts was examined.
Ex vivo porcine hearts (n = 6, slaughterhouse waste) were resuscitated and attached to a mock
circulatory system. Radio frequency ultrasound data of the left ventricle were acquired in five
short axis views and one long axis view. Based on these slices, the CO was measured, where
verification was performed using flow sensor measurements in the aorta. Strain imaging was
performed providing radial, circumferential and longitudinal strain to assess reproducibility and
inter-subject variability under steady conditions. Finally, strains in healthy hearts were
compared to a heart with an implanted left ventricular assist device, simulating a failing,
supported heart.
Good agreement between US and flow sensor based CO measurements was found. Strains were
highly reproducible (intraclass correlation coefficients > 0.8). Differences were found due to
biological variation and condition of the hearts. Strain magnitude and patterns in the assisted
heart were available for different pump action, revealing large changes compared to the normal
condition. The setup provides a valuable benchmarking platform for UFI techniques. Future
studies will include work on different pathologies and other means of measurement verification.

2.2 Introduction
Echocardiography is the most widely used tool for the diagnosis and monitoring of cardiac
diseases. The heart can be imaged from different viewing angles, together giving a
comprehensive image for detection of geometric abnormalities. With the addition of Doppler
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imaging, the flow through different valves can be visualized and valve insufficiency can be
detected and the motion of the cardiac wall can be quantified using Tissue Doppler Imaging
(McDicken et al. 1992). Moreover, cardiac output (CO) can be estimated to assess the condition
of the heart. Nowadays, three-dimensional (3-D) ultrasound can also be used for cardiac
applications, which improves the diagnosis of cardiac diseases by supplying the medical staff
with a fully 3-D volume image of the beating heart. Additionally, speckle tracking techniques
have been developed to estimate tissue motion and global deformation of the myocardium in 2D and 3-D (Crosby et al. 2009a; Leitman et al. 2004).
Assessment of US images gives important information about substantial left ventricular
function defects. However, many cardiac diseases, especially in the early stages, show only
minor dysfunction, which is very difficult to detect and suffers from large inter- and intraobserver variability (Hoffmann et al. 1996). Stroke volume, or cardiac output can be measured
by assessing the endocardial volume as a function of time, whereas strain imaging can be used
to quantify the local deformation pattern of the heart.
Strain imaging has been applied to 1-D, 2-D and 3-D raw US data (D’Hooge et al. 2000;
Konofagou et al. 2011; Langeland et al. 2006; Lee et al. 2011). It is a very promising tool for
early detection of local dysfunction (Nesbitt et al. 2009). Moreover, it has been shown to be a
viable tool for applications such as the assessment of regional myocardial dysfunction after
ischemia (Abraham et al. 2002), diagnoses of cardiac amyloidosis (Koyama et al. 2003) and the
mapping of cardiac electrical activity (Provost et al. 2011). Recently, it has been included in
the quantification guidelines of the American Society of Echocardiography (Lang et al. 2015).
However, several studies reported a large spread and low reproducibility of strain imaging
results (Castel et al. 2014; Koopman et al. 2011; Mor-Avi et al. 2011; Negishi et al. 2013; Yuda
et al. 2014). Hence, before introduction into the clinic, new US functional imaging (UFI)
techniques need to be validated thoroughly.
Various methods have been proposed for performance assessment of US functional imaging
techniques. Computer generated US images (Crosby et al. 2009a; Lopata et al. 2009b; Ma and
Varghese 2013; Rösner et al. 2015) and heart mimicking phantoms (Heyde et al. 2012; Ma and
Varghese 2013; Okrasinski et al. 2012) have been created to mimic the heart and in vivo US
images. However, these data often have superior image quality or a lack of realism in terms of
mechanics or image appearance. An in vivo patient or animal study provides the most realistic
model. Unlike simulations and phantoms, important hemodynamic parameters cannot be easily
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controlled in patients or animals. Isolated beating heart models can overcome these limitations,
as the hearts are explanted from the animal before imaging is performed. The ex vivo
PhysioHeart platform developed in our group by De Hart et al. (de Hart et al. 2011) provides
the realism of a beating porcine heart (= slaughterhouse waste), combined with the access and
control to all hemodynamic parameters, without the use of lab animals. A wide variety of
cardiac conditions can be simulated in a controlled and reproducible fashion, providing the
possibility to develop, verify, and validate US imaging tools for specific applications in the preclinical phase.
In this study, the use of an ex vivo beating heart platform is proposed and explored as an
experimental framework for performance assessment of ultrasound functional imaging
techniques, with respect to reproducibility, verification, and means for pre-clinical validation.
US imaging was performed in short-axis and long-axis views of the heart, whereas myocardial
deformation and cardiac output were measured. The repeatability and reproducibility of strain
imaging was examined in five different hearts and estimated flow rates were verified using flow
measurements. Finally, to show the potential in performing measurements in pathological
hearts, a left ventricular assist device was implanted to simulate the failing heart during support.

2.3 Materials and Methods
2.3.1 Experimental setup
Hearts from Dutch landrace hybrid pigs, which were slaughtered for human consumption, were
explanted at the slaughterhouse. The protocols of the slaughterhouse and laboratory were
developed in accordance with EC regulations 1069/2009 regarding the use of slaughterhouse
animal material for diagnosis and research, supervised by the Dutch Government (Dutch
Ministry of Agriculture, Nature and Food Quality) and approved by the associated legal
authorities of animal welfare (Food and Consumer Product Safety Authority). After
exsanguination, the heart was isolated, and immediately perfused with cold cardioplegic
solution. Warm ischemic time was kept below 2 minutes. The heart was then transported to the
laboratory (LifeTec Group, Eindhoven, NL) according to transplantation guidelines for further
use. A total of six healthy porcine hearts were harvested and analysed. To demonstrate
evaluation of UFI in a pathological heart with this setup, a left ventricular assist device
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(MicroMed DeBakey, Houston, TX, USA) was implanted in one heart prior to resuscitation.
The inflow was realized at the apex and the outflow connected to the aorta.
In the PhysioHeart setup (de Hart et al. 2011), see Figure 2.1, the aorta was connected to an
adjustable Windkessel module via a silicone tube, used to model the systemic circulation. Warm
oxygenated blood was provided to the left atrium via a centrifugal pump connected to an
oxygenator, a heat exchanger and a blood filter. The coronaries were naturally perfused with
porcine blood through the aortic ostia, and the coronary flow was pumped back to the venous
reservoir via the right ventricle. After resuscitation, if necessary, the hearts were defibrillated
to restore sinus rhythm, and were allowed to stabilize for at least 15 minutes. To ensure a stable
heart rhythm during the experiment, the heart was paced at a rate of 90 up to 120 beats per
minute (bpm). The preload and afterload were tuned according to the relation between CO and
mean aortic pressure (MAP), as described by Schampaert et al. (Schampaert et al. 2015), so as
to obtain realistic hemodynamic scenarios in terms of CO (3.6-5.9 L/min) and MAPs (68-94
mmHg), see Table 2.1. To facilitate US imaging, the heart was completely submerged in saline
at 38oC.
Table 2.1 Hemodynamic measurements. For each heart, the mean and standard deviation for five
different heart cycles are given.
Hemodynamic measurement
Aortic end-diastolic pressure [mmHg]
Aortic peak systolic pressure [mmHg]
Mean aortic pressure [mmHg]
Left ventricular end-diastolic pressure
[mmHg]
Left ventricular peak systolic pressure
[mmHg]
Mean left ventricular pressure [mmHg]

Heart 1
38 ± 8
118 ± 3
77 ± 5
13 ± 2

Heart 2
62 ± 5
128 ± 3
94 ± 3
2±0

Heart 3
49 ± 0
121 ± 0
82 ± 0
-1 ± 0

Heart 4
48 ± 0
92 ± 1
68 ± 1
1±1

Heart 5
53 ± 3
140 ± 3
93 ± 3
-8 ± 1

116 ± 4

122 ± 5

112 ± 0

90 ± 2

128 ± 3

55 ± 2

58 ± 3

52 ± 0

45 ± 1

44 ± 2

Maximum dP/dt [mmHg/s]
Heart rate [beats per minute]
Cardiac output [L/min]
Average wall thickness at mid [mm]

897 ± 106
92 ± 15
4.3
16

869 ± 50
100 ± 8
4.8
11

994 ± 16
111 ± 0
5.1
13

957 ± 41
126 ± 2
3.6
17

1116 ± 56
74 ± 4
5.9
11

Stroke Volume (Flow acquired) [ml]
Stroke Volume (Ultrasound acquired) [ml]

44
37 ± 4

48
44 ± 2

46
47 ± 2

29
16 ± 1

80
48 ± 8

The LVAD supported heart was analysed and imaged for five different scenarios: the pump
completely turned off with the outflow clamped shut), and for a steady pump speed of 7 to 10
krpm (in steps of 1 krpm).

147885_Fixsen_BNW.indd 31

15-09-2021 10:15

24 | Materials and Methods

Figure 2.1: A: Picture of the total experimental setup. B: Schematic of the PhysioHeart setup
including all circulation elements.) The fluid loop is displayed with arrows following blood flow.
The loop consists of a venous reservoir (VR), centrifugal pump (CP) a blood filter (BF), and an
oxygenator – heat exchanger (OX+HE). Loading of the heart is achieved with preload (PL) and
afterload (AL) modules. C: Illustration of three of the five imaged short-axis planes through the
heart.

2.3.2 Data Acquisition
Images were recorded using a MyLab 70 US system (ESAOTE, Maastricht, NL) with a curved
array transducer (fc = 2.7 MHz, opening angle = 55◦), see Figure 2.1. The raw radio frequency
(RF) data were acquired using an open RF-interface and digitized at 50 MHz. The depth of field
of 13.5 cm resulted in a frame rate of 47 Hz, which is sufficient for RF-based strain imaging at
typical heart rates.
In the healthy hearts, five cross-sectional views were imaged ranging from mitral valve to apex,
see Figure 2.1C. One longitudinal view was imaged by turning the transducer 90◦ in the central
cross-sectional view. The transducer was fixed on a rail to ensure a single degree of freedom
when switching between views. The distance between views was marked for later 3-D rendering
of the strain fields. Each dataset consisted of at least 20 consecutive cardiac cycles. In the
pathological heart, cross-sections were imaged at the mid-point of the ventricle, halfway
between the apex and mitral valve for 2-D functional assessment at a standard clinical short
axis view.
Pulsatile flow was measured in the ascending aorta, distal to the branching of the coronary
arteries, with flow sensors (MA28PAX; Transonic Systems Inc., Ithaca, NY, USA). Total
cardiac output was measured as the sum of the coronary flow and the systemic circulation flow,
measured with clamp-on sensors (LifeTec Group, Eindhoven, The Netherlands). Stroke volume
was determined by dividing the total cardiac output by the heart rate. Pressure sensors (P10EZ-
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1; Becton Dickinson Medical, StNiklaas, Belgium) were used to measure pressures in the aorta,
left ventricle, and left atrium.
2.3.3 Ultrasound functional imaging
The data were imported into MATLAB (MATLAB version 8.3, 64 bit, Mathworks Inc., Natick,
MA, USA). Data corresponding to several cardiac cycles were selected from the full RF dataset.
An US displacement tracking algorithm, previously published by Lopata et al. (Lopata et al.
2009b) was used to calculate two-dimensional (2-D) displacement fields. An RF-based
technique was chosen since the resolution and precision is significantly better than what can be
achieved with B-mode speckle tracking.
The method consists of a 2-D block matching technique that calculates the cross-correlation
function to determine displacements in both the axial and lateral direction of the ultrasound
beams. In the first step, a coarse 2-D displacement field in both directions is estimated using
the signal envelope data as input.
These displacements (after median filtering) are used as input in the next step, where the block
matching is repeated using different window sizes of now RF-data, to refine the displacement
estimates. In a third and final iteration, the desired displacement fields are obtained. An
overview of the specific parameters used is found in Table 2.2.
Table 2.2 Parameter settings of the strain imaging method (in samples RF-data).
Displacement tracking
Step 1 (coarse) Step 2
Step 3 (fine)
parameter
(intermediate)
Axial window
251
175
101
Lateral window
11
1
1
Axial search region
653
255
151
Lateral search region
17
1
1
Axial skip factor
40
13
13
Axial filter (axial x lateral)
17 x 7
11 x 5
11 x 5
Lateral filter (axial x lateral)
21 x 9
Strain calculation parameter
Radial strain kernel (radial x circumferential)
5x5
5x5
Circumferential strain kernel (radial x
circumferential)
For each cardiac cycle, the heart was segmented manually by delineating the wall-water
boundary of the end-diastolic frame. A mesh was generated, covering the left ventricular wall,
by manually segmenting the endo- and epicardium (Figure 2.2B). The initial mesh consisted
of a polar grid of 11 by 91 samples in the radial and circumferential direction, respectively.

147885_Fixsen_BNW.indd 33

15-09-2021 10:15

26 | Materials and Methods

Figure 2.2: Short-axis ultrasound images of the left ventricle of the heart. A: B-mode at enddiastolic phase; B: Manually segmented mesh in blue overlaid onto the B-mode image; C:
Deformed mesh at end-systolic phase as calculated by the tracking algorithm.

Each point in the mesh was tracked using the displacements estimated. Radial, circumferential,
and longitudinal strains were calculated with respect to the initial configuration (Lagrangian
frame of reference) by taking the spatial derivative of the displacement fields in the radial,
circumferential, and longitudinal direction respectively. The spatial derivatives were calculated
using a least squares estimator (Lopata et al. 2009a), see also Table 2.2. The semi-3-D dataset
consisted of a stack of short-axis views of the heart.
A full cardiac cycle was extracted from the RF dataset using a two-step approach. In the first
step, multiple heartbeats were tracked and from the resulting area-time curves a single heartbeat
was selected. The left ventricular cavity surface was determined per frame from the tracked
mesh. A single heartbeat was selected between two maxima of the cavity surface. Secondly, the
displacement tracking was repeated for the single cardiac cycle from end-diastole to enddiastole, using the newly found end-diastolic geometry as starting point.
Left ventricular volume was determined from the US images by interpolating the ventricular
contours of all recorded slices (short and long axis) to a 3D volume using a convex hull
interpolation method in MATLAB. No extrapolation was performed to account for missing
volume before the first and after the last slice. Stroke volume and cardiac output were calculated
based on the volume-time data by detecting the diastolic and systolic volume. Finally, the flow
and pressure data acquired during the experiments were synchronized with the US data. This
was achieved by matching the decrease of left ventricular volume, acquired from US, with the
increase of flow, measured in the aorta.
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2.3.4 Data analyses
To quantify the reproducibility of the strain analysis in the beating hearts, the intra-class
correlation coefficient (ICC) was computed between different heart beats. The mean strain, at
end systole, of each view in each individual heart was considered a measurement with a
grouping of 5 heartbeats. The reproducibility within these groups can be expressed in the intraclass correlation coefficient (ICC), which was calculated for strains in all directions, with a
confidence interval (CI) given for 95%. ICC values lower than 0.4 indicate a poor
reproducibility, ICC’s between 0.4 and 0.75 indicate a fair to good reproducibility and values
larger than 0.75 indicate good to excellent reproducibility (Rosner 2006).
For verification purposes, the computed stroke volumes and cardiac outputs of the 3-D US
datasets and flow sensors were compared. The mean and standard deviations were calculated
per heart. No statistical tests were performed due to the low number of hearts. Finally, for the
validation study in a pathological heart, the endocardial surface area and 2-D strains were
measured in the available 2-D image, and compared between the healthy hearts and the
supported heart for all pump speeds (0, 7 – 10 krpm).

2.4 Results
All experiments were performed without complications. Hemodynamic values of cardiac output
and mean aortic pressure were similar before and after US measurements in all hearts. Due to
difficulties in rearranging the probe in the water container, in two hearts (III and IV) long-axis
views were not measured at the center of the left ventricle.
Due to the intrinsic biological variability, the hemodynamics showed some differences among
the tested hearts (Table 2.1). Flow measurements revealed an average stroke volume of 49 ml,
although hearts IV and V revealed a relatively low (29 ml) and high stroke volume (80 ml),
respectively, which is supported by the US measurements. The hearts also showed some
variation in anatomy, which is also seen in the average wall thickness at the middle of the
ventricle, varying from 11 to 17 mm. All pressures measured were in the physiological range.
Stroke volume as acquired from US showed good agreement in three cases, yet an
underestimation was found in two hearts (IV and V) when compared to hemodynamic
measurements (Table 2.1).
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Figure 2.3: A-E: The five short-axis strain images, apex to mitral views, showing the
circumferential strain of the left ventricle. F: 3-D reconstruction of the circumferential strain in the
left ventricle.

B-mode images of both the cross-sectional and longitudinal views of the heart were clear and
segmentation of the heart wall was performed easily (Figure 2.2). The image clearly shows the
left ventricle at papillary level, with the papillary muscles at 5 and 9 o’clock respectively. The
right ventricle is visible in the top part of the image. The vertical line at the bottom right shows
the flexible cloth which supports the heart. The white speckles surrounding the bottom of the
left ventricle are air bubbles. The manually segmented mesh covering the entire left ventricular
myocardium is shown, overlaid on top of the B-mode image, in Figure 2.2B. The papillary
muscles are excluded, since these exhibit large out-of-plane motion. Figure 2.2C reveals the
deformation of the left ventricle and the mesh at end-systole. For one heart, the circumferential
strain in each individual slice is shown in Figures 2.3A-E, as well as a 3-D reconstruction of
the circumferential strain in the left ventricle at end-systole (Figure 2.3F). The circumferential
strain increases towards the apex of the left ventricle. A gradient of high to low compressive
circumferential strain is shown from the endocardium to the epicardium. In the bottom two
slices (A and B) a small yellow strain area can be seen in the 9 o’clock region on the outside of
the ventricle, indicating a high or even positive circumferential strain.
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Figure 2.4: (a): 3-D reconstructions of circumferential (upper row) and radial (lower row) strain
at a: end diastole; b: mid systole; c: end systole; d: mid diastole; e: end diastole. (b): typical left
ventricular and aortic pressures during three cardiac cycles. The timing of the cardiac phases
corresponding to the strain images is indicated with the letters a - e.

Figures 2.4a-e show the circumferential and radial strain patterns of the 3-D reconstructed left
ventricle during one cardiac cycle. The largest strains are observed at end-systole in both
circumferential and radial direction. At the last stage (e), strains should return to zero. Hence,
the images in Figure 2.4e show the residual tracking errors, or, accumulated strain errors. The
largest residual errors are found in the radial strains in general, and in the apical region in both
radial and circumferential direction. Figure 2.4B shows the characteristic left ventricular and
aortic pressure waveforms during a single experiment.
Figures 2.5 and 2.6 show the average strain per imaging plane. The intra-class correlation
coefficient (ICC) indicates a high overall reproducibility of the strain at end systole between
heartbeats in all directions: circumferential (ICC = 0.95; 95%CI: 0.91-0.97), radial (ICC = 0.94;
95%CI: 0.89-0.97), and longitudinal (ICC = 0.94; 95%CI: 0.80-0.99).
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Figure 2.5: Circumferential/Longitudinal strain averaged over each imaging plane. Top row
shows longitudinal strain in the longitudinal view. Second to bottom rows show basal to apical
planes respectively. Left to right columns show hearts I to V respectively. Gray lines represent five
individual heartbeats, the black line is an average of five heartbeats.

In general, circumferential strain show good agreement between hearts, especially in the mid
view. Hearts II to IV reveal some variability of strain curves between heartbeats in the short
axis planes. However, the highest variability between different cardiac cycles is found in heart
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Figure 2.6: Radial strain averaged over each imaging plane. Top row shows radial strain in the
longitudinal view. Second to bottom rows show basal to apical planes respectively. Left to right
columns show hearts I to V respectively. Gray lines represent five individual heartbeats, the black
line is an average of five heartbeats.

I and especially heart V, most predominantly in the near-apical planes. Hearts I and IV show
significantly lower circumferential strain values than hearts II, III and V. Radial strains show a
less consistent pattern between hearts.
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Figure 2.7: Circumferential strain in a heart supported by a left ventricular assist device.
A: pump speed at 7.5 krpm; B: pump speed at 10.5 krpm.
In the LVAD supported heart, strains changed in both magnitude and overall contraction pattern
for increasing pump speed. Figure 2.7 shows the circumferential strain at 7.5 and 10.5 krpm.
At 7.5 krpm a strain pattern that is comparable to the healthy hearts is found, although
magnitude is lower (around -20% to -18 % strain). However, when increasing the pump speed,
one can see that the areas of maximal contraction change, especially in the anterior wall at 3
o’clock (Figure 2.7B). Maximum strains reduce to -12% to -10%.

2.5 Discussion
In this study, a framework for testing of US strain imaging of the heart, under controlled
hemodynamic circumstances, was introduced and demonstrated using an ex vivo beating
porcine heart. Its suitability was demonstrated using multiple 2-D US images of beating porcine
hearts and performing functional measurements (strain, cardiac output) on these data. Besides
the potential of this framework to test new techniques in a healthy and pathological heart, both
good repeatability and reproducibility were shown.
The PhysioHeart setup is a physiological and realistic ex vivo beating pig heart, suitable for US
strain imaging. The porcine hearts were minimally restricted in movement, as they were
submerged in warm saline and partly supported by a soft support. This configuration is a good
simulation of the in vivo situation, where the heart is able to move freely besides other organs
while supported in the pericardial sac. A left-heart working mode is used in this study, where
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the right side of the heart is just used for collection of de-oxygenated blood from the coronary
system. However, the mean right ventricular pressure was not far from physiological levels,
and therefore the influence of the right heart on the left heart is considered to be negligible for
the purpose of this study. Hemodynamic parameters were in an acceptable physiologic range,
with cardiac outputs of 3.6 to 5.9 L/min and mean aortic pressures of 69 to 93 mmHg.
Previous studies by Jia et al. (Jia et al. 2009) showed a Langendorff perfused setup for US strain
imaging of ex vivo beating rabbit hearts. While the rabbit heart setup provides the same easy
access to the heart and all hemodynamic parameters, the Langendorff setup does not fully
mimic the in vivo situation, because there is little deformation. Other animal studies have been
performed with open chest access to the heart including mice (Ferferieva et al. 2013), sheep
(Langeland et al. 2006) and dogs (Costet et al. 2014), and provide a fully operational beating
heart. However, in these studies, there is no possibility of tweaking the hemodynamic behavior,
and animals have to be sacrificed for this purpose (Araki et al. 2005; Chinchoy et al. 2000;
Granegger et al. 2013).
Tracking and strain imaging of the heart wall was overall very consistent. Visual inspection of
the mesh following the cardiac wall were satisfactory, an example of the tracked mesh from
end diastole to end systole is shown in Figure 2.2. Even with the clear US images obtained in
a water container, some tracking errors occurred by air bubbles near the outside wall of the
heart. These air bubbles have a highly unique profile and were easily tracked by the
displacement estimator. In-plane movement of these bubbles could lead to large and false
movements of the outer edge of the mesh. These false displacements led to errors in strain,
predominantly in the near-apical views (see Figures 2.3 A, B and F).
Strain was measured in three principal directions. The circumferential strain showed overall
better agreement between heartbeats as well as smoother results within measurements. Hearts
I and IV showed lower circumferential strain values (Figures 2.5 and 2.6), which is consistent
with the lower hemodynamic parameters, e.g., cardiac output and pressure values (Table 2.2),
of these hearts. Hearts III and IV exhibited a very low longitudinal strain in combination with
a thick ventricular wall. Both of these could be explained by a misalignment of the US imaging
plane, where the view is not capturing the central axis of the ventricle. Longitudinal strain was
measured perpendicular to the US transducer, which could lead to less accurate results
compared to an apical view of the left ventricle.
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In the present study, verification, using for instance sonomicrometry or other imaging
modalities, was not feasible or available. Hence verification of the strain measurements was not
executed, only for cardiac stroke volume. In three out of five cases, results were within the
acceptable range, and again, reproducibility of the US-based stroke volume measurement was
good with standard deviations of < 3 ml. However, in heart IV and V the stroke volume was
underestimated. In the former this is probably caused by the relatively high heart rate (which
complicated accurate tracking), whereas in the latter a part of the heart was missing in the sixslice configuration used in this study due to the relatively large size of the heart.
A most valued feature of an ex vivo beating heart setup as used in this study is the possibility
to simulate certain pathologies, or mimic diseased scenarios (Leopaldi et al. 2015; Schampaert
et al. 2015). Here, an LVAD was implanted to investigate changes in myocardial contraction
post-surgery and before adaptation of the heart starts. This demonstration allows monitoring of
the heart at different pump speeds, where the US strain measurements instantaneously revealed
changes in strain magnitude and contraction pattern. Using porcine hearts, assessment of strain
for different pumps or pump configurations would be allowed with the most optimal imaging
quality and organ access available, for different clinical scenarios. These measurements would
not be feasible, let alone ethically responsible, in a highly vulnerable group such as end-stage
heart failure patients. However, there are more scenarios to be investigated. For example, it
would be of great interest to assess the performance and added value of US strain imaging in
hearts with an infarction, suffering from ischemia or a left bundle branch block. Hence, novel
US techniques can be thoroughly tested before moving to the clinic without the use of animal
testing. This will lead to a more developed understanding of these techniques, before a patient
study is designed, and could even reduce the length of such studies.
The use of 2-D results in out-of-plane motion, which can influence results to larger or lesser
extent. The largest contribution of out-of-plane motion is the longitudinal contraction and
torsion of the heart, which is unavoidable in both a beating heart setup and in vivo. 3-D US
imaging could provide a solution to capture these out-of-plane motions at the expense of
resolution, especially temporally. Moreover, the entire 3-D strain tensor could be reconstructed,
and the complete ventricular volume could be estimated to enable verification of displacement
tracking by comparing the estimated inner left ventricular volume with externally measured
cardiac output. Additionally, an evaluation of the performance of RF-based strain imaging
techniques in comparison with commercial software packages could be performed under these
controlled circumstances.
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Other factors contribute to a limited image quality in vivo which are not present in the ex vivo
beating heart setup. One of the most important factors is the surrounding tissue, which leads to
attenuation of the US energy. Hence, strain results obtained in this setup yield the best
obtainable results for a given US system and strain imaging method, which may serve as an
upper limit when going for in vivo applications. Moreover, tissue mimicking structures could
be introduced in the setup to increase the similarity to in vivo measurements.
To improve the US setup and obtain data more closely to the clinical situation, a phased array
could be used in future experiments. Here, a curved array transducer was used, which gave a
large field of view in close proximity to the transducer since the isolated pig heart is very close
to the transduce. With this curved array, the entire cross-section of the heart fits inside the field
of view while still maintaining the divergent US beam characteristics of a phased array
transducer. However, to fit the cross section of the heart in a single phased array field of view,
the transducer needs to have a larger offset from the heart and, therefore, the use of a larger
container in which to submerge the heart would be required. Due to practical considerations,
this option was not applied in the present study.
In this paper, the potential of an ex vivo framework for the performance assessment of US
imaging techniques using ex vivo beating hearts was introduced and its merit demonstrated. In
the future, 3-D US imaging should be used to improve the robustness of strain imaging and
stroke volume assessment. Moreover, the full potential of isolated beating heart models should
be exploited by examining pathological conditions such as the LVAD more extensively, thereby
broadening the impact of this platform for US imaging applications.
Contribution of the author
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and review of the manuscript.
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3.1 Abstract
Ultrasound-based 2D speckle tracking echocardiography (2D-STE) is increasingly used to
assess the functionality of the heart. In particular, the analysis of cardiac strain plays an
important role in the identification of several cardiovascular diseases. However, this imaging
technique presents some limitations associated with its operating principle that result in low
accuracy and reproducibility of the measurements. In this study, an experimental framework
for multimodal strain imaging in an in vitro porcine heart was developed. Specifically, the aim
of this work was to analyse displacement and strain in the heart by means of 3D digital image
correlation (3D-DIC) and ultrasound (US). Over a single cardiac cycle, displacement values
obtained from the two techniques were in strong correlation, although systematically larger
displacements were observed with 3D-DIC. Notwithstanding an absolute comparison of the
strain measurements was not possible to achieve between the two methods, maximum principal
strain directions computed with 3D-DIC were consistent with the longitudinal and strain
distribution measured with US. 3D-DIC confirmed its high repeatability in quantifying
displacement and strain over multiple cardiac cycle unlike US which is affected by accumulated
errors over time. To conclude, this study demonstrates the potential of 3D-DIC to perform
dynamic measurement of displacement and strain during heart deformations and supports future
application of this method in ex vivo beating heart platforms, which replicate more fully the
complex contraction of the heart.
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3.2 Introduction
Cardiovascular diseases (CVDs) remain the leading cause of death worldwide accounting for
31% of all global deaths in 2015 (Benjamin et al. 2018). The evaluation of left ventricular (LV)
systolic strain plays an important role in establishing prognosis and treatment strategies for
several CVDs (Tops et al. 2017). LV global longitudinal strain (GLS) has proved to be a robust
and reproducible marker to detect cardiac pathologies that other clinical parameters such as the
LV ejection fraction (LVEF) may not reveal (Tops et al. 2017). Namely, the assessment of LV
GLS may predict significant coronary heart disease, assess systolic function in ventricles with
hypertrophy, indicate risk of diabetic cardiomyopathy and support early detection of subclinical LV dysfunction. Different non-invasive imaging techniques can be used to perform
cardiac strain imaging (CSI) (Tee et al. 2013) such as ultrasound-based speckle tracking
echocardiography (STE), cardiac magnetic resonance imaging (cMRI) and cardiac computed
tomography (CCT). Despite the status of cMRI as the gold standard for the quantification of
myocardial strain, its application is limited mainly to academic research due to several
restrictions (e.g., hardware cost, long and complex scanning protocols, claustrophobia and
contraindications for patients with certain implanted devices). Currently, the most widely used
technique for CSI assessment is 2D-STE (Tee et al. 2013), which processes ultrasound (US)
planar cross-sectional views of the heart obtained from constructive and destructive interference
of US waves with the tissue structure. Use of multiple views reduces dependence on insonation
angle and allows measurements of different myocardial strain components (e.g., longitudinal,
circumferential and radial) irrespective of the direction of the beam. However, although USbased 2D-STE is a very useful technique and its accuracy has been validated in vitro against
sonomicrometry, and in vivo against cMRI, accurate tissue tracking largely depends on the US
image quality, which typically has a low signal to noise ratio (Mor-Avi et al. 2011).
Furthermore, image quality is known to vary along the US beam, with improved tracking
quality close to the US probe, thereby limiting accuracy and reproducibility, although this can
be mitigated by averaging strain. This implies that local results are less accurate than global
measures. In addition, the inherent limitations of 2D imaging are present in 2D-STE, for
instance, the use of foreshortened views and geometric assumptions that tissues displace only
within the 2D imaging plane, while the heart undergoes complex 3D motion. Whilst 3D-STE
is emerging as a promising technique to circumvent these issues, it is still under development
and verification and has a considerably lower spatial and temporal resolution than 2D-STE
(Mor-Avi et al. 2011).
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Three-dimensional digital image correlation (3D-DIC), an optical-numerical method (Sutton et
al. 2009), has become an important tool to characterise the mechanical behaviour of biological
tissues (Palanca et al. 2016). For example, Sutton et al. (Sutton et al. 2008) measured surface
strain fields on mouse carotid arteries combining a stereomicroscope and 3D-DIC. Genovese et
al. (Genovese et al. 2015) developed an optical system including DIC to describe the
asymmetrical deformations exhibited by a porcine ventricular myocardium in response to an
indentation test. Bersi et al. (Bersi et al. 2016) collected full-field biaxial data using a panoramic
DIC system to perform an inverse characterisation of regional variation in the properties of
murine aortas. Moreover, 3D-DIC has been applied in the CSI field to assess the behaviour of
the right ventricle in humans (Soltani et al. 2018). In that work, in vivo measurement was
achieved, as the heart surface was visible during open-chest bypass surgery. However, the
complexity of this study did not allow an adequate investigation of 3D-DIC accuracy and
reproducibility for cardiac strain measurements. Thus, recently, we explored the feasibility of
applying 3D-DIC in an in vitro heart model, which ensured reproducible and physiological
haemodynamic conditions (Ferraiuoli et al. 2019b). Results obtained from this study showed
highly accurate and repeatable measurements of high-resolution strain on the epicardial surface.
Furthermore, this study demonstrated the potential for multimodal strain imaging in this
platform.
In the present paper, 3D-DIC and US were used to measure displacement and strain in the in
vitro heart model described previously (Ferraiuoli et al. 2019b; Leopaldi et al. 2018). The aim
of this study was to assess and compare the performance of these two imaging techniques for
analysis of cardiac deformations and, ultimately, to provide further reference measurement that
may support the ongoing validation process of 2D- and 3D-STE.

3.3 Materials and Methods
3.3.1 Platform preparation
The Cardiac BioSimulator (CBS, LifeTec Group B.V., Eindhoven, NL) platform was prepared
following the same procedure described previously (Ferraiuoli et al. 2019b; Leopaldi et al.
2018). Four porcine hearts were tested and two different loading conditions were applied to the
left ventricle to reproduce a normotensive (NT) (mean atrial pressure 15 mmHg and mean aortic
pressure 100 mmHg) and a hypertensive (HT) condition (mean atrial pressure 15 mmHg and
mean aortic pressure 130 mmHg) (Leopaldi et al. 2015). To compare 3D-DIC and US
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measurements, the experimental protocol was designed to accommodate the requirements of
the two techniques and to improve their image quality. Specifically, the heart was placed on a
soft support within a tank, which was filled in saline solution to submerge the heart when US
imaging was performed. When optical imaging was carried out, the tank was drained and the
heart was left in air.
3.3.2 Optical 3D-DIC analysis
Before placing the heart in the platform, an artificial speckle pattern was created on the LV
surface as previously described (Ferraiuoli et al. 2017; Ferraiuoli et al. 2019b; Lionello et al.
2014). Specifically, a methylene blue solution (Sigma-Aldrich Company Ltd, Dorset, UK) was
applied on the epicardium to create a dark background, enhancing contrast with random white
speckles applied using an airbrush (Iwata Hi-Line HP-CH, Anest Iwata-Medea Inc., Portland,
OR, US) and water-based acrylic paint (Com-Art, Anest Iwata-Medea Inc., Portland, OR, US).
Two 8-bit digital CCD cameras (Flea2–13S2, Point Grey Research Inc., Vancouver, Canada)
were arranged in a stereo configuration (baseline distance 200 mm and stereo angle of
approximately 15°) to capture synchronised images pairs of the heart during deformations. The
cameras were placed roughly 1 m from the platform and with magnification adjusted to ensure
the whole region of the lateral LV surface was imaged. Upon completion of the experiment, the
cameras were calibrated by capturing 20 images of a flat chequerboard made of 2 mm internal
squares and using the Matlab Stereo Camera Calibrator Application (Matlab R2015b,
Mathworks, Natick, MA, US). Camera parameters and DIC settings are reported in Table 3.1.
Table 3.1 Camera parameters and DIC settings

Camera parameters
Camera resolution [pixels]
Image resolution
[mm/pixels]
Magnification
DIC settings
Software
Subset size [pixels]
Step size [pixels]
Interpolation
Shape function
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Figure 3.1 (a) Porcine heart with the speckle pattern applied attached to the external pumping
system. Schematic representation of the heart as seen by the cameras in the LAX (b) and SAX (c)
views. The green circle represents the pump, the green dashed line indicates the location of the US
plane in the SAX view and the red dashed line in the LAX view. The blue outlines in (b) and (c)
are the approximate location of the optical ROI and the blue axes show the camera coordinate
systems in each of the views. (d) and (e) show the US image for the LAX and SAX views,
respectively. (f) and (g) offer a schematic representation of the type of deformation expected as the
heart deforms in the two views. The grey area indicates the reference state used in the analysis,
while the pink area the state of maximal deformation.

The workflow designed for 3D-DIC analysis has been previously reported (Ferraiuoli et al.
2019b). Briefly, after selecting a region of interest (ROI) in the optical image of the lateral LV
surface as shown in Figure 3.1, the 3D-DIC analysis was carried out using the Ncorr program
(Blaber et al. 2015) and custom Matlab codes. From the reconstruction of 3D points on the LV
surface, displacement and strain were computed with respect to a reference state corresponding
to the maximum loading condition in the LV. Strain fields on the reconstructed surfaces were
obtained by computing the deformations of triangular elements defined on the surface mesh
between the un-deformed and deformed states. Deformations within the triangular elements
were assumed to be homogeneous (Genovese et al. 2011; Humphrey 2002). From the
deformation gradient tensor (F), the Green-Lagrange strain tensor (E) was calculated using the
equation E = (FtF – I)/2. Finally, by solving the eigenvalue/eigenvector problem of the local
strain tensor, the magnitude and direction of the maximum and minimum principal strains were
obtained.
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3.3.3 US-based 2D-STE analysis
US data were acquired using a MyLab70 XVG US system (Esaote, Maastricht, NL) and a
curved array transducer (centre frequency 2.7 Mhz, 55 degree opening angle). An imaging
depth of 13cm was used, resulting in a frame rate of 47 Hz. Radio-frequency (RF) data were
acquired at the mid-level of the heart, halfway between the apex and mitral valve, with the
papillary muscles visible. Images of the LV were acquired in the cross-sectional short-axis
(SAX) and the longitudinal-axis (LAX) view by rotating the probe 90 degrees. Data were
imported into Matlab for displacement tracking and strain estimation. The sequences of RF data
were first segmented into clips of at least four heart cycles, based on M-mode of the LV centreline. Displacement tracking was performed using the ‘coarse-to-fine’ algorithm, previously
published by Lopata et al. (Lopata et al. 2009b). The method uses a window of RF data that
reduces in size over three iterations. Displacements were estimated in both the axial (in the US
beam path) and lateral (across the lines of RF data) directions. Prior to displacement estimation,
the endocardial and epicardial borders of the LV were segmented, and a mesh of 11 radial and
91 circumferential coordinates generated covering the segmented region. The mesh was annular
in shape for the SAX view and U-shaped in the LAX view. The points of the mesh were tracked
based on the obtained displacement field. The cavity surface area was calculated from the inner
contour of the mesh. Start- and end-points of the sequence were shortened to peaks in the
surface area. Strain was calculated by taking the spatial derivative of the deformation of the
mesh from the initially segmented geometry using a least-squares strain estimator (Lopata et
al. 2009a), in the true local directions. Circumferential strain was calculated in the SAX view,
longitudinal strain in the LAX view. Radial strain was calculated in both views.
3.3.4 Data analysis and comparison between the two techniques
Before comparing results from the two imaging modalities, a performance assessment of 3DDIC was undertaken to evaluate its accuracy and repeatability. To preserve camera calibration
accuracy and due to constraints imposed by the pump, the established test to assess strain error
(Smith et al. 1998) was not feasible. However, a metric of deviation from anticipated zero strain
was estimated by measuring the strain between multiple images of the heart captured in the
unloaded configuration. Comparison of cardiac displacement and strain measurements obtained
from 3D-DIC and US was conducted for the NT condition over a single cardiac cycle.
Specifically, after identifying the points in the US images, both in the LAX and SAX views
(Figure 3.1d and e, respectively), lying within the optical reconstructed ROI, the US
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displacement components were extracted and their average and standard deviation were
calculated. The same approach was applied to the displacement values retrieved from the 3DDIC method. Some assumptions are required relating to relative configuration of US probe and
cameras, as shown in Figure 3.1b and c. Comparison between the two methods was undertaken
by analysing the displacement along the axial direction of the US beam (USz LAX and USz
SAX) and the displacement along the y-axis of the optical method (OMy). Furthermore, the
median values of the displacement from all four hearts over the first cardiac cycle was
calculated and the correlation between 3D-DIC and the two US views was assessed. Concerning
the strain measurements, average and standard deviation measures were computed for both the
maximum and minimum principal strains over the ROI of the 3D-DIC analysis and the
longitudinal and circumferential strains derived from both the LAX and SAX views.

3.4 Results
Figure 3.2 illustrates the 3D displacement components of the four hearts in the NT (solid lines)
and HT (dashed lines) conditions obtained from 3D-DIC. Figure 3.3a depicts the images of US
LAX and SAX views for each individual heart indicating the region (dotted lines) used to obtain
displacement and strain, estimated to correspond to the ROI imaged by the stereo cameras.
Displacement curves over a single cardiac cycle obtained from 3D-DIC and US for every heart
are reported in Figure 3.3b. Median values of peak displacement amongst the four hearts were
-7.4 ± 2.0 mm, -5.8 ± 0.1 mm and -5.5 ± 0.1 mm, for OMy, USz LAX, USz SAX, respectively.
As shown in Figure 3.4, displacement data from 3D-DIC showed a very strong correlation with
US measurements both in the LAX view (R2 = 0.98) and SAX view (R2 = 0.97). In particular,
average and standard deviation of the displacement differences between the two techniques
were 1.0 ± 0.6 mm and 1.1 ± 0.8 mm for the LAX and SAX views, respectively.
Figure 3.3c shows the maximum (E1) and minimum (E2) principal strains reported using 3DDIC and the longitudinal and circumferential strains obtained from the US method. Median
values at peak strain over all four hearts were -13.3 ± 3.4%, 1.5 ± 2.2%, -2.7 ± 4.5% and -4.3 ±
1.4%, for E1, E2, longitudinal and circumferential strains, respectively. For each individual
heart, full-field strains over the ROI reconstructed on the LV surface (Figure 3.3d) with 3D-
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Figure 3.2 Displacement components reconstructed with 3D-DIC of the LV surface ROI over four
cardiac cycles in the four hearts at the NT (solid lines) and HT (dashed lines) conditions.

DIC are shown in Figure 3.3e. In particular, this figure reports the spatial distribution of E1 and
E2 over the ROI together with the directions at peak strain.

3.5 Discussion
In this study, we have described an experimental framework that enabled direct comparison of
ultrasound- and optical-based strain imaging in an in vitro heart model. The aim of this work
was to analyse displacement and strain obtained from 3D-DIC and US in order to characterise
the metrological performance of these techniques.
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Figure 3.3 (a) US images of the LAX and SAX views for each individual heart with the optical
ROI (red and green dotted lines) used for displacement and strain comparison with 3D-DIC. (b)
Average and standard deviation of the displacement distribution extracted from 3D-DIC (OMy) and
US views (USzLAX and USz SAX) for each individual heart and their median over a single cardiac
cycle. (c) Average and standard deviation for both the maximum and minimum principal strains
derived from 3D-DIC and the longitudinal and circumferential strains derived from US for each
individual heart and their median over a single cardiac cycle. (d) Optical images of the LV surface
for each individual heart with the ROI selected in the 3D-DIC indicated. (e) Magnitude and
direction of E1 and E2 at peak strain reconstructed with 3D-DIC over the ROI identified in (d).
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Figure 3.4 Displacement data obtained from 3D-DIC (OMy) versus displacement data obtained
from US (USz) for the LAX and SAX views. Linear regression plotted with 95% confidence
interval.

The accuracy of the 3D-DIC method in terms of displacement and strain variation has been
previously reported (Ferraiuoli et al. 2017; Ferraiuoli et al. 2019b) and was confirmed in this
study with small variation in strain between successive unloaded configurations of the heart.
Results reported in Figure 3.2 demonstrate the potential of 3D-DIC to report the full-field
dynamic 3D motion of the cardiac surface and further confirm the repeatability of the process
over multiple cardiac cycles. This is supported by our previous reports of repeatability in the
CBS platform (Ferraiuoli et al. 2019b) and is in contrast to the typical behaviour observed when
racking displacements over multiple cycles with 2D-STE methods (residual tracking errors
Chapter 2).
Analysis of displacement values obtained from 3D-DIC and US reported in Figure 3.3b
demonstrates very good agreement between the two US views and very strong correlation
between US and 3D-DIC, although with consistently larger displacements reported by 3D-DIC,
as presented in Figure 3.4.
Although surface strain fields computed with 3D-DIC were expressed in the principal strain
configuration to remove coordinate system dependence, an absolute comparison of the strain
measurements between these two methods remains challenging to accomplish because of the
different nature of the two techniques and procedures used to calculate strain. However, Figure
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3.3 demonstrates that maximum principal strain exceeded both the longitudinal and
circumferential strains and minimum principal strain reported was less than either US
measurement. This is consistent with the computed direction of the maximum principal strains
shown in Figure 3.3e, which lies between the longitudinal and circumferential directions
consistently for all experiments. This suggests that a component of the increased magnitude of
strain reported using 3D-DIC is associated with the orientation of the principal strain direction.
It is feasible to repeat such an experiment with an increased number of US views to report strain
at multiple angular increments, which would address this issue. However, it is also possible that
the 3D motion of the cardiac surface demonstrated in Figure 2 leads to underestimation of
strain in both the LAX and SAX views when using 2D-STE as it is unable to detect out-ofplane motion.
It should be noted that significant variation between the NT and HT conditions were not
observed during these tests and all strain results are reported under the NT condition, this is
related to the passive nature of the experimental platform which does not include active cardiac
contraction effects. Moreover, the absence of muscle contractility may explain the lower
magnitude of longitudinal and circumferential strain estimated in this study when compared to
US strains measurements achieved in isolated beating hearts (Chapter 2). Underestimation of
US strain, previously observed in another study comparing US with DIC (Gijsbertse et al.
2018), is a known limitation of 2D-STE which can be caused by its sensitivity to acoustic
shadowing or reverberations, poor image quality and lower accuracy of tissue tracking at the
depth associated with cardiac imaging and in the lateral direction (Mor-Avi et al. 2011).
The experimental set-up is limited as it was not possible to either acquire optical and US
measurements simultaneously or ensure precise alignment of the coordinate systems of the
optical and US measurements. It was also necessary to estimate the positions of the optical ROI,
as shown in Figure 3.3d, within the LAX and SAX views, as shown in Figure 3.3a, which may
introduce some additional uncertainty in direct comparison between the methods. As a result it
is not possible to separate effects associated with inherent measurement errors from relative
rotation of the coordinate system and uncertainty in ROI location.
Combined US and DIC measurements have already been performed to study the behaviour of
biological tissues. Slane et al. (Slane and Thelen 2014) used 2D US elastography to quantify
motion and strain in ex vivo porcine flexor tendons and results strongly correlated with
separated surface measurements obtained from 2D-DIC. Moreover, 2D-DIC was used as a
reference to validate US strain measurements in ex vivo axial loading of human lateral collateral
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ligaments (Gijsbertse et al. 2018). Furthermore, Campo et al. (Campo et al. 2014) compared
results from US and 3D-DIC obtained for assessment of the pulse wave velocity in healthy
individuals, although they could only compare velocity and acceleration between the two
methods as strain was only calculated using 3D-DIC. Although the adoption of 3D-DIC as a
clinical tool poses some challenges such as the development of an effective biocompatible
speckle pattern and the requirement for optical access to the heart surface, DIC has significant
potential to provide full-field characterisation of epicardial deformations ex vivo at higher
temporal and spatial resolution than the current clinical imaging modalities. Moreover, there is
a trend to optimise DIC for real-time dynamic strain measurements (Wu et al. 2016), which will
further enhance its capability within the biomedical field.
3.5.1 Conclusions
This study presents an experimental framework for multimodal strain imaging in an in vitro
porcine heart platform that replicates realistic haemodynamic conditions and controlled
deformations of the heart. Combined measurements of 3D-DIC and US were carried out to
analyse displacement and strain in the heart. 3D-DIC demonstrated high repeatability in
assessing the dynamic 3D motion and strain of the LV surface over multiple cardiac cycles
unlike 2D-STE, which is prone to accumulated errors over time that cause a drift in the tracking.
Therefore, analysis of displacement and strain was performed over a single cardiac cycle.
Results showed a very strong correlation of displacements obtained from the two methods,
however, with systematically larger displacement measured by 3D-DIC. Directions of
maximum principal strain reconstructed with 3D-DIC showed a distinctive orientation at peak
strain, which reflected the distribution of the circumferential and longitudinal strain obtained
from US. This study demonstrates the potential of 3D-DIC to perform repeatable and dynamic
measurement of displacement and strain during heart deformations and supports future
application of this method in ex vivo beating heart platforms, which replicate more fully the
complex contraction of the heart.
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4.1 Abstract
Background: Left ventricular assist devices (LVAD) provide cardiac support to patients with
advanced heart failure. Methods that can directly measure remaining LV function following
device implantation do not currently exist. Previous studies have shown that a combination of
loading (LV pressure) and deformation (strain) measurements enables quantification of
myocardial work. We investigated the use of ultrasound (US) strain imaging and pressure-strain
loop analysis in LVAD-supported hearts under different hemodynamic and pump unloading
conditions, with the aim of determining LV function with and without LVAD support.
Methods: Ex vivo porcine hearts (n=4) were implanted with LVADs and attached to a mock
circulatory loop. Measurements were performed at hemodynamically defined ‘heart conditions’
as the hearts deteriorated from baseline. Hemodynamic (including LV pressure) and radiofrequency US data were acquired during a pump-ramp protocol at speeds from 0 (with no pump
outflow) to 10 thousand-revolutions-per-minute (krpm). Regional circumferential (εcirc) and
radial (εrad) strains were estimated over each heart cycle. Regional ventricular dyssynchrony
was quantified through time-to-peak strain.
Results: Mean change in LV pulse pressure and εcirc between 0 and 10 krpm was -21.8 mmHg
and -7.24% in the first condition; in the final condition -46.8 mmHg and -19.2%. εrad was not
indicative of changes in pump speed or heart condition. Pressure-strain loops showed the
degradation in LV function and the increased influence of LV unloading: loop area reduced by
90% between 0 krpm in the first heart condition and 10 krpm in the last condition. High pump
speeds and degraded condition led to increased dyssynchrony between the septal and lateral LV
walls.
Conclusion: Functional measurement of the LV whilst undergoing LVAD support is possible
by using US strain imaging and pressure-strain loops. This can provide important information
remaining pump function. Use of novel LV pressure estimation or measurement techniques
would be required for any future use in LVAD patients.
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4.2 Introduction
Left ventricular (LV) assist devices (LVADs) are implants that provide an important alternative
therapy for patients with end-stage heart failure when a heart transplant is either not available
or not possible. LVADs provide mechanical circulatory support (MCS) by supplementing or
replacing left ventricular function in supplying blood to the body. LVAD therapy is given based
on clinical need and usually with one of three strategies in mind: as a bridge to heart
transplantation; as a destination therapy (Feldman et al. 2013); or as a bridge to recovery,
whereby a patient’s residual cardiac function recovers sufficiently during therapy for the device
to be explanted. Although this strategy is currently only attempted in a small number (1-3%) of
LVAD patients worldwide (Topkara et al. 2016), studies that focused on recovery found that 524% of patients had recovered sufficiently for the explantation to take place (Jakovljevic et al.
2017).
The cardiac function of MCS patients is monitored through the NYHA and INTERMACS
classification systems and the use of echocardiography (Feldman et al. 2013; Lietz et al. 2007).
Echocardiographic measurements include the determination of aortic valve insufficiency and
left ventricular ejection fraction. These measures are combined with patient symptoms, clinical
observations and current medication, 6-minute walk distance (Park et al. 2012) or
cardiopulmonary exercise tests (Uriel et al. 2012), to determine a patient’s current cardiac
health. However, clinicians currently lack intricate knowledge of the heart post-implantation,
such as its ability to perform work. Invasive ventricular pressure measurements made using
catheterization can lead to complications such as infection (Slaughter et al. 2010) and are
generally not accepted as a standard diagnostic tool. Non-invasive diagnostic imaging methods
for determining cardiac function such as tagged magnetic resonance imaging-based strain
estimation and computed tomographic imaging are not possible in all patients for safety reasons
(Rear et al. 2016).
Echocardiography is presently used throughout the treatment of MCS patients (Chapman et al.
2013; Hatano et al. 2011; Myers et al. 2006; Raina et al. 2013; Toda et al. 2011). Ultrasound
strain imaging (or speckle tracking) is a technique that can determine motion or deformation
within the heart. Since its introduction, US strain imaging has been applied to the estimation of
left ventricular function (Amundsen et al. 2006; Langeland et al. 2005), including the use of
time-to-peak strain in the estimation of left ventricular dyssynchrony (Bertola et al. 2009).
However, US strain imaging has yet to be validated for the monitoring of cardiac function in
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MCS patients (Gupta et al. 2014). Therefore, we undertook an investigation into the use of
strain imaging in combination with MCS.
An experimental study involving a pump-ramp protocol was devised. Pump-ramp tests allow
study of the effect of LVAD unloading on the heart (Myers et al. 2006; Uriel et al. 2012). The
LVAD pump speed is increased from a minimum level through a range of speeds and the data
are acquired when the heart is in a steady state. Experimental investigations allow for control
of the environment and hemodynamic measurements not usually available in patients, such as
aortic and LV pressure. Studies on LVADs have previously been performed using mock-loops
(Leopaldi et al. 2015; Pantalos et al. 2004). Prior to this study, Pennings et al. used an isolated
beating heart setup to estimate LV pressure from pump flow and pressure (Pennings et al. 2015).
More recently, the general use of such a setup for the validation of US-acquired parameters
such as cardiac output and strain was shown in Petterson et al. (Chapter 2).
In this study we investigated the use of ultrasound strain imaging for the determination of left
ventricular function in the LVAD-supported heart. Ex vivo porcine hearts were implanted with
LVADs, connected to a mock-circulatory loop and imaged using ultrasound. Data were
acquired at multiple time points as the hearts degraded from their baseline condition. At each
condition, the relationship between pump speed, cardiac strains and left ventricular pressure
over the heart cycle was investigated. Analysis focused on the use of pressure-strain loops,
which have been shown to directly relate to myocardial work and metabolism (Cauwenberghs
et al. 2019; Russell et al. 2012). We demonstrate that through analysis of both pressure and
strain the current ability of the heart to perform work whilst undergoing LVAD support can be
understood.

4.3 Materials and methods
4.3.1 Ex vivo heart experiments
Four healthy porcine hearts were implanted with LVADs (Figure 4.1A) and connected to a
mock circulation loop (Figure 4.1B). The experimental set up has previously been detailed in
Petterson et al. and de Hart et al. (de Hart et al. 2011; Chapter 2). The hearts were obtained
from Dutch landrace hybrid pigs intended for human consumption. The slaughterhouse and
laboratory protocols were developed in accordance with EC regulations 1069/2009 regarding
the use of slaughterhouse material for diagnosis and research, supervised by the Dutch
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Figure 4.1: A: Ex vivo porcine heart with implanted left ventricular assist device (LVAD) at the
apex. B: Schematic of experimental setup, showing ex vivo heart, with LVAD, connected to the
mock systemic circulation loop.

Government (Dutch Ministry of Agriculture, Nature and Food Quality) and approved by the
associated legal authorities of animal welfare (Food and Consumer Product Safety Authority).
In addition to the methods described in previous studies, the hearts were implanted with either
Micromed DeBakey (MMD, n = 2) or Thoratec HeartMate II (HM2, n = 2) LVADs, due to
device availability constraints. Both devices were of an axial continuous flow design with
similar flow rates for each pump speed setting. The LVAD in-flow cannula was positioned at
the LV apex and fixed with a suture ring. The out-flow was connected to the aorta, before the
coronary arteries. Following LVAD implantation the left side of the heart was connected to the
mock systemic circulation loop (PhysioHeart, Lifetec Group B.V.) and re-perfused with
oxygenated blood. Blood was passed through an arterial filter prior to entering the left atrium
(AFFINITY Arterial 38 μm blood filter, Medtronic, Dublin, Ireland) in order to remove any air
bubbles. Additionally, any air build-up could be removed via valves at points throughout the
mock-loop. After re-perfusion the heart would begin to contract in an uncontrolled manner and
so was defibrillated to restore the full sinus rhythm. Once stable, the heart was immersed in
saline heated to 38 °C for ultrasound imaging.
4.3.2 Data acquisition
Two-dimensional time-resolved ultrasound data were acquired using a MyLab70 XVG (Esaote
Europe, Maastricht, NL) with a radiofrequency (RF) interface and CA431 curved array
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Figure 4.2: A: Diagram of the ex vivo heart showing ultrasound (US) transducer, clamp and
imaging planes. B: Representative US image at end-diastole showing the left ventricle at the level
of the papillary muscles.

transducer (center frequency of 2.7 MHz). Ultrasound data were acquired up to a depth of 13
cm at a frame rate of 47 Hz. The probe was positioned to the side of the right ventricle so that
a short-axis view of the left ventricle with the maximum field of view could be imaged. Longaxis views were not used due to the metal in-flow cannula at the apex which created severe
reverberation in the images. Reverberations cause artefacts in the image that lead to errors in
the strain analysis, typically through anomalous high or low strains. True apical views were not
possible due to the LVAD implanted at the apex, this also being the case in patients post-LVAD
implantation.
Data were acquired at the mid-level of the heart, halfway between the apex and mitral valve, as
shown in Figure 4.2A. The transducer was fixed to a rail and held in a clamp with multiple
degrees of freedom for positioning. Acquisitions lasted approximately 10 seconds with an
average 20 heart cycles of RF-data acquired. Figure 4.2B shows a representative B-mode image
at end-diastole.
Sensors in the aorta and left atrium measured pressure. Left ventricular pressure was measured
via a venous catheter inserted through the ventricular wall at the apex. Cardiac output (CO) was
calculated from the sum of coronary and systemic circulation flows and measured with clampon flow meters.
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These data were recorded at 1000 Hz. Datasets were categorized by so-called ‘heart condition’,
a relative definition of degradation for each heart. This was based on the reduction in CO and
mean aortic pressure from baseline, which followed the non-ischemic clinical scenario
presented in (Schampaert et al. 2015). At Heart condition I, 0 krpm, CO was typically close to
5 L/min, with a mean aortic pressure of 75 to 85 mmHg, whilst in the most degraded condition
(Heart condition II for the HM2 hearts and IV for MMD), CO was 3 L/min with a mean aortic
pressure of 60 mmHg. The number of complete datasets (heart conditions) per experiment
depended on the rate at which each heart deteriorated, as well as the initial condition of each
heart.
An initial measurement was made with the LVAD turned off and the pump outflow clamped
shut. The pump speed was then varied between 7 and 10 thousand revolutions per minute
(krpm), increasing in increments of 1 krpm. For each acquisition above 0 krpm, the MMD pump
speed was 500 rpm higher than the HM2 LVAD (i.e., HM2 = 7 krpm, MMD = 7.5 krpm), this
was due to pre-set manufacturer pump settings.
4.3.3 Data Analysis
RF data from the experiments were processed in MATLAB (version 2017a, The Mathworks
Inc., Natick, MA, USA), using a strain imaging toolbox previously developed by Lopata et al.
(Lopata et al. 2009a). The data were manually segmented into cineloops containing at least one
heart cycle by using the M-mode of the center line through the left ventricle to visualize wall
motion over each data sequence. Next, the lumen-wall and outer wall boundaries of the
myocardium in the first frame were manually segmented, and a mesh formed of 11 radial and
49 circumferential tracking points was generated. A ‘coarse-to-fine’ 2-D displacement tracking
algorithm was used to estimate per-frame displacements in the axial and lateral directions of
the RF image data for the remaining frames in the cineloop. The intersecting points of the mesh
were tracked based on the calculated displacements.
Circumferential (εcirc) and radial (εrad) strains (indicated in Figure 4.2B) were estimated by
taking the spatial derivative of the deformation of the mesh relative to the initial geometry,
using a least-squares strain estimator, in the true local strain directions (Lopata et al. 2009a).
The initial displacement estimates were then used to calculate LV cavity surface area over the
sequence. The cavity surface area was the region of the LV bounded by the inner perimeter of
the mesh, used due to the lack of LV volume measurements. Peak detection was applied, and
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two maxima were segmented as a single cardiac cycle beginning at end-diastole. The inner and
outer walls of the myocardium were then manually re-segmented. Time-to-peak strain was
defined as the time taken from end-diastole for each point of the mesh to reach peak εcirc over
the heart cycle.
End-diastole and end-systole were defined as the points at which the cavity surface area was
highest and lowest respectively. These points were selected due to the lack of an
electrocardiogram (due to pacing) or views of the aortic valve. Aortic valve opening was
defined as the time points at which LV pressure exceeded aortic pressure. The manually
segmented end-diastolic geometry with no LVAD support (0 krpm) was used as a reference
geometry for each heart condition when calculating εcirc.
Results of strain estimation were synchronized with concurrently measured pressures and
flows. The minimum cavity surface area was automatically synchronized with the point of
minimum LV pressure after aortic valve closure. A manual adjustment was made of up to 2
ultrasound samples, to account for errors in the synchronization due to different sample rates.
Pressure-strain loops were created by plotting estimated εcirc against measured LV pressure. The
effect of pump speed and heart condition were compared through the analysis of the pressurestrain loops and loop area. Loop area is the product of strain (the relative change in length) and
pressure and is given in units of mmHg%.

4.4 Results
4.4.1 Hemodynamic effect of pump speed & condition
Table 4.1 shows baseline hemodynamic measurements at 0 krpm, acquired over 20 heart
cycles, for each heart. The porcine hearts remain stable within each hemodynamically defined
heart condition, except for the latter conditions of Heart 2. The baseline condition of Heart 1, 2
and 3 is similar whilst Heart 4 is already in a degraded state. A reduction in cardiac output is
observed as each experiment progresses, reflected by the heart condition. In general, both aortic
and LV pressure reduce with each successive heart condition. Heart 4 shows an increase in
mean aortic pressure, mean LV pressure and dP/dtmax between condition I and II. This was due
to adjustments made to the pre- and after-load of the mock circulatory loop to stabilize the heart.
Differences in experimental time (i.e. number of conditions) and hemodynamic measurements
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Table 4.1 Mean and standard deviation of hemodynamic measurements obtained at 0
krpm.
Heart Heart
MAoP
CO
LV pressure dP/dtmax
Heart rate
condition [mmHg]
[L/min]
[mmHg]
[mmHg]
[bpm]
1
I 85±0.25
5.58±0.03 62.4±0.33
830±2.3
120±0.16
II 81±0.24
5.28±0.06 57.5±0.35
730±8
120±0.24
III 78.2±0.6
4.8±0.04
54.7±0.9
759±15
120±0.38
IV 68.1±0.51 3.66±0.06 46.9±0.47
632±13
120±0.25
I 74.9±2.4
4.8±0.05
55.2±2.8
711±39
133±6.1
2
II 67.7±2
3.9±0.18
50±1.9
845±38
120±1.5
III 59.2±0.93 3.07±0.08 44.6±2.1
772±18
120±10
IV 61.5±0.29 3.02±0.03 42.3±0.19
803±5.1
89.3±0.4
I 73.4±0.1
4.49±0.02 49.2±0.16
1.04x103±1.9 118±0.01
3
II 58.6±0.64 3±0.05
44.1±0.44
784±15
121±0.22
I 62.7±0.17 3.12±0.01 42±0.13
624±4.1
115±0.29
4
II 71.1±0.16 2.9±0.01
43.4±0.14
609±2.7
115±0.1
MAoP, mean aortic pressure; CO, cardiac output; LV pressure, mean left ventricular
pressure; dP/dtmax maximum rate of LV pressure increase.
occur due to either pre-existing biological differences in each porcine heart or as a result of any
damage during preparation or reperfusion.
Figure 4.3 shows plots of pump speed against mean hemodynamic measurements acquired
over 20 heart cycles, at each heart condition. Each measurement type declines with heart
condition, except for pressure measurements in Heart 4. There is a small increase in mean aortic
pressure and cardiac output with pump speed (mean difference from 0 to 10 krpm, mean aortic
pressure = 0.592 mmHg, CO = 0.414 L/min). LV pulse pressure and LV dP/dtmax reduce as the
pump speed is increased (mean difference of -31.1 mmHg and -252.3 mmHg respectively).
Circled points show pump speeds without aortic valve opening. The aortic valve always opened
with pump speeds less than 9 krpm, only when degraded and under high load (9 & 10 krpm)
did the valve close. LV pulse pressure and dP/dtmax are markedly reduced during heart cycles
where the aortic valve failed to open.
4.4.2 Ultrasound strain imaging
Figure 4.4 shows representative curves of εcirc (upper section) and εrad (lower section) over
individual cardiac cycles in one heart. As the hearts degrade and the pump speed is increased
overall εcirc magnitude increases, however, the range over the cycle reduces. The influence of
pump unloading on strain can be shown as the pump speed is increased from 0 to 10 kprm:
during condition I mean εcirc and εcirc range reduce by -11.3 % and -1.44% respectively; whilst
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Figure 4.3: Plots of pump speed versus hemodynamic measurements at each pump speed and heart
condition. First row, cardiac output; second row, mean aortic pressure; third row, left ventricular
(LV) pulse pressure; fourth row, mean LV dP/dtmax. Circled points represent pump speeds where
the aortic valve did not open.

during the final condition mean εcirc reduces by -18.8% with mean εcirc range reducing by 2.07%. At 10 krpm, mean εcirc during the first condition is -15.3%, with a mean range of 6.70%
over the cycle. During the fina l condition at 10 krpm mean εcirc is -21.5%, mean range 4.83%.
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Figure 4.4: Representative curves of mean circumferential (εcirc, upper) and radial (εrad, lower)
strain over the cardiac cycle, for each pump speed in thousand-revolutions-per-minute (krpm) and
heart condition.

εrad measurements are noisier than εcirc and show less obvious trends. Overall magnitude of
strain decreases as the pump speed is increased, except at 10 krpm. εrad range shows a small
reduction (difference in mean εrad range, condition I versus condition II/IV: 4.68% versus 4.36%
at 0 krpm; 5.30% versus 4.94% at 10 krpm) as the heart degrades. Overall magnitude of peak
εrad remains relatively unchanged as the hearts degrade and the pump speed is increased. There
is no consistent difference between pump speeds or heart conditions.
4.4.3 Pressure-strain loops
Figure 4.5 shows pressure-strain loops of estimated εcirc against measured LV pressure over the
cardiac cycle. In early conditions unloading has a minor effect on ventricular pressure and εcirc
as pump speed is increased. Mean reduction in LV pressure between 0 and 10 krpm in the first
condition is -24.0 mmHg, LV pulse pressure reduces by -21.8 mmHg. εcirc range is not
significantly affected as pump speed is increased when the hearts are healthy, although average
strain magnitude increases. When in a degraded state pump unloading has a greater influence
on ventricular pressure and εcirc: mean LV pressure and LV pulse pressure reduce by -36.1
mmHg and -46.8 mmHg respectively; mean εcirc, magnitude increases and whilst the range
reduces. Loops where the aortic valve does not open are triangular, with a sharp increase and
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Figure 4.5: Pressure-strain loops at each pump speed in thousand-revolutions-per-minute (krpm),
in each heart and condition. LV = left ventricular; εcirc, = circumferential strain.

decrease in LV pressure during ejection. Similarly, there is a sudden reduction in εcirc at enddiastole when there is no aortic valve opening.
Figure 4.6 shows plots of pressure-strain loop area (in mmHg%) against pump speed. Reducing
heart condition leads to a progressive reduction in mean loop area at 0 krpm, from 519 to 323
mmHg% in the first and final conditions respectively. When the hearts are healthy, no reduction
in area is seen as the pump speed is increased. When degraded, the hearts generally show a
linear reduction in loop area from baseline as the pump speed is increased. In condition I, mean
loop area reduces from 519 to 325 mmHg% between 0 and 10 krpm. In the final condition,
mean loop area reduces from 323 to 52.5 mmHg% between the same pump speeds.
4.4.4 LVAD influence on contraction
Figure 4.7 shows B-mode images of the LV in Heart 1 and 2 at end-diastole, overlaid with
spatial plots of time-to-peak strain. Early peak strain (occurring at 0.1 to 0.2 seconds) is seen in
the upper left portion of the LV. The area grows as pump speed is increased and heart condition
degrades. However, a region of later contraction occurring at 0.3 to 0.4 seconds in the inferiorseptal region exists at lower pump speeds. Later peak strain occurring between 0.3 and 0.5
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Figure 4.6: Pressure-strain loop area in each heart (in mmHg%) for each heart condition
and pump speed (in thousand-revolutions-per-minute, krpm).
seconds is seen in the opposite (lateral) wall. After heart condition I, peak strain in this
anterolateral region occurs later in the heart cycle as the pump speed increases. Peak strain
occurs significantly later in Heart 4 condition IV than in the previous three conditions.

4.5 Discussion
The purpose of this study was to investigate the use of ultrasound strain imaging as a method
to quantify the effect of an LVAD on left ventricular mechanics over the cardiac cycle and to
provide information on the current ability of the LV to function. The method’s utility was
explored experimentally in ex vivo porcine hearts implanted with LVADs. Strain imaging
showed the effect of LVAD unloading on the LV: The increase in circumferential strain
magnitude with increased pump speed equates to a reduction in overall ventricular volume; The
reduction in strain range as the hearts degraded shows the reduced ability of the heart to
contract, especially at high pump speeds. Pressure-strain loops clearly showed the increasing
influence of the pump through a reduction in loop area as the hearts degraded. Finally, it was
shown that pump speed and degradation reduce the synchronicity of LV contraction.
As each experiment progressed, edema in the myocardium and an increase in waste products in
the blood led to a reduction in the contractile function of each heart. This can be seen clearly in
Figure 4.4: in later heart conditions as the pump speed is increased LV pulse pressure and
dP/dtmax are significantly reduced. Measurements of mean aortic pressure were within values
reported by both Granegger et al. and Pantalos et al. (Granegger et al. 2016; Pantalos et al.
2004) in similar mock-loop experiments. Figure 4.3 shows that the aortic valve was only ever
closed at 9 and 10 krpm, and in a degraded stated. When aortic valve opening occurred overall
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Figure 4.7: B-mode images at end-diastole overlaid with spatial plots of time-to-peak strain
around the ventricle, with increasing pump speed and decreasing heart condition, i.e., experimental
time point.

LV pressure was higher, this influenced estimated strain over the heart cycle as seen in Figures
4.4 and 4.5.
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With increasing pump speed and reduced heart condition we observed an increase in
circumferential strain magnitude, a reduced range in circumferential strain and a reduction in
overall left ventricular pressure over each cardiac cycle. This equates to a reduced cavity
volume and reduction in stroke volume. Radial strains were not indicative of changes in
ventricular loading from the LVAD, this is likely due to problems tracking displacements in the
thin LV wall. Radial strain was heavily influenced by small variations in the manually
segmented geometry, therefore no reference geometry was used in radial strain calculations.
The pressure-strain loops show the increasing influence of the pump with the degradation of
the hearts, as well as the static load imparted by continuous-flow LVADs. The change in loop
shape and area due to LVAD unloading in our measurements is a known effect and has been
shown previously in simulated pressure-volume loops (Bozkurt and Safak 2013) and those
obtained invasively in animals (Bartoli et al. 2010). In comparison to these studies, we obtained
similar results using partially non-invasive methods (ultrasound). Pressure-strain loops have
been investigated as a tool to quantify regional myocardial work in cardiac resynchronization
therapy patients (Russell et al. 2012) and myocardial work during ejection in a population
sample (Cauwenberghs et al. 2019). The contribution of our study to wider research on
pressure-strain loops is by showing that the immediate influence of different loading conditions
on LV function can be measured through their use.
Initial in vivo patient measurements are an important next step in the development and
validation of the methods used in this study. This will present a challenge given that invasive
LV pressure measurements are not possible. Recent studies have estimated LV pressure from
brachial pressure and by adapting reference measurements (Cauwenberghs et al. 2019; Russell
et al. 2012), whilst others have demonstrated the in vivo feasibility of measuring pressure via
implanted cardiac devices, including LVADs (Gregory et al. 2016; Hubbert et al. 2017).
Consequently, direct LV pressure measurements may become available for use in future clinical
studies.
Changes in contraction pattern with pump speed and heart condition were observed through
regional time-to-peak strain. LVAD unloading changes the shape of the left ventricle by moving
the septum inward at high flow rates and altering the contraction pattern of the ventricle. This
is relevant in terms of remaining LV function given that a nonuniform contraction will be less
efficient during ejection.
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The lack of relaxation in the hearts as they degrade, combined with the presence of edema,
shows that the hearts are failing in the diastolic phase of the cardiac cycle (Figure 5). When
healthy, LV contraction is relatively normal despite the continuous unloading from the pump,
given the consistent loop area. When degraded and being unloaded by the pump, there is less
ventricular filling (especially at high pump speeds), as the LV is unable to relax during diastole
due to the stiffening and weakening myocardium. This is shown by the marked reduction in
loop area.
4.5.1 Limitations
2-D ultrasound was used to acquire short-axis images of the left ventricle. Much of the
contraction of the ventricle occurs in the longitudinal plane. This is large source of error in our
displacement estimates, as image features being tracked can move out of the imaging plane.
LVAD presence prevented the use of the longitudinal parasternal or four-chamber views in our
analysis. In off-axis longitudinal views the LVAD cannula often shifted into the view. Apical
views available in patient’s post-implantation are foreshortened as the probe must also be
oriented off-axis, leading to unreliable strain estimates. To our best knowledge there have been
no studies reporting strain in the apical four-chamber view post-LVAD implantation.
RF data were obtained at 47 Hz with an average of 24 frames per heart cycle. For accurate
estimation of global strain a minimum of 30 frames per cycle is needed (Rösner et al. 2015). In
our experiments we were limited by the hardware used and the wide aperture and large depth
required to image the entire LV. Image quality is reduced in patients due to the greater imaging
depth required and attenuating structures such as the ribs. This negatively affects strain
estimation. This can be mitigated somewhat with higher ultrasound acquisition rates and by
regularizing displacement estimates. It must be noted that the pressure-strain loops only provide
a relative measure of LV function, in the present study this was relative to the 0 krpm pump
speed for each heart condition. Finally, a major limitation of our study was the use of only four
hearts along with two different LVAD variants.
4.5.2 Future work
In future ex vivo studies 3-D and higher frame rate ultrasound acquisition methods could be
employed to account for some of the limitations of this study. This would enable more precise
tracking of displacements and estimation of strains that currently occur outside the imaging
plane. The estimation or measurement of left ventricular pressure is required for use of pressure-
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strain loops in any future study in patients. Eventual utility of the methods presented in this
study would primarily be of use in optimizing pump speed settings for ‘bridge to recovery’
patient scenarios, where any deterioration or improvement in residual LV function is of most
importance.
4.5.3 Conclusion
In this study we investigated the use of ultrasound strain imaging for the determination of left
ventricular function in the LVAD-supported heart. We have demonstrated that through analysis
of both pressure and strain the current ability of the heart to perform work whilst undergoing
LVAD support can be understood. Pressure-strain loop shape and area are indicative of
remaining function. These results are a step toward a direct method to estimate remaining heart
function in LVAD patients. -
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5. Ultrasound-based estimation
of fibre-directional strain
A simulation study

This chapter is based on: Ultrasound-based estimation of fibre-directional strain: a simulation
study, Fixsen LS, Lopata RGP; Under review.
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5.1 Abstract
Background: Left ventricular (LV) strains, measured using magnetic resonance imaging or
ultrasound, are typically represented with respect to the imaging axes. Contraction within the
myocardium occurs along myofibers, which vary in orientation throughout the LV. Therefore,
a mismatch exists between the directions in which strain is calculated and where contraction
occurs. Recent developments in three-dimensional (3D) ultrasound image analysis allow
estimation of myofiber orientation. The aim of this study was to combine ultrasound-based fibre
orientation and 3-D strain estimation to calculate the fibre-directional strain, thereby increasing
the trueness of measured strain in the LV.
Methods: 3D ultrasound volumes were created by simulating simple, geometrical phantoms
and a phantom based on a finite element (FE) model of the LV’s mechanics. Fibre-like
structures, with varying transmural fibre orientation, were embedded within tissue-mimicking
scatterers. Strains were applied to the numerical phantoms, whilst the FE phantom was
deformed based on displacements obtained from the LV model during systole. Fibre orientation
was estimated by calculating the spatial coherence of the received signals across the transducer
elements, whilst the deformation of the phantoms was calculated using ultrasound strain
imaging. Fibre-directional strain was calculated as the component of the Green-Lagrange strain
tensor that occurred in the estimated fibre direction.
Results: There was good agreement between ground truth and estimated fibre orientations in
both the numerical and FE phantoms (RMSE = 6.7° and 5.0°, respectively), with transmural
fibre orientation during systole accurately estimated in the FE phantom. In the numerical
phantoms, fibre-directional strains were greatest when the strain aligned with the fibre
orientation. In the FE phantom, there was poor agreement in axial and elevational strains
(RMSE = 29.9% and 12.3% respectively), but good agreement in lateral and fibre-directional
strains (RMSE = 6.4% and 5.9% respectively), which aligned in the mid-wall.
Conclusion: Simplifications made to the phantoms to reduce computational complexity, such
as those in the generation of the fibres, likely influenced the poor axial and elevational strain
estimation. However, calculation of fibre-directional strain from single-modality ultrasound
volumes was demonstrated. Further studies, initially in ex vivo setups due to the fundamental
limitations of currently available ultrasound probes, are needed to verify the real-world
performance of the method.
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5.2 Introduction
Ultrasound strain imaging (also known as speckle tracking) allows the non-invasive estimation
of strain, the change in length between predetermined points within a region of tissue, in twodimensions (2D) and three-dimensions (3D) in the heart (Amundsen et al. 2006; Chen et al.
2005; Crosby et al. 2009b). Parameters obtained through strain imaging, particularly global
strains, have been shown to be earlier indicators of impaired ventricular function when
compared to the more commonly used left ventricular (LV) ejection fraction (Stanton et al.
2009a). LV strains are typically calculated in the longitudinal, circumferential and transmural
directions, since (if simplified into an ellipsoid) these are equivalent to deformation that occurs
in the primary axes of the LV.
Global strain is calculated as the average strain that occurs throughout multiple segments in
each axis of the LV (Voigt et al. 2015). However, deformation of the myocardium occurs due
to the contraction and relaxation of sarcomeres, which are made up of fibre-like cardiac muscle
cells, so-called cardiomyocytes (Ho 2009). Deformation occurs along the length of the
myocytes; meaning that for the efficient ejection of blood from the ventricle the orientation of
these cells varies throughout the wall (Bovendeerd et al. 1994; Hansen et al. 1991; Taber et al.
1996). This results in a complex helical arrangement of myofibers (muscle fibres), with the
orientation varying smoothly in all axes, primarily in the longitudinal and circumferential
directions (LeGrice et al. 1995; Legrice et al. 1997). Therefore, there is a mismatch between
the axis in which strain actively occurs (i.e., the fibre-directional strain) and the axes in which
strains can be calculated using ultrasound strain imaging. Furthermore, strain along the fibre
direction may be more physiologically relevant when characterising local tissue function.
Spatial averaging of strain, as used in the measurement of global strains, is common and
necessary due to the large number of local errors that occur in strain estimation due to poor
signal-to-noise ratio, imaging artefacts, and out-of-plane motion. These errors reduce the
accuracy of inter-frame displacement tracking that is performed prior to strain calculation and
in turn influence the final estimate. However, this averaging also leads to the loss of information
on the local function of tissue.
There has been much interest in the non-invasive mapping of cardiac myofiber orientation
(Watson et al. 2018). Recently, a method was developed which can be used to estimate the
orientation of fibrous structures in ultrasound data, both in two (Papadacci et al. 2014) and three
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dimensions (Papadacci et al. 2017), by calculating the spatial coherence of received signals. By
calculating the similarity of received signals across the transducer elements, the degree of
(an)isotropy in the medium can be determined accurately, as well as the in- and out-of-plane
(Turquin et al. 2019) directionality of the signals. This technique, termed 3D backscatter tensor
imaging (3D-BTI), has possible utility in determining the amount of disarray in the arrangement
of the muscle, for example by detecting scarring of the muscle due to an infarct.
We hypothesised that the physiological relevance of ultrasound strain estimation could be
improved by combining strain estimation in 3D with the local estimation of the myofiber
orientation, thereby obtaining the strain that occurs in the fibre direction. This ‘fibre-directional
strain’ could potentially be used to mitigate errors that occur due to incorrect placement of the
ultrasound probe by standardising strain directions, and furthermore give information on the
activation of the heart muscle and (remaining) ventricular function.
In this study, the fundamental basis for the technique is investigated in ultrasound simulations.
After validating the method in a series of simple strain phantoms, the accuracy of both strain
and fibre orientation estimation was investigated on data created using a realistic, 3-D, finite
element model of the left ventricle.

5.3 Methods
5.3.1 Ultrasound simulations
Simulations were performed to generate the 3D volumes of radiofrequency (RF) ultrasound
required for the fibre orientation and strain analysis. The simulations were performed in
MATLAB (version 2019b, The MathWorks, Natick, MA, USA), using Field II (Jensen and
Svendsen 1992; Jensen 1996). A 1024 element two-dimensional matrix array (i.e. 32 × 32
elements) with 300 µm pitch was modelled, based on the Vermon 1024 EL ultrasound probe
(Vermon S.A., Tours, France) used for similar in vitro and ex/in vivo studies (Papadacci et al.
2017; Ramalli et al. 2019; Turquin et al. 2019). A 3 MHz centre frequency and 30 MHz
sampling frequency were used. The spatial impulse response was a 2.5 cycle Hammingweighted sinusoidal pulse whilst the aperture excitation function was a single cycle Hammingweighted sinusoidal pulse.
Each image volume (i.e., simulated time point) was created by the transmission and reception
of 25 steered plane waves. The direction of each wave was determined by two angles, with each
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angle ranging between -6° and +6°, and an increment of 3°. The simulated RF signals were
reconstructed into a complete volume on an Nvidia GPU using custom software implemented
in MATLAB and CUDA. The signals were coherently compounded on a grid with an axial
spacing of 50 µm and lateral/elevational spacing of 300 µm. The reconstructed volumes had a
lateral and elevational size of 19.2 mm × 19.2 mm (i.e. 65 samples in each direction). The axial
size of the volumes varied between 20 mm and 30 mm, and was large enough to encompass the
range of positions the simulated phantoms would move between.
5.3.2 In silico phantoms
Two numerical phantoms were created in order to validate both fibre orientation and strain
estimation: firstly, an ideal phantom embedded with fibres that were deformed in each imaging
axis separately; and secondly, a phantom with both fibre orientation distribution and
deformation given by a finite-element (FE) model of LV mechanics (Figure 5.1A) (Bovendeerd
et al. 2009). In both cases, the phantoms were positioned with the major fibre axis perpendicular
to the ultrasound beam axis, in an idealised case of a real-world parasternal short- or long-axis
echo.
The basic design was the same for each phantom and was based on previous work by Ramalli
et al. (Ramalli et al. 2018), with the most significant additional contributions being a more
realistic transmural fibre orientation distribution, the addition of motion/deformation and outof-plane fibre orientations.
Two sets of scatterers, both with a density of 8 . 106 scatterers per cm3, were placed in the same
volume: Randomly placed scatterers with a Gaussian amplitude distribution to replicate the
diffuse reflections of ultrasound signals in tissue; and evenly spaced scatterers of an equal
amplitude to replicate the specular reflection of ultrasound by the cardiac myofibers/sheets. The
influence of different speckle amplitudes on the accuracy of the orientation estimation was
assessed (details of this analysis can be found in the results). The mean amplitude of the tissue
scatterers was set 10 dB below the fibre scatterers, such that both fibre estimation and
displacement estimation could be performed on the simulated volumes.
The scattering amplitude of the coherent fibres was specified according to a periodic function:
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Figure 5.1: A. Left ventricle (LV) mesh and block of scatterers used in simulations, positioned at
the mid-level of the LV wall. B. Ultrasound phantom, made up of scatterers that return coherent
(yellow coloured) and incoherent (turquoise coloured) signals. C. Plot showing change in fibre angle
over depth, for three of the simulated time points. Solid lines show the in-plane angle, dashed lines
show the out-of-plane angle. D. Reconstructed B-mode ultrasound volume at frame 10.


denotes the Dirac comb function of period , where

rectangular function, with
were set to

is the fibre pitch, and

denotes the

the fibre size. In all simulations, the values of these parameters

= 1200 µm and = 600 µm. This was the smallest fibre size and period that could

be resolved when the out-of-plane rotation of fibres was included. It should be noted that
individual myocytes are significantly smaller than this, around 120 µm long and 20-30 µm thick
(Ho 2009) and are more tightly arranged. However, previous research has shown that these
structures themselves cannot be resolved by 3D-BTI (Ramalli et al. 2018), with the spatial
resolution of the present transducer properties, and it is instead larger structures such as the
laminae that are resolved.
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The periodic function is sampled on a single line of points

with amplitude 0 or 1. This was

replicated in the y and z axes, resulting in a mask denoting the scatterer amplitudes. This
amplitude mask was applied to an evenly spaced grid of scatterers with spacing of 50 µm. To
replicate the transmural variation in myofiber orientation, for the ideal phantom, the in-plane
(i.e. x-y) angle

was determined according to:



Where



is the initial fibre angle and

డఏ

డ௭

is the fibre orientation rate of change transmurally

(i.e., in the axial direction). Therefore, the in-plane fibre angle changes incrementally over the
depth of the phantom, with the angle increment dependent on the thickness of the fibre ‘sheet’.
With the orientation of each sheet known for a given depth, the scatterer positions were
multiplied with a rotation matrix. Finally, the amplitude mask was used to remove all scatterers
with an amplitude of 0 to reduce the simulation time. The ideal phantom was 10 mm × 10 mm
× 6 mm in size, with



= -75°, and

డఏ

డ௭

= 25°/mm. Approximately 7.1 . 106 scatterers were used,

of which 2.3 . 106 scatterers made up the fibre sheets, with the remaining 4.8 . 106 scatterers
mimicking the diffuse scattering by the tissue.
For validation of the fibre-directional strain imaging method used in this study, additional
simulations were performed after positive and negative strains of 3% were applied to the
scatterers in the lateral and axial directions.
In the FE-based phantom, the in-plane and out-of-plane fibre angles ( and

respectively) of

the phantom were calculated by mapping the vector specifying the fibre orientation (in the x-y
and z-y planes) for each mesh node in the region the phantom was positioned in (Figure 5.1B
and C). The transmural angle distribution was then interpolated over the z-coordinates of the
phantom. As in the ideal phantom, the increment of the orientation was dependent on the fibre
thickness. In addition to the in-plane rotation, each fibre sheet with angle
rotated by the out-of-plane angle .
at the endocardial boundary, whilst

was subsequently

varied between -45° at the epicardial boundary and 65°
varied between -2.5° and 6°.

The FE phantom was 10 mm × 10 mm wide with a thickness ranging between 9.5 mm at enddiastole and 14.9 mm at end-systole. To maintain the coherent response of the embedded fibres,
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the fibre sheets were re-generated for each volume. The underlying tissue was deformed
according to the FE model. A total of 12 . 106 scatterers were used in the FE phantom for the
first simulated volume, whilst the last volume was made up of 14 . 106 scatterers, due to the
elongation of the phantom in the axial direction.
The FE phantom was simulated at a volume rate of 81 Hz over the systolic period, resulting in
30 volumes between end-diastole (i.e., end filling, frame 1) and end-systole (i.e., end ejection,
frame 30). Next, the generated tissue scatterers were placed inside the LV mesh at the mid-level
of the ventricle and a convex hull was used to remove any scatterers that were outside the mesh
boundary. Finally, the inter-frame displacements of the mesh nodes were interpolated across
the scatterers.
5.3.3 Spatial coherence
The ultrasonic spatial coherence was computed from the reconstructed volumes for every time
point simulated (Figure 5.1D), according to the method outlined by Papadacci et al. (Papadacci
et al. 2017). A map of the spatial coherence within a certain temporal window (i.e. over a given
depth range) was obtained by auto-correlating the signals received by successive pairs of
elements. The coherence function

was therefore expressed as a function of the

distance between elements.

௫

Where

ோி

௬

௫

௬

்మ
௧ୀ்భ ோி

்మ
௧ୀ்భ ோி









ଶ

ோி



ோி

is the signal received by an element that is positioned at







and

.

the distances in the main coordinate axes of the 2D array between element
element. The coherence is averaged over the temporal window between

ଵ

and

ଶ



and

are

and another
ଶ.

௫

and

௬

represent the number of elements in the x and y axes, respectively. A temporal window of 2.57
µs was used, i.e., 50 samples at the sampling frequency given.
Notably,

௫

and

௬

can be made up of a subset of the total elements in the transducer which

can be combined with a sliding window in both x and y axes. This allows for estimation of
multiple spatial coherence maps at any given depth and the estimation of different fibre
orientations within the x-y plane. However, given the small transducer footprint and alignment
of fibres at a given depth, this was not performed in this study.
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Figure 5.2: A. Interpolated coherence map acquired in a region of speckle, the random positioning
and Gaussian amplitude distribution produces a spatially incoherent result, yielding an almost
completely circular ellipse. B. Interpolated spatial coherence map acquired in a region of fibre-like
scatterers, which produce a coherent response due to the similar phase and amplitude of the received
signals. The red ellipse is fitted to the centre of the image, with the arrow denoting the major axis
( ) of the ellipse.

The 3D map of spatial coherence over depth was then used to estimate the orientation and
anisotropy of structures in the reconstructed ultrasound volume. According to the Van CittertZernicke theorem (Mallart and Fink 1991), in a completely random medium, for instance in
fully developed speckle (i.e. scatterers of a sufficient density that have a Gaussian amplitude
distribution and are randomly positioned), the coherence is given by the spatial Fourier
transform of the ultrasound intensity distribution in the focus.
For a 2D matrix array, as was simulated in this study, this would be equal to a 2D sinc function
and result in a superelliptical-shaped spatial coherence map. Essentially, the isotropy of the
medium leads to a similar coherence value in all directions (Figure 5.2A), with slightly greater
coherence values extending in the major axes of the transducer. In contrast, in an anisotropic
medium signals will correlate more in the direction that aligns with the orientation of any
structures in the region (Figure 5.2B).
Therefore, by analysing the shape of the spatial coherence map it is possible to determine both
the (an)isotropy and orientation of structures in the region of interest. An ellipse was fitted to
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the centre of a mask, created by thresholding the spatial coherence map to 75% of its maximum
value. The fitted ellipse provides information on the orientation of the spatial coherence through
the angle ( ), relative to the x-axis, of its major axis; with possible values of

falling between

-90° and 90°.
Furthermore, the fractional anisotropy (FA) of the ellipse for a given depth could be obtained
(Özarslan et al. 2005):
ଶ

ଶ

ଶ

ଶ

Where , and are the major axis length, mean axis length and minor axis length of the ellipse,
respectively. If the medium is isotropic then

, due to the major and minor axis lengths

becoming more equal, and thus approaching the mean axis length. Whereas if

, the

major axis is significantly longer than the minor axis and the medium is more anisotropic. This
provides a measure of the reliability of angle estimates at a given depth, with a minimum FA
of 0.3 used henceforth.
5.3.4 3D strain imaging
The reconstructed volumes were separately processed using a strain imaging toolbox,
implemented in MATLAB, and developed by Lopata et al. (Lopata et al. 2009b; Lopata et al.
2011). The phantom was tracked using a single iteration 3D displacement tracking algorithm.
The cross-correlation of a kernel of 3D RF data (2.7 × 2.7 × 2.3 mm) within a larger search
region (3.3 × 3.3 × 4.7 mm) yielded the inter-frame displacements of different regions of the
volume. The results of the cross-correlation were separated into displacements in the lateral,
elevational and axial direction and smoothed with a sliding median filter.
A tracking mesh of 20 axial, 10 lateral and 10 elevational points was created within the tracked
region for the first frame. The inter-frame displacements were interpolated across the generated
tracking points for each subsequent frame and added cumulatively to the points. Normal and
shear strains in each axis were calculated by taking the spatial derivative of the tracking mesh
relative to its initial geometry, using a 3D least squares strain estimator.
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Furthermore, the principal and fibre-directional strains were calculated. The principal strains
were found by calculating the eigenvalues of the Green-Lagrange strain tensor

(formed from

the normal and shear strains), with the principle directions being the resulting eigenvectors.
୧ୠ ,

To calculate the fibre-directional strain

the in-plane angle

estimated over the depth of

the volume was converted into a direction vector and interpolated over the tracked mesh. The
out-of-plane angle was assumed to be 0°.

5.3.5 Statistics



்

Measurement error between ground truth and estimated fibre orientation and strains was
assessed by calculating the root-mean-square error (RMSE) between the measurements over
the simulated time period (i.e., systole). Additionally, the similarity between ground truth and
estimated strains was assessed by Pearson’s correlation (p).

5.4 Results
5.4.1 Ideal phantom
The accuracy of displacement tracking and strain estimation was first assessed by applying
strains of +/- 3% to the ideal phantom in the axial and lateral directions. Table 5.1 shows the
results of the strain estimation. Strain magnitudes close to the applied positive and negative
strains were estimated in the axial direction. However there was a large erroneous strain
estimated in both lateral and elevational directions (as expected). In contrast, whilst applied
positive and negative lateral strains were underestimated to a greater extent (2.66% and -2.27%
respectively), erroneous strains were markedly lower (max -0.14% in the elevational direction).
Table 5.1: Applied and estimated strains in each imaging axis. Strains were applied to the
ideal phantom and estimated through 3D strain imaging on the simulated ultrasound data.
Applied strain (%)
Measured strain (%)
Axial
Lateral
Elevational Axial
Lateral
Elevational
3
0
0
2.90
1.16
1.81
-3
0
0
-2.99
-1.27
-1.60
0
3
0
0.03
2.66
-0.14
0
-3
0
-0.02
-2.27
0
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Figure 5.3: A. Ground truth fibre orientation and fibre-directional strain in the ideal phantom (note:
axial compression line covered by axial stretch). B. Fibre-directional strain and estimated orientation
over the depth of the phantom after application of strains in the lateral and axial directions.

In the ideal phantom, root-mean square error (RMSE) between the ground-truth and estimated
(in-plane) fibre orientation was 6.66°. Figure 5.3A shows both the ground truth angle and fibredirectional strain over the depth of the phantom; the estimated angle closely follows the ground
truth value, although the step-wise change in angle of the ground truth is not reflected in the
estimated values.
The fibre-directional strain calculation was validated by finding the proportion of strain that
occurred in the estimated fibre orientation (Figure 5.3B). Fibre-directional strain magnitude for
the lateral directions was greatest, and equal to the applied strain, when the fibre angle aligned
with the x-axis (i.e. the angle was at or close to 0°). Non-zero fibre-directional strains were
estimated after strains were applied in the axial direction. Compared to the ground truth, whilst
minimum and maximum lateral fibre-directional strain is estimated with low error, the rate of
change in strain over depth is over estimated, leading to over-and under-estimation.
5.4.2 Finite element model-based phantom
The influence of the background speckle on the accuracy of fibre orientation estimation in the
FE phantom was investigated by simulating phantoms with the mean speckle amplitude at 0
dB, -10 dB and -20 dB relative to the amplitude of the fibres (Figure 5.4). With speckle at 0
dB the RMSE between the ground truth and estimated angle was 11.1°, whilst FA was below
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Figure 5.4: Influence of speckle amplitude on the accuracy of the fibre orientation
estimation. Pink-shaded areas show estimates for which the fractional anisotropy was below
the threshold of 0.3.
0.3 for much of the phantom. For simulations with speckle at -10 dB and -20 dB both RMSE
and regions with low FA were similar (RMSE 5.03° and 4.98° respectively).
Normal, fibre and principal strains, were calculated from displacements obtained from the
ground truth (the phantom) and simulated ultrasound data (Figure 5.5). Elevational and axial
(

୷

and

)

strains were greatly underestimated, shown through poor correlation and high

RMSE relative to the ground truth ( ୷ , p = 0.34, RMSE = 12.3%;

 , p = 0.51, RMSE = 29.9%).

Conversely, lateral and fibre strains correlated well with relatively low error ( ୶ , p = 0.80,

RMSE = 6.35%;

୧ୠ ,

p = 0.88, RMSE = 5.85%). When taken as the mean strain within the

entire region of interest,
truth and simulated data.

୶

and

୧ୠ

were similar in shape and magnitude for both the ground

There was good agreement between ground truth and estimated principal strains, although the
principal directions were not completely aligned. Strain curve correlation was good for all
directions, particularly the first and third principal strains (
= 0.99) RMSE was highest for the first principal strain (

ଵ,

ଵ,

p = 0.99;

ଶ,

p = 0.90;

ଷ,

p

RMSE = 15.0%), RMSE for the

second principal strain was high relative to the overall low strain amplitude (
3.93%). RMSE for the third principal strain was low (

ଷ,

RMSE = 0.86%).

ଶ,

RMSE =

Ground truth and estimated fibre angles showed good agreement during systole (Figure 5.6,
left hand plots), although estimated strains are more noisy. Transmural ground truth fibredirectional strains had the greatest magnitude at the epicardial and endocardial borders, with a
region of lower strain magnitude in the central myocardium (Figure 5.6, right hand plots).
Estimated fibre-directional strains show poor overall tracking of wall motion during systole,
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Figure 5.5: Strain during systole calculated from ground truth and simulated data, showing strain in
each axis (ex, ey and ez), fibre-directional strain (efib), and the first, second and third principal strains
(ee1, ee2, ee3 respectively).
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Figure 5.6: Change in transmural ground truth (upper) and estimated (lower) fibre angle and fibre
directional strain during systole.

with no endocardial fibre-directional strain estimated. Epicardial fibre-directional strains were
closer to the ground truth, but underestimated.

Discussion
In this study we have shown that measurement of fibre-directional strain is feasible through the
combination of measurements from two 3D ultrasound image analysis techniques, strain
imaging and backscatter tensor imaging. The feasibility of the method was assessed in
ultrasound simulations of a simple numerical phantom and a FE model of left ventricular
mechanics. Accuracy of fibre-orientation and fibre-directional strain estimation was high,
however, overall strain imaging performance was low in the FE model phantom. Finally, given
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the simulation-only format of this study, the eventual utility of the present method must still be
assessed in both ex vivo experiments and in vivo studies.
Similar simulation frameworks have been used to replicate the motion and deformation of the
ventricle in the validation of ultrasound strain imaging algorithms (Luo et al. 2009). The finiteelement model used as the basis for the present study utilised an idealised geometry and was
circumferentially symmetric. Given the small volume of the LV wall that was simulated, a more
geometrically and anatomically complex model was not necessary. However, if the present
framework was to be expanded, a more anatomically correct model (e.g., biventricular, fibre
orientations determined using diffusion-tensor MRI, etc.) would allow detailed validation of
fibre orientation and strain at regions of interest in the LV, particularly septal wall and apex.
5.4.3 Fibre orientation
Good agreement in fibre orientation estimation has previously been shown by both Papadacci
et al. (Papadacci et al. 2017), who validated the present method using histology of ex vivo
porcine myocardium, and Ramalli et al. (Ramalli et al. 2018) in ultrasound simulations. The
former estimated orientation from coherently compounded volumes of ultrasound data, whilst
the latter used un-reconstructed channel data. The present study introduced a confounding
factor to the simulations; out-of-plane rotation of the fibres (also present in the ex vivo tissue
samples).
In comparison to Papadacci et al., the aim of the present study was to estimate the general fibre
orientation at a given depth, rather than determine the disarray of cardiac fibres. Similarly, the
fractional anisotropy was employed here to give a measure of the reliability of estimates (i.e.
how spatially coherent reflections at a given depth were), rather than as an additional measure
of fibre disarray.
Significant challenges will be faced in performing accurate estimation of fibre orientation in
vivo: the method relies on a good quality, high SNR signal received by each element for
accurate results. At present, ultrasound systems that can acquire these signals simultaneously
in all elements remain expensive and their use is limited to laboratory or sparse
volunteer/clinical measurements. The volume rate specified is achievable on current research
systems with up to 49 steering angles compounded per volume.
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Additionally, the transducer configuration used in this study would be unable to accurately
measure the fibre orientation in a trans-thoracic echo. In adults, the distance between the
transducer and LV wall is typically greater than 40 mm, and therefore outside the depth at which
it appears orientation can be accurately estimated. Notably, the validation of fibre orientations
in the study by Papadacci et al. was performed at a depth of 15 mm with the histological samples
being 25 mm thick, i.e., within the accurately estimated depth range. This means use of the
method is restricted to in vitro or ex vivo experimental setups, such as those used in (Ferraiuoli
et al. 2019a; Chapter 4), until larger aperture matrix-array transducers with individually
addressable elements are available.
It is unlikely that use of diverging waves would increase the maximum depth at which fibre
orientation could be accurately estimated; at larger depths, the relative difference in
insonification angle for a given point in the volume will be lower; and, given the method’s
reliance on a high SNR, diverging waves would lower the intensity throughout the volume
(although allowing an overall larger volume to be imaged).
5.4.4 Strain imaging and fibre-directional strain
There was a large amount of error between the ground truth and estimated strains,
predominantly when displacements occurred in the axial direction. In all cases displacements
were underestimated, meaning poor tracking of the phantom lead to inaccurate estimation of
strains. However, the good agreement of estimated principal strains shows that the invariants
of the strain tensor were captured relatively well. It is likely then that displacement estimates in
the normal directions are too noisy, resulting in the large error in normal strains. Only if the
strain occurring in other directions is taken (i.e., principal & fibre-directional strains) are the
ground truth strains more accurately replicated. This is evidenced by the principal directions,
particularly of the first principal strain. In the ground truth data this is aligned with the axial
direction, whilst the estimated first principal direction is around 30° off-axis, in the positive
lateral direction.
Fibre-directional strain has previously been calculated by combination of diffusion-tensor and
3D strain-rate tensor MRI (Tseng et al. 2006). However, this requires measurement of fibre
orientation and strain over multiple cardiac cycles, which may not be feasible on patients with
mechanical dyssynchrony. Park et al (Park et al. 2016) calculated myocardial fibre-direction in
samples obtained from rats by use of 3D ultrasound strain imaging combined with biaxial
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testing. By calculating the Green-Lagrange strain-tensor and boundary stresses, the fibre
orientation could be determined with high accuracy.
By calculating strain in the fibre direction the active strain occurring due to the contraction of
the muscle can be estimated. Additionally, the manner in which myocardial strain is calculated
can be (further) standardised, since cardiac myofibers generally have the same orientation
distribution patient to patient. Out-of-plane motion and misalignment of the imaging axis leads
to error in strain calculation, which could be counteracted through the present approach,
whereby the direction in which strain is calculated is found via the data, rather than being reliant
on the skill of the sonographer.
Further studies are needed, initially in in vitro or ex vivo models, to determine the real world
accuracy and utility of the present method. Of particular interest are pathological scenarios, for
instance infarcted tissue (in which myofiber disarray could also be investigated) or LV
mechanical dyssynchrony. If the performance of the method can be proven then studies in
patients will be performed, e.g. in patients with chronic heart failure to investigate whether
anatomic and functional changes can be followed over time.
5.4.5 Limitations
The small aperture size of the simulated transducer meant that accurate fibre orientation
estimation was only possible to around 40 mm; this required the phantom to be positioned closer
to the transducer than would be possible in vivo. The representation of myofibers in this study
(specifically the stepwise change in orientation and fixed fibre shape, thickness and spacing in
the ultrasound simulations) is highly simplified, with both the structure and manner of
simulating the change in transmural orientation during systole not accurately reflecting the true
nature of the myocardium. This is a limitation of simulation studies. Accurately modelled fibres
would require orders of magnitude more dense phantoms to replicate the microscopic structure.
These simplifications caused the poor strain imaging performance: the spatially coherent
signals from the myofibers are represented by high amplitude, regularly spaced scatterers.
These disrupt the tracking portion of the algorithm by creating a periodic signal throughout the
phantom. Strain imaging relies upon the unique signals of the speckle within the kernel to track
tissue movement from frame to frame. If there are periodic signals of similar amplitude within
the radiofrequency data, then decorrelation will occur. This issue is a limitation of the present
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study but not of ex vivo or in vivo data, therefore the strain imaging portion of the method will
perform equally or more accurately in future studies.
5.4.6 Conclusion
We have shown that simultaneous measurement of LV wall strains and fibre direction is
possible in ultrasound simulations based on a finite-element model of LV mechanics.
Combination of these measurements allows the estimation of fibre-directional strain, the
direction in which local contraction actively occurs in the cardiac muscle. Fibre direction was
estimated accurately in our model, although simplifications made to the model to reduce
computational time lead to inaccurate estimation of normal strains. Despite this, good
agreement was found between ground truth and estimated fibre-directional and principal strains.
Real-world testing of the method in experimental setups is needed to investigate the utility of
the method in pathological scenarios. However, fundamental issues with currently available
ultrasound probes precludes the method’s ability to accurately determine fibre orientation in
vivo, as it presently exists.
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6. Echocardiographic
Assessment of Left Bundle
Branch Related Strain
Dyssynchrony
A Comparison with Tagged MRI

This chapter is based on: Fixsen LS, de Lepper AGW, Strik M, van Middendorp LB, Prinzen
FW, van de Vosse FN, Houthuizen P, Lopata RGP. Echocardiographic Assessment of Left
Bundle Branch–Related Strain Dyssynchrony: A Comparison With Tagged MRI. Ultrasound
in Medicine and Biology 2019
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6.1 Abstract
Recent studies have shown the efficacy of myocardial strain estimated using speckle tracking
echocardiography (STE) in predicting response to cardiac resynchronisation therapy. This study
focuses on circumferential strain patterns, comparing STE-acquired strains to tagged-MRI
(MRI-T). Secondly, the effect of regularisation was examined.
Two-dimensional parasternal ultrasound (US) and MRI-T data were acquired in the left
ventricular short-axis view of canines before (n=8) and after (n=9) left bunch branch block
(LBBB) induction. US-based strain analysis was performed on DICOM data at the mid-level
using three overall methods (‘Commercial software’ ‘Basic block-matching’, ‘regularised
block-matching’). Moreover, three regularisation approaches were implemented and compared.
MRI-T analysis was performed using SinMod. Normalised regional circumferential strain
curves, based on standard six or septal/lateral segments, were analysed and cross correlated
with MRI-T data. Systolic strain (SS) and septal rebound stretch (SRS) were calculated and
compared.
Overall agreement of normalised circumferential strain was good between all methods on a
global and regional level. All STE methods showed a bias (≥4% strain) toward higher SS
estimates. Pre-LBBB, septal and lateral segment correlation was excellent between the Basic
(mean ρ=0.96) and regularised (mean ρ=0.97) methods and MRI-T. The Commercial method
showed a significant discrepancy between the two walls (septal ρ=0.94, lateral ρ=0.68).
Correlation with MRI-T reduced between pre- and post-LBBB (Commercial ρ=0.79, Basic
ρ=0.82, mean regularised ρ=0.86). Septal strain patterns and SRS varied with the STE software
and type of regularisation, with all STE methods estimating non-zero SRS values pre-LBBB.
Absolute values showed moderate agreement, with a bias for higher strain from STE. SRS
varied with the type of software and extra regularisation applied. Open efforts are needed to
understand the underlying causes of differences between STE methods before standardisation
can be achieved. This is particularly important given the apparent clinical value of strain-based
parameters such as SRS.

6.2 Introduction
Left bundle branch block (LBBB) leads to mechanical dyssynchrony resulting in reduced
cardiac performance. Despite the success of cardiac resynchronisation therapy (CRT) in these
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patients (McMurray et al. 2012), it remains challenging to identify optimal inclusion criteria for
CRT candidates, with the percentage of non-responders between 20 and 40% (Holzmeister and
Leclercq 2011). Current guidelines focus on the electrical substrate and state that a patient
should have an elongated QRS complex and a left ventricular (LV) ejection fraction (LVEF) ≤
35% to be considered for CRT (Brignole et al. 2013).
Numerous echocardiographic techniques have been used to predict CRT response by
quantifying mechanical dyssynchrony. Most techniques use timing indices to estimate
dyssynchrony, acquired using tissue Doppler imaging (TDI), pulsed Doppler or speckle
tracking echocardiography (Achilli et al. 2006; Ghani et al. 2015a) (STE). However, the large
PROSPECT trial showed that these indices had little predictive ability (Chung et al. 2008).
Other indices based on strain amplitude or patterns have been proposed, estimated using taggedMRI (Kirn et al. 2008) (MRI-T), and more recently, STE (De Boeck et al. 2009). Studies have
shown the possible predictive value of STE-based strain(Maréchaux et al. 2014; Risum et al.
2012), global longitudinal strain (D’Andrea et al. 2009) (GLS) and activation pattern (Bunting
et al. 2016). Whilst MRI-T has been successfully used in the estimation of mechanical
dyssynchrony, routine clinical use of MRI-T has been precluded by complex acquisition
protocols, processing and high costs. In contrast, STE can be performed on data acquired as
part of a standard echocardiographic exam, although expertise is needed in processing and
interpretation.
Despite numerous improvements since STE’s introduction, the technique still suffers from a
lack of standardisation (Badano et al. 2013). Progress has been made recently with a taskforce
established to correct this (Voigt et al. 2015), with a focus on GLS (D’hooge et al. 2016).
Problems in standardisation stem partially from the closed nature of commercial software. The
exact methods used by the software in strain estimation and regularisation are developed by
each vendor and are proprietary information (Singh et al. 2010). Furthermore, some software
only use DICOM acquired using the vendor’s hardware, making direct comparisons
cumbersome. Although early publications for some software are available (Rappaport et al.
2006), development of these software has continued in the intervening years.
Thus far, the majority of LBBB strain analysis research using STE has been performed on
longitudinal strain. This is due to its lower inter- and intra-observer and inter-vendor variability,
when compared to circumferential or radial strain (Badano et al. 2013). However,
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circumferential strain has been shown to be more sensitive to dyssynchrony than longitudinal
strain (Helm et al. 2005). Additionally, circumferential strain may enable detailed analysis of
septal strain patterns (Han et al. 2010). Interestingly, a recent study comparing circumferential
strain patterns obtained using STE in LBBB patients found poor agreement between
commercial STE software and MRI-T (van Everdingen et al. 2018). We hypothesised that this
poor agreement could be due to elements of the software (regularisation for example), rather
than problems with STE itself.
Therefore, in this study we further examined the feasibility and value of STE-based
circumferential strain for LBBB identification in a validation with MRI-T. Similarities of
regional strain patterns were assessed in the myocardium of canines before and after LBBB,
using both academic and commercial STE algorithms. Furthermore, we determined the key
limiting factors precluding the use of circumferential strain in the assessment of LBBB-type
contraction patterns.

6.3 Materials and methods
6.3.1 Canines
A previously acquired dataset of two-dimensional B-mode ultrasound and MRI-T images in 13
adult mongrel dogs of either sex and unknown age was used in this study (Strik et al. 2013).
This dataset included images of the left ventricle before (pre-LBBB, n=8) and after (postLBBB, n=9) LBBB was induced. Anaesthesia was induced using pentothal and maintained
through intravenous infusion of midazolam (0.25 mg/kg per hour) and sufentanil (3 µg/kg per
hour). LBBB was created through radiofrequency ablation of the proximal left bundle branch
within the basal septum, thus inducing dyssynchronous activation of the septal and
posterolateral wall. Animal handling was performed according to the Dutch Law on Animal
Experimentation and the European Directive for the Protection of Animals Used for Scientific
Purposes (Directive 2010/63/EU). The protocol was approved by the Animal Experimentation
Committee of Maastricht University.
Right ventricular (RV) and LV pressures were measured simultaneously with manometer tipped
catheters positioned in each ventricle. Surface electrocardiogram (ECG) was acquired via limb
leads. Inter-ventricular mechanical dyssynchrony (IVMD) was derived from ventricular
pressure and ECG (Verbeek et al. 2002). LV end-diastolic and end-systolic dimensions were
calculated from biplane cine MRI images.
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Figure 6.1: A: Example short-axis MRI-T image of a canine heart during mid-systole, with
combined vertical and horizontal tag-lines. B: Six-segment representation, MA, mid-anterior;
MAL, mid-anterolateral; MIL, mid-inferolateral; MI, mid-inferior; MIS, mid-inferoseptal; MAS,
mid-anteroseptal. C: Lateral and septal wall segments. The right ventricle was not included in the
analysis. D: Example B-mode US image of the canine LV.

6.3.2 Tagged-MRI
Sequences of cine and tagged MRI images were acquired using a 1.5 T Philips Intera MRI
scanner (Philips Healthcare, Best, Netherlands), in combination with a SENSE cardiac coil, at
a temporal resolution of 15 milliseconds. MRI-T images were acquired with a prospectively
triggered gradient echo planar imaging sequence, yielding short-axis views at 7 points along
the LV from apex to base, with both horizontal and temporal tag line patterns. Each acquisition
was terminated after 540 milliseconds due to the dispersion of tag lines. End points of
acquisitions varied between mid-diastole and end-diastole because of differences in heart rate.
MRI and US data were acquired on the same day.
MRI data were analysed using SinMod (Arts et al. 2010) (Maastricht University, Maastricht,
Netherlands), a MRI-T displacement estimation toolbox implemented in MATLAB (MATLAB
version 9.2, 64-bit, The Mathworks Inc., Natick, MA, USA). For each short-axis slice, the
cavity and epicardium were segmented manually and the posterior and anterior septal insertion
of the RV free wall were defined. Slices that included the papillary muscles were selected and
displacements within each image were estimated, an example MRI-T image at this level can be
seen in Figure 6.1A. Circumferential strain was calculated based on the displacement maps for
each slice and averaged into a single bullseye-style plot. The estimated strain maps were
separated into the standard six-segment and a lateral-septal wall arrangement, seen in Figure
6.1B and C.
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6.3.3 Ultrasound
6.3.3.1 Acquisition
Two-dimensional ultrasound DICOM images (434x636 pixels) were acquired of the canine LV,
whilst under anaesthesia, using a GE Vivid5 ultrasound machine (GE Vingmed Ultrasound,
Norten, Norway). A GE PA2-5 phased array transducer (3 MHz centre frequency, 75 degree
opening angle, 90 frames-per-second), was used to image the short-axis of the LV at the level
of the papillary muscle. Care was taken to have a high quality image with a clear endocardial
border definition, as seen in Figure 6.1D.
6.3.3.2 Speckle tracking
Speckle tracking involves tracking regions of speckle, an interference pattern that occurs when
ultrasound is reflected by point scatters, the appearance of which is determined by the imaging
position and probe. Optical flow techniques such as windowed cross-correlation are able
estimate local changes in the pattern over time, and therefore underlying tissue movement. The
precision and accuracy of these techniques is heavily dependent on frame rate and image
quality, which can be affected by axial and lateral resolution, the type of US data
(radiofrequency or B-mode), shadowing and imaging depth. Cardiac applications of speckle
tracking are particularly challenging due to the typically poor image quality, as well as the rapid
movement and deformation of the heart, both within and outside the imaging plane.
Ultrasound DICOM data were processed using two speckle-tracking methods: in-house
developed STE software ‘Basic’; and commercial software ‘Commercial’. In order to evaluate
the impact and effect of regularisation (through filtering of spatial and temporal data) three
techniques were applied to the Basic software: ‘Median’, ‘Fourier’, and ‘Cubic’, these are
explained in ‘Regularised methods’. Identical US data were analysed by each speckle-tracking
method. The Basic algorithm provides the most rudimentary tracking data possible. Next,
regularisation was added for spatial and temporal filtering of outliers. Finally, the commercial
software was used, known to be heavily regularised although being a ‘black-box’. Many other
combinations of commercial and academic software are possible. However, in order to maintain
clarity within the present study, these options were selected.
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6.3.3.3 Timing definitions
Mitral valve closure (MVC) was used to define the start and end of each cardiac cycle, i.e. at
end-diastole (Amundsen 2015; Voigt et al. 2015). For the Basic and regularised methods
corresponding US frames were selected manually. The commercial software did not allow the
start point to be selected: data were shortened to the point of MVC afterwards, based on the
ECG data.
The end of contraction, end-systole, was defined as the point of aortic valve closure (AVC).
However, in dyssynchronous hearts the end of contraction often does not occur at the same time
as AVC.
6.3.3.4 Basic method
The Basic method was implemented in MATLAB, previously described by Lopata et al (Lopata
et al. 2009b). The endocardium and epicardium, just inwards of the pericardium, were manually
segmented to generate a mesh of 11 radial and 91 circumferential coordinates around the
ventricle wall, i.e., a local coordinate system. The STE method uses ‘coarse-to-fine’ 2-D blockmatching to calculate the cross-correlation function of windows of image data between frames,
and therefore estimate the inter-frame displacements. A large template of B-mode DICOM data
(51x51 pixels) is used in the first iteration, resulting in a coarse displacement field. These initial
displacements are input to the second iteration, where the template is reduced to a quarter of its
original size (25x25 pixels) and final displacements are obtained. The displacements were then
used to track each point of the segmented mesh over the cardiac cycle. Circumferential strain
was calculated by taking the spatial derivative of the deformation of the mesh in the
circumferential direction, relative to the first frame, using a least-squares strain estimator.
The anterior septal insertion of the RV free wall was defined and strains were averaged into the
six segments. Lateral and septal wall strain was calculated by averaging the points within the
mid-anterior and mid-inferior lateral and septal segments. Drift compensation was not applied
to the Basic or regularised methods.
6.3.3.5 Regularised methods
Regularisation is a process used in STE software which, in a simple implementation, consists
of the filtering and smoothing of results (i.e. estimated displacement) in order to make them
both more interpretable and reproducible. More complex implementations aim to regularise the
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geometry or deformation applied to a geometry based on a priori knowledge, which can fail in
the case of a severe pathology. An important consideration in implementing regularisation
methods is the trade-off between variance and bias within estimates; under-fitting leads to a
low variance (i.e. multiple similar estimates) but a higher degree of bias toward incorrect
estimates. This is could be because the regularisation does not take the underlying mechanics
into account accurately and is too loosely defined. Over-fitting occurs when an algorithm is too
rigid to respond to new data. The algorithm will perform very well on training data, but poorly
elsewhere.
Regularisation is particularly necessary in the case of 2-D cardiac STE: the geometry specified
is observer-specific if it is manually segmented; furthermore, the deformation within a 2-D
imaging plane is estimated, whilst the heart itself deforms in three dimensions(Badano et al.
2013). Therefore, the through-plane motion of the myocardium is often the greatest source of
error in STE. Care must be taken not to over-fit the data however, especially in the instance of
dis-coordinated deformation as is the case in hearts with LBBB (Prinzen et al. 1999).
As part of the assessment of circumferential strain, three regularisation approaches were
implemented and applied to the results of the Basic method. A windowed-median filter,
‘Median’, was implemented which filtered the estimated per-frame displacements, in the
second iteration of the Basic algorithm, with a moving window of 15 by 7 pixels.
The second method, ‘Fourier’, consisted of a Fourier curve-fit of the inner and outer contours
of the mesh. The manually segmented contours (x and y coordinates) of the first frame were
decomposed into five Fourier coefficients that together describe the geometry as a series of
periodic signals. The three high-order coefficients were fixed at their original values for every
frame. The two lowest order coefficients were calculated with a least-squares curve fit of the
inner and outer contours for each frame. Per-frame tracking points were then calculated by
using the resulting fitted and fixed coefficients. Hence, the contours were able to deform, but
maintained the initial geometry, reducing the number of errant tracking points. Circumferential
strains were estimated based on the deformation of the contours, and averaged into the six
segments and the lateral and septal segments.
The third approach, ‘Cubic’, consisted of spatial and temporal cubic spline smoothing (Pollock
1999) of the inner and outer contours of the mesh. This method is used in the Commercial
software in conjunction with an image quality based weighting algorithm (Moen et al. 2013),
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although the latter was not implemented in this study. Spatial smoothing was applied to the
points of the mesh per frame, whilst temporal smoothing was applied to each point in turn over
the entire frame series.
6.3.3.6 Commercial software
Data were loaded into the commercial software (EchoPac PC, version 110.1.7, 2012, GE
Vingmed Ultrasound, Norten, Norway). Rather than tracking 2-D blocks of pixels across the
whole image, as in the Basic software, the software tracks individual bright features within the
image (Rappaport et al. 2006). The start and end points of the heart cycle were automatically
selected. The LV was manually defined and a region-of-interest (ROI) generated by the
software. The ROI was then user-adjusted such that it covered the thickness LV wall, inward
of the pericardium. After segmentation, the six pre-defined segments were rotated, such that
the point between the mid-anterior septum and mid-anterior segment’s aligned with the anterior
septal insertion of the RV free wall (Figure 6.1B). The position of each segment was compared
to those in the Basic software to ensure alignment between methods. Default settings for
temporal filtering, spatial filtering and drift compensation were used (centre of user-selectable
range, no values given, drift compensation was automatically applied).
6.3.4 Statistical analysis
Strain curves were cross-correlated over the matching portions of each cycle to analyse their
similarity. Each curve was first normalized by addition of its minimum value and subsequent
division by its maximum value, meaning all values were in a range between 0 and 1. STEestimated curves were down-sampled to match the MRI sample-rate, resulting in coarser strain
curves over time. This did not affect strain estimates as the sample-rate remained sufficient.
Due to differences in timing definitions between the methods, curves of mean strain across all
segments were cross-correlated to ensure temporal alignment. Linear correlation (Pearson’s)
was performed between the aligned segmental strain curves to find the correlation coefficient
(ρ). The statistical significance of the change in correlation between segments pre- and postLBBB was found with a two-tailed two-sample t-test (significance level 0.05).
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Figure 6.2: Flowchart of strain pattern comparison process, resulting in Bland-Altman plots and
tables of correlations.
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Absolute strain values were compared by calculating systolic strain (SS), i.e., the absolute
difference between minimum and maximum mean strain per beat (van Everdingen et al. 2015).
SS is inclusive of the pre-stretch seen in the lateral wall during LBBB, whereas other parameters
such as peak systolic strain exclude this part of the strain pattern. Systolic strain estimates from
all STE types were compared to MRI-T through Bland-Altman plots. A flowchart of the overall
comparison process can be seen in Figure 6.2.
Pre- and post-LBBB septal strain patterns were compared through septal rebound stretch (SRS)
(De Boeck et al. 2009). SRS was calculated as the sum of systolic stretch post-contraction
(MVC) and prior to AVC. SRS values were compared by calculating the two-tailed Pearson
correlation coefficient (R).

6.4 Results
Of the thirteen canines, full imaging data were available for four canines both pre- and postLBBB. Solely pre- and post-LBBB acquisitions were available in four and five canines,
respectively. Table 6.1 shows hemodynamic measurements taken during the pre- and postLBBB acquisitions. A reduction was found in the magnitude of minimum and maximum LV
dP/dt between canines pre- and post-LBBB. IVMD increased in magnitude (average of 33 ms).
QRS duration post-LBBB was twice the QRS duration pre-LBBB. The classical threshold of
120 msec for LBBB was not met as the canine heart is much smaller than the human heart,
resulting in shorter conduction delays.
Table 6.1 Haemodynamic measurements pre-LBBB and post-LBBB
Haemodynamic
Pre-LBBB (n=8) Post-LBBB
p-value
measurement
(n=9)
Heart rate (beats per minute) 96±8
101±23
0.417
Maximum LV dP/dt (mmHg) 1998±249
1286±296
<0.001
Minimum LV dP/dt (mmHg) -2195±177
-1559±362
<0.001
End-systolic pressure
95±10
83±17
0.017
(mmHg)
End-diastolic pressure
6±2
7±5
0.577
(mmHg)
IV mechnical dyssynchrony
-6±4
-39±10
<0.001
(ms)
QRS duration (ms)
51±4
102±14
<0.001
LV end-diastolic volume (ml) 56.6±6.0
90.3±29.1
0.121
LV end-systolic volume (ml) 23.1±2.2
43.9±12.6
0.045
LV ejection fraction (%)
59.0±2.7
50.9±5.1
0.026
IV, inter-ventricular.
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0.75
0.69
0.65
0.80
0.71
0.79
0.87
0.79
0.95
0.33
0.23
0.27
0.11
0.22
0.33
0.08
0.19
0.04

Commercial
Median
IQR
0.83
0.30
0.56
0.44
0.55
0.81
0.66
0.42
0.91
0.10
0.90
0.10
0.69
0.45
0.94
0.07
0.98
0.02
0.82
0.91
0.92
0.84
0.73
0.81
0.95
0.81
0.95
0.28
0.17
0.10
0.33
0.25
0.28
0.08
0.26
0.05

Basic
Median
IQR
0.90
0.08
0.89
0.08
0.94
0.18
0.90
0.05
0.88
0.12
0.95
0.05
0.98
0.05
0.94
0.06
0.99
0.03
0.83
0.90
0.91
0.83
0.73
0.81
0.95
0.82
0.95
0.27
0.15
0.10
0.32
0.30
0.28
0.06
0.27
0.05

Median
Median
IQR
0.93
0.08
0.89
0.09
0.93
0.21
0.90
0.07
0.89
0.11
0.95
0.05
0.98
0.04
0.95
0.05
0.99
0.02
0.91
0.90
0.92
0.83
0.74
0.71
0.95
0.88
0.95
0.28
0.08
0.15
0.10
0.32
0.26
0.08
0.26
0.05

Fourier
Median
IQR
0.95
0.07
0.95
0.05
0.93
0.17
0.88
0.14
0.89
0.08
0.94
0.04
0.98
0.08
0.96
0.05
0.99
0.02
0.83
0.86
0.92
0.76
0.75
0.83
0.93
0.89
0.96

0.22
0.13
0.11
0.35
0.28
0.27
0.09
0.29
0.05

Cubic
Median
IQR
0.96
0.12
0.92
0.09
0.90
0.15
0.85
0.23
0.91
0.06
0.95
0.03
0.97
0.04
0.97
0.05
0.99
0.02

MA, mid-anterior; MAL, mid-anterolateral; MAS, mid-anteroseptal; MI, mid-inferior; MIL, midinferolateral; MIS, mid-inferoseptal.

Pre-LBBB
MA
MAL
MIL
MI
MIS
MAS
Lateral wall
Septal wall
Avg. all segments
Post-LBBB
MA
MAL
MIL
MI
MIS
MAS
Lateral wall
Septal wall
Avg. all segments

Table 6.2 Median and interquartile range of correlation between segmental circumferential strain
curves for each STE method and MRI-T
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6.4.1 Comparison of circumferential strain

Table 6.2 shows full results of the Pearson’s correlation between the normalized segmental

strain curves of each STE method and MRI-T. Good correlation with MRI-T is seen across the

six segments pre- and post-LBBB, in the majority of cases. Moderate correlation (ρ = 0.55/0.56)

is seen in the lateral wall segments of the commercial method pre-LBBB, post-LBBB

correlation is improved (ρ = 0.69/0.65, p < 0.05). Between pre- and post-LBBB, correlation is
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Figure 6.3: Bland-Altman plots of mean circumferential systolic strain (SS) pre-LBBB (black) and
post-LBBB (grey) comparing STE to tagged-MRI (MRI-T). Dashed lines represent the 95%
confidence interval, whilst the mean difference is represented by the straight lines

reduced around the LV for the Basic and regularised methods, with the most pronounced
reduction found in the septal segments (ρ > 0.89 to ρ < 0.81, p < 0.05).
All methods show a reduction in correlation after LBBB induction in the septal wall, with the
Commercial method having the greatest reduction (p < 0.05) and the Cubic method the lowest
(p < 0.05). The Basic and regularised methods perform similarly to pre-LBBB in the lateral
wall with a small reduction in correlation (not significant). Conversely, the Commercial method
shows improved correlation with MRI-T in the lateral wall (p < 0.05). Correlation of average
strain is good for all methods pre- and post-LBBB. Both the Fourier and Cubic method showed
significant improvement in correlation over the Basic method in the septal wall (p < 0.05).
Bland-Altman plots of systolic strain pre- and post-LBBB are shown in Figure 6.3. The Basic
and regularised methods have lower differences with MRI-T than the Commercial method,
except in the lateral wall post-LBBB. Whilst the Basic and regularised methods show
systematic over-estimation of strain compared to MRI-T (>4% SS), there is greater variability
for the Commercial method, except in the lateral wall post-LBBB (lateral post-LBBB 1% SS,
all others >5%). Additionally, the Commercial method shows greater bias toward high strain
values in the septum. Post-LBBB, the difference with MRI-T is increased in all cases except
the lateral wall of the Commercial method.
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Figure 6.4: Aligned and normalised septal wall strain patterns before and after LBBB induction.
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Figure 6.5: Bland-Altman plots of septal rebound stretch (SRS) for each method
comparing each US method to tagged-MRI (MRI-T).
6.4.2 Septal strain patterns and SRS
Figure 6.4 shows septal wall circumferential strain curves in all canines pre- and post-LBBB.
Curves show generally similar patterns with some key differences, particularly post-LBBB. Of
the 9 post-LBBB canines, 7 exhibit LBBB-type septal strain patterns, i.e. double peaked systolic
shortening. SRS amplitude varies between methods, most clearly visible in Figure 6.4I and
6.4Q. The septal flash amplitude varies with the type of regularisation used (4N and 4Q).
Figure 6.5 shows Bland-Altman plots of SRS for each STE method compared to MRI-T. PreLBBB a solely positive difference is seen, as MRI-T SRS remains at or close to 0, whilst the
STE methods estimates of SRS range from 0% to 4.8%. Post-LBBB estimates of SRS vary
more between the US methods and MRI-T. In particular, variation is seen depending on the
form of regularisation used, as well as the underlying STE software.
Correlation of SRS values between methods (Table 6.3) showed minor to moderate negative
correlation between MRI-T and the STE methods pre-LBBB. However, minor to good
correlation was found post-LBBB.
Table 6.3 Septal rebound stretch correlation between tagged-MRI and STE methods
Commercial

Basic

Median

Fourier

Cubic

Pre-LBBB

-0.609

-0.158

-0.165

-0.128

-0.164

Post-LBBB

0.275

0.646

0.508

0.867

0.822
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6.5 Discussion
This study had two aims: firstly, to assess the feasibility of using STE-acquired circumferential
strain in the assessment of strain patterns pre- and post-LBBB, in a validation against MRI-T;
and secondly, to evaluate different speckle-tracking and regularisation methods in the
determination of LBBB-type septal strain patterns and parameters. We have shown that
circumferential strain curves obtained using different STE methods correlate well with MRI-T,
although correlation reduced post-LBBB. Differences were seen on a regional level, based on
the type of STE software used. Different forms of regularisation had a minor effect on
correlation with MRI-T. All methods exhibited similar LBBB-type patterns in the septal wall
post-LBBB, with the type of STE algorithm and regularisation influencing the magnitude of
SRS.
Whilst the measured increase in QRS complex duration obtained via ECG in the post-LBBB
canines did not satisfy the clinically defined threshold in humans, the QRS duration was
significantly increased and represents a severe LBBB in canines.
6.5.1 Comparison of circumferential strain
Overall agreement of normalised circumferential strain patterns obtained with the STE methods
and MRI-T was very good, with correlations generally comparable between the Commercial,
Basic and regularised methods. Whilst overestimation was seen in systolic strain, this was
consistent across all STE methods. When compared to literature, MRI-T underestimated
circumferential strain by 10-20% (Villarreal et al. 1988). Each STE method correlated
excellently with MRI-T in estimating global circumferential strain (GCS) at mid-ventricular
level, this agrees with the widespread success of global strain measures (e.g. GLS) in clinical
practice (Kalam et al. 2014), as errors in regional strain are averaged out.
Previous studies have compared the results of STE and MRI-T. Amundsen et al. validated STE
(Amundsen et al. 2006), demonstrating its superiority over TDI in non-invasively estimating
GLS and GCS. Amzulescu et al. found good agreement in GLS and GCS, albeit with a
significant bias in regional strains, and determined they should not be used clinically
(Amzulescu et al. 2017). Most recently, van Everdingen et al. compared strain correlation and
different parameters of ventricular discoordination (i.e. SRS), concluding that these parameters
showed improved agreement over timing-based parameters of dyssynchrony or regional strain
(van Everdingen et al. 2018).
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These studies identified differences in strain estimation technique, and confounding factors
such as mismatched imaging planes, as being an important factor in the agreement of regional
strain estimates. The present study’s most significant contributions is the investigation into the
use of regional circumferential strain and the causes of discrepancies, in particular
regularisation, as to our knowledge no study has investigated the issue of regularisation
specifically.
In the majority of segments, regularisation did not significantly affect the correlation between
MRI-T and our STE implementation. A likely explanation for this is that the regularisation
techniques we implemented make use of only information within the US data, meaning the
estimated deformation pattern will not significantly differ. The Median regularisation removes
outliers during displacement estimation, whilst both Fourier and Cubic regularisation perform
spatial and temporal filtering, albeit in different manners. However, some differences were seen
between regularisation methods pre- and post-LBBB. This is most prominent for the Fourier
method in the septal segments, where correlation was significantly reduced. The Fourier
regularisation is applied spatially and temporally, such that the initial geometry is maintained.
Post-LBBB non-uniform deformation occurs, particularly in the septum, thereby changing the
geometry.
The relatively high US frame rate of 90 frames-per-second likely led to less pronounced
differences between all regularisation techniques, including the commercial software. Part of
the rationale for adding regularisation is to counteract the effect of low frame rates, which can
result in inaccurate estimation of displacement and therefore inaccurate strain estimates. On the
other hand, a high frame rate should not negatively influence regularised strain estimates, given
that more data is available from which to determine per frame displacement.
Poor correlation was seen in the lateral wall segments prior to LBBB induction for the
Commercial software. A possible cause of this is the displacement estimation algorithm used
by the software: the algorithm focuses on tracking individual bright points within the image.
As can be seen in Figure 6.1D, reflection at the epicardial border leads to a region of very bright
speckle next to the lateral wall segment. Whilst care was taken to place the ROI inward of this
bright region, it is possible that the tracking was still influenced. Another possible influence is
that the commercial software adjusts the level of spatial and temporal filtering based on
(unknown) image quality metrics.
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The limited number of canines with both baseline and LBBB data meant that only statistical
comparison between groups was possible, rather than for each canine across the cohort. A
possible source of error when comparing MRI-T and STE was a difference in imaging plane.
A single imaging plane at mid-ventricular level was used in STE analysis, whilst multiple shortaxis slices at the mid-ventricular level were used in MRI-T strain estimation. Additionally,
circumferential strain estimates obtained with STE are more observer specific and less robust
than longitudinal strain (Badano et al. 2013; Singh et al. 2010), which could amplify the
variability. Lastly, all images were of a very good quality, which is not guaranteed in clinical
ultrasound.
6.5.2 Septal strain patterns and SRS
Septal strain patterns were comparable between the methods but with large differences in the
degree of septal rebound in some cases. These differences are important due to the septal
pattern’s possible utility in predicting CRT response (Maréchaux et al. 2014; Risum et al. 2012).
We found that estimates of SRS were highly influenced by changes in STE software, similarly
to the findings of others (van Everdingen et al. 2017). SRS was more moderately affected by
regularisation. The rebound of the septum can be a subtle or abrupt change in deformation
pattern, up to 0.5-7% of total stretch in one or two peaks depending on the type of LBBB (De
Boeck et al. 2009). Therefore, accurate motion tracking is susceptible to changes due to
filtering, window sizes and other settings. Whilst regularisation of the Basic method did not
bring the results more in line with the Commercial method, this can be explained by the
differences in the underlying displacement estimation algorithm.
Clear differences were seen in SRS between MRI-T and the STE methods pre-LBBB: MRI-T
estimates were 0% (or effectively 0%), as should be the case prior to LBBB induction; however,
all STE methods estimated an SRS of 0.5% or higher in half of cases. This caused the negative
correlation in SRS pre-LBBB; in the majority of cases due to a small septal wall pre-stretch
(Figure 6.4). Agreement was largely improved post-LBBB, particularly for the
Basic/regularised methods. However, non-zero estimates of SRS pre-LBBB are a significant
drawback for STE when compared to MRI-T.
A cause of the low accuracy of STE in estimating circumferential SRS (and circumferential
strain in general) is the lower lateral resolution of ultrasound: circumferential deformation of
the myocardium in the septal wall occurs across the ultrasound lines. Errors due to so-called
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‘peak-hopping’ or de-correlation in displacement estimation in the image can propagate and
lead to the inaccurate estimation of strain in the lateral direction. Prominent shadowing in the 5
and 7 o’clock regions leads to further decorrelation. Lastly, attenuation of backscattered
ultrasound by the circumferential myofibres reduces the overall received signal at the
transducer.
The Basic method has previously been validated using in silico and in vitro phantoms (Lopata
et al. 2009b). An in vitro phantom that would reflect the complex strain pattern seen in hearts
with LBBB does not exist, although an in silico phantom could be generated using an
electrophysiological cardiac model in combination with ultrasound simulation software. The
previously acquired dataset of a canine LBBB model used in this study was an excellent
biological model for the purposes of the present study. LBBB was the only pathology present
in the dataset, whilst all other conditions were controlled and excellent MR and US imagery
was obtained.
As we have mentioned, black-box problems are a confounder in studies of different STE
software, and may be a cause of the generally low confidence in STE. In order to obtain greater
insight into the influence of software, we (or others) would need to implement the displacement
estimation algorithms used in the different commercial software packages. Work is being
performed by the EACVI/ASE/Industry taskforce to find what differences exist and standardise
definitions between vendors (D’hooge et al. 2016; Voigt et al. 2015). However these studies
have, so far, not delved further into the exact methods used by each commercial algorithm. The
original basis for the Commercial software (Rappaport et al. 2006) has been published, others
have not however, and the algorithm used in recent versions of the software may differ.
Implementation of the Commercial method and other vendor’s algorithms should yield similar
results to the commercial packages themselves. This would therefore be a particularly
interesting step to take in future studies, given that we (and others previously) have shown that
the type of algorithm and regularisation steps taken can have a significant effect on strain based
parameters of dyssynchrony.
Future work will involve a study in patients using a similar methodology. The study could be
further expanded by including additional academic software and implementations of
commercial strain estimation software. Given the results of this study, future commercial
software should: firstly, disclose the type and degree of regularisation that has occurred when
estimating strains; and secondly, disclose the uncertainty of a measurement, whether due to
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poor contrastor signal-to-noise ratio, or other image quality metrics. Furthermore, the release
of key information on methods used by speckle tracking algorithms could increase the
confidence clinicians have in using STE and accelerate the technique’s movement towards dayto-day clinical decision making.
6.5.3 Conclusion
We have shown that circumferential strain patterns obtained using commercial and academic
STE software agree well with MRI-T. Absolute values showed moderate agreement, with a bias
for higher strain from STE. Septal rebound stretch varied with the type of software and extra
regularisation applied. Open efforts are needed to understand the underlying causes of
differences between STE methods before standardisation can be achieved. This is particularly
important given the apparent clinical value of strain based parameters.
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Chapter 6b

6. Septal Circumferential
Strain By Speckle Tracking
Echocardiography and MRI-T
A Comparison In Patients With LBBB

This chapter is based on: de Lepper AGW, Fixsen LS, van ‘t Veer, M, van de Vosse FN, Prinzen FW,
Lopata RGP, Houthuizen P. Measurement of Septal Circumferential Strain By Speckle Tracking
Echocardiography Shows Poor Agreement with Tagged MRI in patients with LBBB. In preparation.
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6.6 Abstract
Regional and global measurement strain in left bundle branch block (LBBB) patients is
challenging with complex septal strain patterns. Twenty-one LBBB patients, with a median
LVEF of 29%, were examined by using tagged magnetic resonance imaging (MRI-T) and
echocardiography. Circumferential strain curves were measured and correlated by using
commercial software (QLAB), an in-house block matching technique (PULS/IT) and MRI-T.
Septal systolic rebound stretch (SRS) was determined. When compared with MRI, there was
good correlation for both global circumferential strain (r=0.98 and r=0.97 for QLAB and
PULS/IT, respectively) and lateral wall circumferential strain (r=0.95 for both techniques).
However, correlation of septal circumferential strain with MRI-T was poor (r=-0.19 and r=0.49
for QLAB and PULS/IT respectively). SRS correlated poorly with MRI-T irrespective of the
method used (r=0.40, r=0.29 for QLAB and PULS/IT respectively). In patients with LBBB,
septal circumferential strains estimated with speckle tracking algorithms do not agree with
those estimated by MRI-T. This may be due to the inaccuracies in both MRI-T and ultrasound
speckle-tracking methods.

6.7 Introduction
One of the most common assessments in daily echocardiography is defining left ventricular
systolic function. Historically, left ventricular ejection fraction (LVEF) has been one of the
most widely used parameters in defining global systolic function. There are two important
drawbacks for the use of LVEF, however. Firstly, accurate calculation of LVEF remains
challenging, especially when it is based on 1or 2-dimensional measurements because of
assumptions of left ventricular geometry (Stanton et al. 2009b). Secondly, LVEF is a global
measure of radial ventricular function which is preserved in early pathological situations
(Kalam et al. 2014), meaning it is a late indicator of reduced systolic function. Additionally,
information on regional myocardial function is neglected.
Myocardial strain can be assessed globally and regionally using speckle tracking and provides
insight on deformation in multiple directions (Amundsen et al. 2006; Brown et al. 2009; Kalam
et al. 2014; Nesbitt et al. 2009; Teske et al. 2007). As a result, multiple vendors have designed
and commercialised clinical software to calculate strain from echocardiographic data. Initially,
standardisation was lacking between the different vendors, due to variability in filter settings,
regularisation, timing of end-diastole and end-systole, spatial and temporal resolution,
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algorithms for measuring deformation and presentation of results (D’hooge et al. 2016;
Farsalinos et al. 2015; Kalam et al. 2014; Mada et al. 2015; Nelson et al. 2012). Since creation
of the Industry Task Force, guidelines (Voigt et al. 2015) have been defined to facilitate
standardisation in deformation imaging, especially with regards to global longitudinal strain
(GLS) measured in apical ultrasound images.
As shown by D’hooge et al. (D’hooge et al. 2016), inter-vendor variability of GLS is now
within 10%, which is stated as an acceptable range by the Task Force (Voigt et al. 2015). GLS
shows improved reproducibility over conventional echocardiographic parameters including
LVEF (Farsalinos et al. 2015). Still, GLS is a measure of global systolic function, and limited
advancements have been made toward standardisation of regional myocardial strain
measurements.
Circumferential and radial strain still show moderate to poor agreement between vendors, yet
both parameters have been shown to have a higher sensitivity to dyssynchrony than
longitudinal strain (Helm et al. 2005; Takigiku et al. 2012). The latter is important, as
quantitative measurement of (mechanical) dyssynchrony can be used to predict response to
cardiac resynchronisation therapy (CRT) (De Boeck et al. 2009; Leenders et al. 2012b).
Negishi et al. showed variation in GLS between vendors is predominantly dependent on postprocessing (including speckle tracking) in the software and less so on image acquisition
characteristics (Negishi et al. 2013). Excessive regularisation may compromise the validity of
the acquired data. This is unclear to users, since vendor-dependent post-processing algorithms
are generally unpublished. Software should limit regularisation to a necessary minimum in
order to achieve strain curves that are reproducible and interpretable, but without excessive
regularising of dysfunctional regions (Voigt et al. 2015).
Many research groups have reported on their own methods for strain estimation, based on either
optical flow techniques, such as block-matching, or image registration. One example of a
vender-independent algorithm has recently been used for cardiac strain imaging on B-mode
data (Chapter 6a). The method was validated in a dataset of high-quality ultrasound images
of dogs before and after left bundle branch block (LBBB) was induced, and compared to data
from tagged magnetic resonance imaging (MRI-T) (Chapter 6a).
In this study, we investigate the reliability of 2-D measurement of circumferential strain in
patients with LBBB referred for CRT implantation, as regional deformation and dyssynchrony
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is highly relevant in this population. Regional strain measurements, such as septal rebound
stretch (SRS), serve as predictors to CRT depending on intraventricular and regional
contractility(Leenders et al. 2012b). Here, we focus on the effect of regularisation with
validation against MRI-T (Pai and Axel 2006). We hypothesised that a minimum amount of
regularisation (in comparison to commercial software) would provide more noisy results, but
a truer reflection of regional differences in strain within dyssynchronous patients.

6.8 Materials and Methods
6.8.1 Study population
Data from patients who were referred to the Catharina Hospital (Catharina Hospital Eindhoven,
the Netherlands) for cardiac resynchronisation therapy (CRT) between January 2012 and
December 2013 were included in this prospective study. The participants were in NYHA
classification III or IV, with LVEF <35% and QRS duration > 120ms, according to the current
guidelines (Brignole et al. 2013). All patients provided written informed consent for the use of
their data for scientific purposes.
6.8.2 Two-dimensional echocardiography
Patients underwent transthoracic echocardiography, according to clinical guidelines (Lang et
al. 2005). Acquisitions were performed in a left recumbent position. An iE33 ultrasound
scanner was used, equipped with a S5-1 transducer (Philips Healthcare, Andover, MA, USA).
Two-dimensional B-mode recordings were acquired from standard parasternal long- and shortaxis views, and apical views. Short-axis views were at mitral valve and papillary muscle level.
Three consecutive cardiac cycles of B-mode data were recorded with a frame rate of 50 to 90
frames per second and stored in the DICOM format for offline analysis.
6.8.3 Timing definitions
Although the onset of systole is often based on the R-wave of the electrocardiogram, this
method is not reliable in patients with conduction delays (Amundsen 2015). Therefore, in this
study, the cardiac cycle was defined from end-diastole to end-diastole, as expressed by mitral
valve closure (MVC) (Amundsen 2015; Voigt et al. 2015). MVC was defined in the apical
long-axis three or four chamber view. End-systole was identified by aortic valve closure (AVC)
in the apical long-axis three-chamber view. Due to differences in frame-rate between short-
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axis and long-axis views where MVC and AVC were determined, the frame corresponding to
the R-wave was determined in both views. The frame difference was calculated between Rwave and MVC and AVC respectively. End-diastole and end-systole timing in the short-axis
view where then found by taking the different frame rates into account (Perk et al. 2007).
6.8.4 Speckle tracking deformation analysis
Strain analysis was performed using two methods: firstly, using PULS/IT, a custom,
MATLAB-based (2015b, MathWorks, Natick, MA) speckle tracking toolbox (Chapter 6a;
Lopata et al. 2009b); and, secondly, with commercially available speckle tracking software,
QLAB version 10 (Philips Medical Systems, Andover, MA, USA).
In the PULS/IT-based analysis, strains were estimated by first performing frame-by-frame,
coarse-to-fine block-matching to estimate inter-frame displacements in the image sequences.
Segmentation was performed by first indicating the epicardium, just inwards of the
pericardium, then the endocardial border, to create a region of interest. An annular mesh was
then created within the region of interest. Based on the displacement estimates, the individual
points of the mesh in the segmented myocardium were tracked over the entire cardiac cycle.
Circumferential strains were calculated from the deformation of the mesh relative to the
initially segmented geometry, using a least-squares strain estimator. Figure 6.6A shows an
example ultrasound image overlaid with the tracking mesh.
Additionally, Fourier regularisation was applied to correct for drift and tracking errors
(Chapter 6a). This regularisation method fits the shape of the left ventricle after the region of
interest is segmented in the first frame. The inner and outer contour of the segmented area,
which are periodic functions, were described by a truncated Fourier series consisting of five
components and their respective complex Fourier coefficients. The two low-order coefficients
were computed for each frame using a least-squares curve fit of the contours. Regularised
contours were created over the segmented cycle by combining these fitted coefficients with the
three high-order coefficients of the first frame. Hence, the resulting mesh was able to deform,
but the overall shape remained similar to the initially segmented geometry.
In the QLAB-based analysis, circumferential strain was estimated in the software using
identical short-axis views. The default settings were used for regularisation whilst
identification of end-diastole was performed as described for the in-house method.
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Figure 6.6: A Example ultrasound image in a parasternal short-axis view, with segmented tracking
mesh (blue) overlaid. B Example tagged MRI image of the heart showing tagging lines and left
ventricular cavity. C Septal circumferential strain curve with portions make that make up the total
septal systolic rebound stretch highlighted in red.

The anterior insertion of the right ventricle free wall was used as an anatomical reference to
separate the tracking mesh into six segments (Voigt et al. 2015). Strain-time curves were
generated by averaging the strain within each segment. These six segments were also reduced
to septal and lateral segments, by averaging anteroseptal and inferoseptal, and anterolateral and
inferolateral segments, respectively. This was performed to provide a clear indication of
synchrony between the septal and lateral wall. All measurements were repeated for three
consecutive cardiac cycles.
6.8.5 Deformation analysis by tagged MRI
A 1.5 Tesla Philips Ingenia MRI scanner (Philips Healthcare, Best, the Netherlands) was used
to acquire up to fourteen short-axis views of the heart at a frame rate of 41 to 51 Hz. During
the same imaging session, acquisition was repeated for horizontal and vertical tag lines. The
MRI-T images were analysed using SinMod (Arts et al. 2010), to calculate the circumferential
strain. The myocardial region of interest for each short-axis view was defined by segmenting
the epicardium and cavity of the left ventricle with ellipses. The left ventricle orientation was
defined by manually indicating the anterior and posterior left-right ventricular junction points
as a reference. Separation into segments was performed as described for the ultrasound-based
methods. After deformation calculation, short-axis views corresponding to the ultrasound
views at papillary muscle level were chosen for further analysis. These typically consisted of
three to five slices. Figure 6.6B shows an example MRI image, with tagging lines visible.
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6.8.6 Statistical analysis
A quantitative measure of LBBB-induced dyssynchrony, septal systolic rebound stretch (SRS),
was calculated (Figure 6.6C). SRS was defined as the cumulative systolic stretch after onset
of contraction (MVC) but prior to AVC (De Boeck et al. 2009).
Due to different definitions of the cardiac cycle between the ultrasound and MRI acquisition
methods, the global (average of all segments) strain curves were cross-correlated to temporally
align them, prior to calculation of strain curve similarity. Ultrasound data were down-sampled
to match the acquisition rate of the MRI. Strain curves were then manually adjusted by up to
five frames to account for errors in cross-correlation caused by the short MRI acquisition time.
Both the basic and regularised PULS/IT strain data were correlated with QLAB data. A twotailed Pearson correlation was used to compare SRS values. The Wilcoxon signed-rank test
was used to estimate significant differences in the correlations of the speckle tracking technique
with MRI. To determine the agreement between the different strain calculation techniques,
Bland-Altman analysis (Martin Bland and Altman 1986) was conducted of the absolute strain
values AVC. This strain measure is defined by the Task Force (Voigt et al. 2015) as a default
parameter for the description of myocardial deformation. IBM SPSS Statistics for Macintosh
Version 22.0 (IBM Corp., Armonk, NY) was used for the latter two analyses. A p-value below
0.05 was considered statistically significant.

6.9 Results
21 patients were included in the study, of the cohort, 11 were male and 10 female with a median
age of 67 years old. Slightly fewer than half the sample (43%) had an ischemic
cardiomyopathy, whilst 62% of the cohort were in NYHA class III with a median NT-proBNP
of 70 pmol/l and LVEF of 29% as shown in Table 6.4.
Figure 6.7 shows strain curves per segment for the different methods used. Good correlation
of ultrasound with MRI-T is evident in the lateral wall, whilst poor agreement is seen for the
septal wall. Compared with MRI-T, there is good correlation for both GCS and lateral
circumferential strain, independent of the method used. This is also shown in Table 6.5. For
septal circumferential strain however, correlation is poor for both QLAB (r=-0.19) and
PULS/IT (r=0.49), which does not improve after minimal regularisation (r=0.4).
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Table 6.4 Population characteristics and demographics (N = 21)
General characteristics
Male gender
11 (52)
Age (yr)
67 (55 - 73)
26.9 (23.6 - 28.9)
BMI (kg/m2)
NYHA I
2 (10)
NYHA II
5 (24)
NYHA III
13 (62)
Comorbidities
Ischemic cardiomyopathy
9 (43)
Previous CABG
4 (19)
Previous PCI
3 (16)
Diabetes mellitus type 2
3 (14)
COPD
2 (10)
Hypertension
7 (33)
Medication
Beta blockers
20 (95)
ACE-inhibitors
18 (86)
Angiotensin II receptor blockers
2 (10)
Loop diuretics
12 (57)
Aldosterone antagonists
6 (29)
ECG characteristics
Sinus rhythm
20 (95)
QRS duration (ms)
162 ± 18
Left bundle branch block
20 (95)
Lab results
Hemoglobin (mmol/l)
8.9 ± 0.9
Creatinine (μmol/l)
82 (74 - 111)
Renal impairment
8 (38)
NT-proBNP (pmol/l)
70 (27 - 245)
Echocardiography
End-diastolic volume (ml)
253 (171 – 305)
End-systolic volume (ml)
172 ± 72
Ejection fraction (%)
29 (26 - 37)
Visual dyssynchrony
16 (76)
Interventricular mechanical delay (ms) 60 (58-76)
Parasternal image quality
Good
15 (71)
Moderate
4 (19)
Poor
2 (10)
Values are presented as mean ± standard deviation for parametric variables, median (interquartile
range) for non-parametric variables and n(%) for dichotomic variables. BMI = body mass index;
NYHA = New York Heart Association; COPD = chronic obstructive pulmonary disease; CABG =
coronary artery bypass grafting; PCI = percutaneous coronary intervention; NT-proBNP = Nterminal pro-B-type natriuretic peptide.

The results of the cross-correlation between strain curves are shown in Table 6.5. Global
circumferential strain estimation shows good correlation between all methods (r=0.98 for
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Figure 6.7: Curves given by each method for estimated global, lateral and septal wall strain.
Table 6.5 Median cross-correlation (ρ) in patients (n=21) with interquartile range of estimated
circumferential strain per segment, septal wall, lateral wall and global circumferential strain.
QLAB
versus MRI

PULS/IT
versus MRI

PULS/ITfit
versus MRI

QLAB versus
PULS/IT

Lateral wall

0.95 (0.91 ;
0.97)

0.95 (0.77 ;
0.98)

0.97 (0.93 ;
0.99)

0.95 (0.8 ; 0.98) 0.96 (0.87 ;
0.97)

Septal wall

-0.19 (-0.67 ; 0.49 (-0.06 ;
0.74)
0.81)

0.4 (-0.01 ;
0.80)

0.67 (-0.01 ;
0.74)

0.86 (-0.01 ;
0.74)

Mid-anterior

0.86 (0.56 ;
0.97)

0.91 (0.47 ;
0.98)

0.74 (0.34 ;
0.92)

0.87 (0.48 ;
0.97)

0.72 (0.2 ; 0.94)

Mid-anterolateral

0.91 (0.81 ;
0.95)

0.92 (0.72 ;
0.97)

0.96 (0.92 ;
0.97)

0.88 (0.73 ;
0.96)

0.93 (0.87 ;
0.97)

Mid-inferolateral

0.91 (0.78 ;
0.95)

0.87 (0.47 ;
0.98)

0.96 (0.82 ;
0.98)

0.88 (0.68 ;
0.94)

0.87 (0.82 ;
0.97)

Mid-inferior

0.87 (0.7 ;
0.97)

0.92 (0.78 ;
0.95)

0.94 (0.7 ;
0.96)

0.81 (0.5 ; 0.97) 0.92 (0.76 ;
0.98)

Mid-inferoseptal

0.36 (-0.38 ;
0.81)

0.51 (-0.22 ;
0.78)

0.57 (0.17 ;
0.77)

0.75 (0.27 ;
0.95)

0.85 (0.54 ;
0.96)

Mid-anteroseptal

-0.67 (-0.81 ; 0.24 (-0.11 ;
0.25)
0.8)

0.19 (-0.43 ;
0.71)

0.67 (-0.04 ;
0.92)

0.72 (0.18 ;
0.91)

0.98 (0.94 ;
0.99)

0.99 (0.97 ;
0.99)

0.99 (0.97 ;
0.99)

Global
0.98 (0.93 ;
circumferential strain 0.99)

0.97 (0.94 ;
0.99)

QLAB versus
PULS/ITfit

QLAB and r=0.97 for PULS/IT, p=0.52). When focusing on regional strain, there is also good
correlation for all methods in the lateral wall (r=0.95 for both QLAB and PULS/IT). Fourierbased regularisation (PULS/ITfit) further improved correlation significantly (r=0.97; p=0.016).
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Figure 6.8: Bland-Altman plots comparing septal rebound stretch estimated by MRI with QLAB,
PULS/IT and PULS/ITfit.

However, all methods show poor correlation with MRI-T for circumferential strain in the septal
wall (r=-0.19 for QLAB and r=0.49 for PULS/IT, p=0.008).
Figure 6.8 show Bland-Altman plots of septal rebound stretch for the three strain algorithms,
which shows a difference in both bias and magnitude. SRS correlates poorly with MRI-T
irrespective of the method used (r=0.40, 0.29 and 0.17 for QLAB, PULS/IT and PULS/ITfit
respectively) as presented in Table 6.6.
Table 6.6 Septal systolic rebound stretch values (as percentages) are
presented as median (interquartile range) for these non-parametric
variables, with Pearson’s correlation (ρ) relating QLAB, PULS/IT and
PULS/ITfit to MRI
Median SRS (IQR)
ρ
MRI
4.46 (2.01 ; 7.71)
QLAB

2.59 (0.54 ; 2.99)

0.40

PULS/IT

3.22 (2.36 ; 4.45)

0.29

PULS/ITfit

3.13 (2.04 ; 4.22)

0.17

End-systolic strain (i.e. at AVC), as seen in Bland-Altman plots in Figure 6.9 shows the higher
strain amplitude estimated by the ultrasound-based methods. There is a clear negative bias,
particularly in the septal wall, due to a higher strain amplitude in the US-based methods.
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Figure 6.9: Bland-Altman plots comparing cumulative global, lateral and septal wall
circumferential strain at aortic valve closure estimated by ultrasound and MRI

6.10 Discussion
In the present study, we compared circumferential strain measured by different 2D speckle
tracking algorithms to the gold standard, MRI-T. On a regional level, correlation was highly
variable between different myocardial segments. Septal circumferential strain in particular
showed a poor correlation with MRI-T, irrespective of the algorithm used. In comparison,
circumferential strain in the lateral wall correlated well with MRI-T for both PULS/IT and
QLAB.
A low level of regularisation was added to the in-house PULS/IT algorithm (Fourier), in order
to reduce the influence of noise. This did not have a positive effect on septal circumferential
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strain, even resulting in reduced correlation; this was most apparent for the anteroseptal
segment. The use of commercially available software (QLAB) with (presumably) advanced
filtering and regularisation led to a further decrease in correlation.
GCS showed good correlation irrespective of the method and degree of regularisation. By
averaging circumferential strain in all myocardial segments (thus filtering out noise), global
strain measures can be considered an extreme form of regularisation. As was shown in the
previous canine validation study (Chapter 6a), there is a good agreement with MRI-T for GCS,
most likely due to this averaging out of errors. The overall better correspondence of PULS/IT
with MRI-IT in the canine validation study, is likely due to better image quality in that study.
Considering GCS, our Bland-Altman results match those observed in earlier studies. Takigiku
et al. (Takigiku et al. 2012) showed a mean difference between three different vendors of 1.6%
to 7.6% with a standard deviation of 3.2%. Several studies have been conducted to compare
GLS between different software vendors. Our mean differences, except for the septal wall, are
in line with those obtained by Nelson et al.(Nelson et al. 2012) who showed a mean difference
of -3.9% ± 2.4% for GLS. Farsalinos et al. (Farsalinos et al. 2015) provided correlations for
GLS between nine different vendors; these results are in agreement with our GCS
measurements. However, their limits of agreement (-8.1% to 6.9% at maximum) are smaller
than in the present study. A correlation between MRI-T and speckle tracking has been shown
by Amundsen et al., which is in agreement with our correlations with r = 0.87 and 95% limits
of agreement between -9.1 and 8.0%.
This also explains the expanding application of GLS which is nowadays promoted as a reliable
marker of global cardiac function. This success of GLS in clinical practice has led to a shift in
the use of strain imaging to measure global rather than regional function. However, in our study
population of LBBB patients with dyssynchronous contraction of septal and lateral wall,
measurement of regional strain is highly relevant. From that viewpoint, it is important to notice
that the correlation for septal deformation is low in both algorithms.
Interestingly, after LBBB induction in the canine study, the septal strain significantly decreases
in accuracy compared to MRI-T (Chapter 6a). Recently, van Everdingen et al. (van
Everdingen et al. 2017) revealed that the comparability of septal strain patterns is low between
different vendors. They also showed that septal wall strain cross-correlation is lower, most
likely because the higher complexity of septal strain curves. This finding is very interesting in
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the light of predicting CRT-response based on septal strain curves and requires further
investigation on methods to improve this. We also demonstrated the low correlation of
ultrasound with MRI-T for SRS, comparable to Everdingen et al. (van Everdingen et al. 2018).
The latter quantitatively reflects LBBB dyssynchrony and is a predictor of response to CRT
(Ghani et al. 2015b).
The observation concerning the septal wall may be explained by the fact that due to the angle
of the ultrasound propagation, speckles move perpendicular to the ultrasound. Therefore, the
circumferential strain is not well measured due to low lateral resolution of US. The lower
accuracy of the strain measurements in the septal wall may be due to the movement of the
septal myocardium in the narrow proximal ultrasound beam, which makes it more susceptible
to errors. In-plane motion and deformation in this area of the image is much greater, as a similar
motion in the lateral wall will cross fewer lines of ultrasound. This is seen in the broader limits
of agreement and low correlation with MRI-T, which is not, obviously, influenced by a narrow
beam.
The result, that vendor independent software shows somewhat better accuracy than commercial
software, may well be due to the regularisation algorithm in commercial software. As the
commercial software is a ‘black box’, we can only postulate on the causes of the differences.
It could be that commercial software uses filtering based on assumptions of the left ventricular
geometry, which is altered in LBBB pathology. Next to this, the timing of end-diastole and
end-systole is not always clearly stated; commercially available software often uses a nonadjustable default setting, based on peak values of the estimated strain curves or ECG-triggered
timing. Timing of the reference length is also important for standardisation, which is
particularly important in patients with conduction delays like in our population. The accurate,
yet time-consuming, manner of defining the real MVC and AVC in this study, might also
explain the small differences in correlations observed and mean differences of strain values.
It must be noted that the current gold standard, MRI-T, also has its limitations. MR taglines
fade out over the cardiac cycle and therefore only allow systolic deformation measurements in
patients. Moreover, the MRI-T strain curves sometimes do not reflect the correct deformation,
which may be due to tag fading or motion artifacts interfering with deformation estimation
techniques (Scatteia et al. 2017). In these situations, the total magnitude of strain estimated
over the cardiac cycle is low, whilst ultrasound-based tracking produces a normal strain curve,
as would be expected based on visual assessment. Proportionally higher absolute error in MRI-
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T, in the case of low strain amplitude over the cardiac cycle, could therefore lead to a lower
correlation between methods in the septal wall. This raises questions towards the accuracy of
MRI-T as the gold standard.

6.10.1 Conclusion
In patients with LBBB, septal circumferential strains estimated with 2D speckle tracking
algorithms do not agree with those estimated by the gold standard, MRI-T. The addition of a
low level of regularisation did not improve correlation on a regional level. As regional strain
is highly relevant in this study population, the use of 2D speckle tracking derived
circumferential strain should be used with precaution in future clinical decision making,
although this may be due to the inaccuracies in both MRI-T and ultrasound speckle-tracking
methods
Contribution of the author
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7. Strain-based discoordination
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7.1 Abstract
Background: Various parameters of mechanical dyssynchrony have been proposed to improve
patient selection criteria for cardiac resynchronization therapy (CRT), but sensitivity and
specificity are lacking. However, echocardiographic parameters are consistently investigated
at rest, whereas heart failure (HF) symptoms predominantly manifest during submaximal
exertion. Although strain-based predictors of response are promising, feasibility and
reproducibility during exercise has yet to be demonstrated.
Methods: Speckle-tracking echocardiography was performed in patients with dyssynchronous
HF at two separate visits. Echocardiography was performed at rest, during various exercise
intensity levels, and during recovery from exercise. Systolic rebound stretch of the septum
(SRSsept), systolic shortening (SS), and septal discoordination index (SDI) were calculated.
Results: Echocardiography was feasible in about 70-80% of all examinations performed during
exercise. Of these acquired views, 84% of the cine-loops were suitable for analysis of strainbased mechanical dyssynchrony. Test-retest variability and intra- and inter-operator
reproducibility at 30% and 60% of the ventilatory threshold (VT) were about 2.5%. SDI
improved in the majority of patients at 30% and 60% of the VT, with moderate to good
agreement between both intensity levels.
Conclusion: Although various challenges remain, exercise echocardiography with strain
analysis appears to be feasible in the majority of patients with dyssynchronous heart failure.
Inter- and intra-observer agreement of SRSsept and SDI up to 60% of the VT were comparable
to resting values. During exercise, the extent of SDI was variable, suggesting a heterogeneous
response to exercise. Further research is warranted to establish its clinical significance.

7.2 Introduction
For over 20 years, cardiac resynchronization therapy (CRT) has been an established device
therapy for patients with heart failure (HF) with depressed left ventricular (LV) ejection
fraction and LV conduction delay (Ponikowski et al. 2016). In addition to an electrical substrate
amendable to CRT, patients that benefit from resynchronization are typically characterised by
signs of mechanical dyssynchrony as well (Gorcsan et al. 2010).

147885_Fixsen_BNW.indd 136

15-09-2021 10:15

Chapter 7 | Strain-based discoordination imaging during exercise in dyssynchronous heart failure | 127
Echocardiographic assessment of such parameters has been increasingly investigated as a
method to better screen patients eligible for CRT (De Boeck et al. 2009; Ghani et al. 2015b;
Lumens et al. 2015). Nonetheless, randomised clinical trials that implemented parameters of
mechanical dyssynchrony have thus far shown insufficient predictive ability to actually affect
clinical decision making (Chung et al. 2008). Consequently, clinical and echocardiographic
response to CRT remains suboptimal in 30-40% of patients (Auricchio and Prinzen 2011;
Holzmeister and Leclercq 2011).
There are various potential explanations for the lacking sensitivity and specificity of
echocardiographic measures of mechanical dyssynchrony. First, parameters that were
investigated prospectively often assessed relative timing differences within the LV (Chung et
al. 2008; Ghani et al. 2015a). Instead, analysis of deformation characteristics (i.e.
discoordination in LV strain) may better reflect myocardial work inefficiency (Duchenne et al.
2020; Zweerink et al. 2016). Second, echocardiographic evaluation of dyssynchrony is almost
without exception performed at rest (Chung et al. 2008). This is somewhat surprising, since
patients with HF predominantly experience symptoms during exercise as a consequence of
failing compensatory mechanisms. Mechanical dyssynchrony may therefore be exercisedependent as well. Previous research has shown that echocardiographic parameters at rest do
not necessarily represent (dys)synchrony during exercise (Bernheim et al. 2008; Chung et al.
2008; Lafitte et al. 2006). Dyssynchrony during exercise may therefore be a superior predictor
of response to CRT than parameters measured at rest alone (Kuhne et al. 2011; Rocchi et al.
2008; Wang et al. 2008). However, to date, strain-based discoordination parameters have not
yet been investigated.
Systolic rebound stretch of the septum (SRSsept), and acute restoration thereof, has been
demonstrated as a strong predictor of response to CRT before (De Boeck et al. 2009; Salden et
al. 2020; Wouters et al. 2021). SRSsept is a promising deformation-based parameter because
it reflects myocardial work inefficiency within the septum(Vecera et al. 2016). SRSsept has
been validated both in both computer models and patients, and may better reflect the
mechanical substrate that is amenable to CRT than other indices of mechanical
dyssynchrony(Leenders et al. 2012a).
For example, dyssynchrony can be overlooked at rest (i.e. “exercise-induced unmasking”) or
disappear during exertion. To date, estimation of exercise-dependent discoordination using a
strain-based parameter and its potential value has not been investigated. This is in part because
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assessment of SRSsept during exercise is challenging and faces a number of confounding
factors (e.g. body motion and increased respiration, blood pressure and heart rate) that will
affect the accuracy and interpretation of these measurements. The present exploratory study
sought to investigate the feasibility and reproducibility(Bunting et al. 2019) of SRSsept during
exercise.
We determined the feasibility, test-retest variability, and the inter- and intra-observer
reproducibility of SRSsept in heart failure patients during exercise tests. In addition, we
evaluated potential exercise-induced unmasking or disappearance of SRSsept. Patients
performed the exercise tests during two separate visits such that the reproducibility of the
measurements could be determined. Additionally, variations in SRSsept during exercise were
explored.

7.3

Methods

Patients (n=18) with stable CHF that attended the outpatient clinic of the Máxima Medical
Centre (Veldhoven, The Netherlands) were prospectively included. All patients provided
written informed consent. The study protocol conformed to the principles outlined in the
Declaration of Helsinki on research in human subjects and to the procedures of the regional
Medical Ethics Committee.
Patients included in the study must have HF with an LVEF ≤ 35%. Patients were excluded if
they had: a myocardial infarction or unstable angina less than 3 months prior to inclusion; any
diseases (orthopaedic, vascular, pulmonary or neuromuscular) that limited exercise capacity
such that exercise tests were not feasible; clinical signs of decompensated heart failure;
documented ventricular tachycardia or ischemia during exercise; intra-cardiac shunts or
congenital heart disease limiting exercise capacity.
Each patient made three visits to the hospital. The first visit consisted of a routine clinical
examination and incremental (symptom limited) exercise test with respiratory gas analysis in
order to determine the ventilatory threshold (VT). The VT was used to determine exercise
intensity of the submaximal exercise performed in visits 2 and 3. Exercise echocardiography
was performed by the same sonographer during visit 2 and 3). Ultrasound data were also
acquired before (i.e. rest) and after (i.e. recovery) the exercise bouts.
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7.3.1 Symptom limited incremental exercise testing
After the initial clinical examination, a symptom limited, incremental exercise test with
respiratory gas analysis was performed on a cycle ergometer (Lode Corival, Groningen, The
Netherlands), using an individualised ramp protocol aiming at a total test duration of 8-12
minutes; Patients were instructed to maintain a pedalling frequency of 70 rotations per minute.
A twelve-lead electrocardiogram (ECG) was recorded continuously. Peak oxygen uptake (peak
VO2) was defined as the average value of oxygen uptake during the last 15 seconds of exercise.
VT was assessed by the V-slope method(Beaver et al. 1986). If symptom limited exercise test
had already been performed within the previous 3 months, these data were used to establish the
exercise protocol for exercise echocardiography.
7.3.2 Exercise echocardiography measurements
The exercise protocol was performed on an Echo Cardiac Stress table (Lode, Groningen, The
Netherlands). Patients were placed in a supine position and rotated an additional 45 degrees
around the longitudinal axis. The exercise protocol was constructed from the results of the
symptom limited incremental exercise test with respiratory gas analysis and consisted of three
2-minute exercise bouts, respectively at 30%, 60%, 90% of the VT (Figure 7.1a).
Two-dimensional ultrasound DICOM cine-loops were acquired with a Philips Epiq 7C scanner
(Philips Healthcare, Best, The Netherlands) equipped with an X5-1 transducer. The cine-loops
had a resolution of 800 by 600 pixels and a frame rate of 50 to 90 frames per second. For the
septal strain analysis, zoomed-in (i.e., narrow aperture), high frame rate (90 Hz) cine-loops of
the inter-ventricular septum were acquired (Figure 7.1b). LV end-diastolic and end-systolic
volumes and ejection fraction were assessed by the biplane Simpson’s disk method. Mitral
valve closure (MVC) and aortic valve closure (AVC) were determined at rest from Doppler
flow measurements. Where Doppler measurements were unavailable these were determined
visually from parasternal long-axis cine-loops. Data were excluded for image quality reasons
if there was an incomplete view of the septum through the entire cardiac cycle; either due to
significant image artefacts, out-of-plane motion of the heart, or structures preventing transmiss
ion of ultrasound.
Systolic and diastolic times vary non-linearly with changes in heart rate from rest(Bombardini
et al. 2009). Timing of AVC and cardiac cycle length were therefore scaled to account for
changes in the ratio between systolic and diastolic times relative to rest, using data from
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Figure 7.1: a: Heart failure patients were subjected to echocardiography during exercise at various
intensity levels of the ventilatory threshold (VT). b & c This was followed by segmentation and and
automated analyses of septal systolic rebound stretch (SRSsept). d Flowchart of ultrasound data
processing; from cycle ergometry to speckle tracking-based strain analysis. Legend: AVC, aortic
valve closure; LA, left atrium; LV, left ventricle; RV, right ventricle; SDI, septal discoordination
index; SRSsept, septal rebound stretch of the septum; VT, ventilatory threshold.

Bombardini et al.(Bombardini et al. 2009). Systolic and diastolic times during stress and
relaxation at the provided heart rates were fitted to a curve with smoothing splines. Each
patient’s measured heart rate during exercise and recovery was then evaluated along the fitted
lines, yielding an estimate of expected change in systolic and diastolic time.
7.3.3 Speckle tracking
Speckle tracking was performed in a custom strain imaging toolbox implemented in MATLAB
(revision 2019b, 64-bit, The Mathworks Inc. Natick, MA, USA), previously described in detail
by Lopata et al.(Lopata et al. 2009b). The septum was segmented from the closest visible
portion in the direction of the apex until the level of the mitral and tricuspid valves, or the
closest visible point distal of the valves (Figure 7.1b). Segmentation of the septum was
performed by two independent observers (LF and PW) who were blinded to outcome (i.e.
resting/exercise phase). A mesh of 11 radial by 31 longitudinal points was generated over the
segmented area, obeying a local coordinate system. A 2-D block matching algorithm was then
used to estimate inter-frame displacements of different regions of pixels and mapped to the
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intersecting points of the mesh. Cumulative strain in the longitudinal direction was calculated
with a least-squares strain estimator, taking the spatial derivative of the deformation of the
mesh from the initially segmented configuration. The resulting strain field over the visible
septal region was then averaged, yielding septal longitudinal strain over time.
7.3.4 Mechanical discoordination indices
The determination of SRSsept has previously been described in detail by De Boeck et al(De
Boeck et al. 2009). In short, deformation within the visible septum at each time point within
the systolic period was grouped into shortening and stretching components. SRSsept as an
index of wasted septal work was thereafter calculated as the sum of systolic stretch within the
septum that occurs directly after premature termination of longitudinal shortening (Figure 1c).
Conversely, systolic shortening (SS) was defined as the absolute sum of shortening during
systole, a measure effective work performed. Increased blood pressure during exercise exertion
typically leads to a reduction in the overall magnitude of systolic strains, therefore complicating
the comparison of systolic strain magnitudes during exercise. We therefore calculated the ratio
between SRSsept and SS, here referred to as the septal discoordination index (SDI)(Wang et
al. 2012). This yields a measure of relative wasted and constructive work in the septum(Galli
et al. 2018).
7.3.5 Statistical analysis
The similarity of the septal longitudinal strain curves (i.e. cumulative strain in the longitudinal
direction) from each visit was assessed by Pearson’s correlation at each exercise intensity level.
Prior to correlation, the strain curves were normalised both in amplitude and number of samples
(i.e., if there was a discrepancy in heartrate between the two visits); longer cardiac cycles were
down-sampled to match the length of the shorter cycle. Intra- and inter-observer agreement
was assessed through Bland-Altman analysis. Limits of agreement are given in absolute strain
values. Continuous variables are presented as means with standard deviation and dichotomous
data as percentages. The paired Student’s t-test was used to assess differences between
consecutive measurements. A significance level of 0.05 was used. The test-retest, intraobserver, and inter-observer reliability of SRSsept was assessed by calculating the intraclass
correlation coefficient (ICC), using a two-way mixed effects model to determine the absolute
agreement of single measurements. Agreement between exercise-induced changes in SDI at
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different exercise intensity levels was assessed using Cohen's kappa coefficient. All data were
analysed in MATLAB.

7.4 Results
7.4.1 Feasibility
Of the 18 patients that were included and attended the first echocardiographic visit, 15 patients
also attended the second visit (median 7 days apart; 165 total possible cine-loops). All but one
patient were male, and half of the patients had an ischemic cardiomyopathy (Table 7.1).
Ultimately, 137 cine-loops were acquired (83% of potential loops). As such, in 88% of the 33
distinct patie nt visits at least 2 out of 3 sequences during exercise were successfully acquired.
Of the acquired cine-loops, 20 loops were excluded due to insufficient image quality and 12
sequences due to the patient only attending one visit. Therefore, 105 image sequences (77% of
acquired loops) remained for strain analysis, in 12 of the 18 patients (Figure 7.1d).
Table 7.2 shows an overview of the data included in the strain analysis. The remaining loops
were graded at each measurement point (baseline, 30%, 60% and 90% of VT, and recovery) in
terms of image quality (good, moderate and poor). Grading was based on the image contrast,
definition of tissue structures, image plane stability, and presence of artefacts (or lack thereof).
The number of cine-loops of a poor quality increased from 12 to 42% between rest (baseline)
and high intensity exercise (90% VT). The mean length of ejection (during which SRSsept was
calculated) was 0.34 ± 0.05 seconds, resulting in an average of 30.7 ± 4.6 frames during
ejection.
7.4.2 Agreement and variability
Longitudinal strain was calculated in the septal region of the acquired ultrasound cine-loops
(Figure 7.2). There was good strain curve similarity between visits. Median correlation
(baseline, 0.91; 30%, 0.81; 60%, 0.86; 90%, 0.89; recovery, 0.86) ranged between 0.81 in the
worst case (30% of VT) and 0.91 in the best case (baseline). However, interquartile ranges of
correlation increased greatly between the baseline measurement and all further intensities.
There was no significant correlation between image quality grade and strain curve similarity.
Bland-Altman plots showing the test-retest agreement of SRSsept are shown in Figure 7.3
(upper row). Agreement for SRSsept at 30% and 60% of VT was comparable to agreement at
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Table 7.1 Characteristics of the cohort included in this study. BMI = body mass index,
NYHA = New York Heart Association, ACE = Angiotensin-converting enzyme, ARB,
Angiotensin II receptor blockers ECG = electrocardiogram, NT-proBNP = N-terminal
prohormone of brain natriuretic peptide.
Total (n = 18)

Paired Data (n =
15)

Male gender

17 (94%)

14 (93%)

Age (yr)

67 (59 - 74)

71 (64 - 75)

BMI (kg/m

26.2 (23.2 - 30.7)

24.7 (22.6 - 30.6)

NYHA I

4 (22%)

4 (27%)

NYHA II

8 (44%)

7 (46%)

NYHA III

6 (33%)

4 (27%)

9 (50%)

6 (40%)

Beta blockers

17 (94%)

14 (93%)

ACE-inhibitors/Angiotensin II
receptor blockers
Diuretics

18 (100%)

15 (100%)

14 (78%)

12 (80%)

Aldosterone antagonists

7 (39%)

5 (33%)

Sinus rhythm

18 (100%)

15 (100%)

QRS duration (ms)

131 ± 30.1

129 ± 29

QRS duration ≥ 130 (ms)

10 (56%)

8 (53%)

NT-proBNP (pmol/l)

125 (67 - 205)

125 (67 - 205)

Echocardiography
End-diastolic volume (ml)

174 (148 – 231)

171 (144 - 225)

End-systolic volume (ml)

124 (96.4 – 177)

121 (96 - 173)

Ejection fraction (%)

28.6 (26.5 - 33.1)

29.0 (24.3 - 33.3)

General characteristics

2)

Comorbidities
Ischemic cardiomyopathy
Medication

ECG characteristics

Lab results

baseline, with differences in SRSsept below 5% (mean ± standard deviation: baseline, 0.66 ±
1.67%; 30% VT, -0.81 ± 1.98%; 60% VT, 0.03 ± 1.67%). During higher exercise intensity
(specifically 90%) and recovery, the confidence interval was wider and measurements with a
large bias between visits were present.

147885_Fixsen_BNW.indd 143

15-09-2021 10:15

134 | Results

Figure 7.2 Septal strain curves in a patient with an LBBB-type strain pattern (upper) and non
LBBB-type strain pattern (lower), during each exercise intensity. Curves begin at mitral valve
closure, with aortic valve closure (AVC) marked by dotted and dashed lines. Blue lines show strain
during visit 1, green visit 2.

Table 7.2 Summary of the ultrasound data acquired at each intensity and included in the
final strain analysis. VT = ventilatory threshold.
Number
Acquired
Attended twice
Sufficient quality
Image quality
Good
Moderate
Poor

Baseline

30% VT

60% VT

90% VT

24
22 (91.7%)
20 (83.3%)

30
27
27
29
25 (83.3%) 26 (96.3%) 24 (88.9%) 28 (96.6%)
20 (66.7%) 22 (81.5%) 19 (70.4%) 24 (82.8%)

9 (45%)
9 (45%)
2 (10%)

10 (50%)
9 (45%)
1 (5%)

8 (36.4%) 3 (15.8%)
10 (45.5%) 9 (47.4%)
4 (18.2%) 7 (36.8%)

Recovery

8 (33.3%)
8 (33.3%)
8 (33.3%)

Intra-observer limits of agreement for SRSsept were lowest at baseline (mean -0.37 ± 0.52%),
and consistently increased when exercise continued to intensify. Limits of agreement remained
within 2.3% at all exercise intensities and during recovery (Figure 7.3, middle row).
Conversely, inter-observer limits of agreement for SRSsept were within 2.8% at baseline (mean
-0.48 ± 1.37%) and remained similar for all intensities (Figure 7.3, lower row).
Test-retest agreement for SDI (Figure 7.4, upper row) was comparable at rest, 30% and 60%
of VT and in recovery (baseline, 0.07 ± 0.31; 30% VT, -0.10 ± 0.24; 60% VT, -0.02 ± 0.30;
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Figure 7.3 Bland-Altman plots showing test-retest (upper), intra-observer (middle) and interobserver (lower) differences in septal systolic rebound stretch (SRSsept). Different shading denotes
observer (upper only).

recovery, 0.03 ± 0.30). However, at 90% VT agreement was poor (0.01 ± 0.75). Intra-observer
agreement of SDI (Figure 7.4, middle row) during exercise far exceeded the variability at
baseline (baseline, -0.02 ± 0.08) but remained similar during exercise and recovery, and was
comparable to baseline test-rest agreement. Likewise, inter-observer agreement of SDI was
comparable to baseline test-retest agreement, other than at 30% of VT where the variability
was lower (0.03 ± 0.12).
7.4.3 Reliability
Intraclass correlation coefficients (ICCs) for test-retest, intra-observer, and inter-observer
reliability of SRSsept are shown in Table 7.3. Test-retest reliability was highest for baseline
measurements and at 60% of VT (ICCs = 0.82 and 0.66, respectively). There was poor testretest reliability of SRSsept at 30%, 90%, and in recovery (ICCs = 0.23, 0.04 and 0.27
respectively). Intra- and inter-observer reliability was good at all exercise intensities (ICC ≥
0.86 and ICC ≥ 0.80, respectively).
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Figure 7.4 Bland-Altman plots showing test-retest (upper), intra-observer (middle) and interobserver (lower) differences in septal discoordination index (SDI). Different shading denotes
observer (upper only).

Table 7.3 Intraclass correlation coefficients and coefficient of variation of strain parameters,
septal systolic rebound stretch (SRSsept), and the septal discoordination index (SDI) at each
exercise intensity.
SRSsept
Intraclass correlation
coefficient
Test-retest
Intra-observer
Inter-observer
SDI
Intraclass correlation
coefficient
Test-retest
Intra-observer
Inter-observer
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Baseline

30% VT

60% VT

90% VT

Recovery

0.82
0.95
0.80

0.23
0.86
0.88

0.66
0.88
0.83

0.04
0.89
0.82

0.27
0.97
0.86

0.50
0.98
0.66

0.32
0.86
0.92

0.64
0.74
0.72

0.16
0.87
0.76

0.77
0.80
0.75
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Figure 7.5 Heterogeneous effect of exercise on septal discoordination index. Relative to rest,
exercise at 30% and 60% of the ventilatory threshold elicits either a consistent improvement (blue)
or consistent further deterioration of septal coordination (orange).

SDI shows poor test-retest reliability at 30% and 90% of VT (ICC = 0.32 and 0.16,
respectively). Reliability is moderate to good elsewhere (ICCs = 0.50 to 0.77). Intra-observer
reliability of SDI is good (ICC > 0.74) for all intensities. Inter-observer reliability of SDI is
lowest at baseline (ICC = 0.66).
7.4.4 Exercise induced changes in septal systolic rebound stretch
There were 15 distinct sets of cine-loops that contained examinations performed at rest and at
30% and 60% of the VT (i.e., the reproducible exercise intensities). Exercise-induced changes
in SDI relative to rest were variable, since consistent improvement (n = 8), consistent
worsening (n = 4) or a reciprocal response (n = 3) were observed. Agreement (i.e. relative
improvement versus relative worsening) between exercise-induced ∆SDI at 30% and 60% of
the VT were moderate to good (Cohen K = 0.57 and 0.73 for observer 1 and 2 respectively).
Relative to baseline, the majority of patients demonstrated an improvement in mechanical
coordination at 30% and 60% of the VT, with on average a 58% or 38% reduction in SDI,
respectively. Conversely, a 32% and 64% increase in SDI was seen in the cases with consistent
exercise-induced deterioration of strain-efficiency at 30% and 60% of the VT respectively
(Figure 7.5).
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7.5 Discussion
Our findings show that measurement of longitudinal strain of the septum (i.e. systolic rebound
stretch and systolic shortening) during exercise stress tests is challenging but feasible (84%
feasibility in obtained image sequences). In addition, SRSsept during exercise has a
reproducibility comparable to that of measurements performed at rest, up to a moderate (60%
of ventilatory threshold) level of exercise, using the present protocol. We were able to identify
heterogeneous exercise-induced alterations in SDI relative to rest, which were in moderate to
good agreement at both intensity levels.
7.5.1 Feasibility
We report a feasibility of 84% for measuring strain during exercise when cine-loops could be
acquired successfully. Where cine-loops could not be acquired, reasons for this were likely
inherent to the complexity and demandingness of performing echocardiography at multiple
exercise intensity levels and/or patients prematurely ceasing the exercise protocol. Exercise
stress-tests introduce several confounding elements (e.g. greater body motion and increased
respiration) into otherwise routine echocardiographic measurements, thereby significantly
affecting image quality.
Temporal consistency of the image plane is vital in speckle tracking analysis, since strain is
calculated based on the inter-frame displacement of pixels. Complete or partial occlusion, or
out-of-plane motion of the region-of-interest during tracking causes decorrelation during
displacement estimation. This in turn has a significant negative effect on the accuracy of strain
estimation. The image quality criteria we deemed necessary for accurate displacement tracking
were therefore stricter than those that were sufficient for measurement of end-systolic and
diastolic volumes.
7.5.2 Test-retest reproducibility and reliability
Resting test-retest septal strain curve correlation was excellent and comparable to previous
studies concerning SRSsept measured at rest (van Everdingen et al. 2017). During exercise at
30% and 60% of the VT and during post-exercise recovery, test-retest variability of SRSsept
was comparable to baseline. Our results therefore suggest adequate agreement of SRSsept
between two separate visits.
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These findings are in line with previous research that measured segmental longitudinal strain
of the LV(Mirea et al. 2018). Here, depending on the commercial vendor, an absolute
difference of up to 5% between first and second image acquisition was demonstrated. Some
variability is always expected due to measurement variability, differences in the acquired
acoustic window, and physiological fluctuations that occur over time. Because the present
study performed echocardiographic examinations on two separate days, more pronounced
physiological variation is to be expected (and therefore a lower measurement repeatability)
when compared to research that performed both examinations at most two hours apart, thereby
increasing our test-retest variability(Barbier et al. 2015; Mirea et al. 2018). Similarly, poor testretest reliability is shown in the SRSsept ICCs, which was in contrast to the relatively good
ICC for intra-observer and inter-observer.
7.5.3 Intra- and interobserver reproducibility
As expected, intra- and inter-observer reproducibility was better than test-retest agreement,
owed primarily to the lack of physiological variation in these measurements. We acknowledge
that variability of 2.8% for SRSsept between different observers is likely to be clinically
relevant in regard to predicting response to CRT. Importantly however, because repeated
analyses of identical image datasets were performed using the same software, inter-observer
variability can solely be attributed to differences in either cycle-selection or segmentation.
Variability may therefore be inherent to regional STE-based strain-analysis.
In line with these findings, similar variability (i.e. 1.0 ± 2.0%) of SRSsept between different
vendors was found by Van Everdingen et al., resulting in varying C-statistic values and
different cut-off values (van Everdingen et al. 2017). Since a variability of up to 5% can be
expected when measuring segmental strain (Mirea et al. 2018), it is reasonable to suspect that,
perhaps, similar amounts of variability were present in studies that investigated SRSsept (at
rest) in a clinical setting(Salden et al. 2020; Wouters et al. 2021). Importantly, these studies
have already proven the importance of SRSsept in the selection of patients with HF eligible for
CRT, regardless of the underlying variability there. Future studies, with larger sample sizes,
are warranted to establish more accurate estimates of variability for SRSsept during exercise,
and directly compare these values to SRSsept at rest.

147885_Fixsen_BNW.indd 149

15-09-2021 10:15

140 | Discussion
7.5.4 Exercise-dependent mechanical (dis)coordination in heart failure
In almost all patients, pronounced but variable exercise-induced changes in SDI were observed.
These findings agree with previous research11,12,15 that investigated timing-based parameters of
dyssynchrony. Although exercise-induced response was heterogeneous (i.e. either improved or
worsening of septal coordination), the interpretation at either exercise intensity level (i.e. 30%
and 60% of VT) was consistent with moderate to good agreement.
Importantly, SDI reflects the ratio between wasted and constructive systolic strain of the
septum during systole. SDI therefore allows for better inter- and intra-individual comparison
at various exercise intensity levels than SRSsept alone, which is more sensitive to changes in
blood pressure(Donal et al. 2009). Changes in SDI during exertion may therefore indicate (lack
of) cardiac compensation mechanisms during mild to moderate exertion. The heterogeneity of
exercise-induced changes in SDI may therefore in part explain the vast range of symptomseverity many patients with HF experience during daily activities, despite having similar
echocardiographic function at rest.
In line with this hypothesis, previous research demonstrated the association between (the
degree of) exercise-induced improvement of mechanical dyssynchrony and non-response to
CRT (Kuhne et al. 2011; Rocchi et al. 2008). Whether this also holds true for strain-based
indices of discoordination is unknown. Therefore, further investigation is required in a larger
cohort to ascertain the clinical utility of these measurements.
7.5.5 Limitations and future work
Since the goal of the present study is hypothesis-generating, the preliminary nature of our
findings must be acknowledged, and our results should be interpreted accordingly. First, cycle
ergometry measurements were performed several days apart because of the exertion patients
had to undergo, increasing physiological variation and thereby reducing test-retest reliability
compared to other studies. Although ‘zoomed’ high frame-rate ultrasound allowed for high
quality imaging of the septum, the narrow aperture prevented capture of the whole septum in
some cases. Whilst the practical benefits of SRSsept as a deformation parameter during
exercise are clear, it is limited by its high variability, which are largely inherent to regional
strain indices. Sample size in this explorative study was too low in order to produce a
meaningful coefficient of variation (i.e. accurately reflecting the corresponding population with
a sufficiently narrow confidence interval) and were therefore not calculated.
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The poor image quality caused by breathing and body movement during exercise meant that
measurement of consecutive cardiac cycles was not possible. Often only a single cycle was of
a sufficient quality for strain analysis at a given measurement point. Because of the difficulty
of acquiring pulsed-wave Doppler of the aortic valve during exercise, AVC had to be scaled
based on estimated systolic and diastolic times for a given heart rate during exercise. This
reduced the accuracy of SRSsept measurements and lead to an error of unknown magnitude for
both systolic shortening and SRSsept. This is a significant limitation of the present study.
Finally, the strain analysis software used in this study was not standard commercially available
software, however it has previously been compared to such software on clinical data where it
was found to produce similar results (Chapter 6a).
Future studies should ensure that the exact timing of aortic valve closure is known, either
assessed visually or with Doppler flow measurements. Improvements could be made to the
protocol and quality of data by: use of full field-of-view imaging at a high (> 90Hz) frame rate
to allow measurement of strain over the complete septal region; minimising time between
measurement days to reduce physiological variation; and minimising the effects of exercise on
image quality, for instance by use of an ultrasound probe fixation device.
7.5.6 Conclusion
Measuring mechanical discoordination using STE during exercise is feasible when high framerate image acquisition with semi-automated and vendor-independent analysis is ensured, but
various challenges remain. During exercise up to 60% of the ventilator threshold, both testretest agreement and inter-operator variability remained comparable to measurements
performed at rest, with moderate baseline SRSsept variability prior to exercise. Moreover,
exercise may elicit either a consistent improvement or deterioration of septal coordination in
patients with dyssynchronous heart failure. Although interesting, its potential clinical utility
remains to be further explored in larger trials with CRT recipients.
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8. A demonstration of high fieldof-view stability in hands-free
echocardiography

This chapter is based on: Sjoerdsma M, Fixsen LS, Schoots T, van de Vosse FN, Lopata RG.
A demonstration of high field-of-view stability in hands-free echocardiography.
Cardiovascular Ultrasound 2020;18.
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8.1 Abstract
Background: Exercise stress echocardiography is clinically used to assess cardiovascular
diseases. For accurate cardiac evaluation, a stable field-of-view is required. However,
transducer orientation and position are difficult to preserve. Hands-free acquisitions might
provide more consistent and reproducible results. In this study, the field-of-view stability and
variability of hands-free acquisitions are objectively quantified in a comparison with manually
obtained images, based on image structural and feature similarities. In addition, the feasibility
and consistency of hands-free strain imaging is assessed.
Methods: In twelve healthy males, apical and parasternal images were acquired hands-free,
using a fixation device, and manually, during semi-supine exercise sessions. In the final ten
seconds of every exercise period, the image structural similarity and cardiac feature consistency
were computed using a steerable pyramid employing complex, oriented wavelets. An algorithm
discarding images displaying lung artifacts was created. Hands-free strain consistency was
analysed.
Results: Hands-free acquisitions were possible in 9 of the 12 subjects, whereas manually 10
out of 12 could be imaged. The image structural similarity was significantly improved in the
hands-free apical window acquisitions (0.91 versus 0.82), and at least equally good in the
parasternal window (0.90 versus 0.82). The change in curvature and orientation of the
interventricular septum also appeared to be lower in the hands-free acquisitions. The variability
in field-of-view was similar in both acquisitions. Longitudinal, septal strain was shown to be
at least as consistent when obtained hands-free compared to manual acquisitions.
Conclusions: The field-of-view was shown to be more or equally stable and consistent in the
hands-free data in comparison to manually obtained images. The variability was similar, thus
respiration and exercise-induced motions were comparable for manual and hands-free
acquisitions. Additionally, the feasibility of hands-free strain has been demonstrated.
Furthermore, the results suggest the hands-free measurements to be more reproducible, though
further analysis is required.

8.2 Background
Stress echocardiography is employed in the clinic as a risk classifier on cardiovascular events
in patients with suspected cardiac impairment. This diagnostic method provides insight in
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diastolic and systolic dysfunction during daily life activities, whereas unstressed measurements
might underestimate the severity of anomalies. These cardiac impairments might include
structural or functional abnormalities (e.g. hypertrophic cardiomyopathy, coronary artery
disease, valve stenosis or leakage) leading to a reduction in cardiac output and/or an
augmentation of intracardiac pressures. Furthermore, determination of lung water using B-lines
in lung ultrasound (Scali et al. 2017; Scali et al. 2019), left ventricular contractile reserve based
on elastance (Cortigiani et al. 2018), and Doppler-based assessment of coronary microcirculation (Ciampi et al. 2019; Lowenstein et al. 2003; Zagatina and Zhuravskaya 2017) are
also included in the newer, more thoroughly implemented stress echocardiography protocols
(Picano et al. 2018).
Exercise stress echocardiography is preferred over pharmacological stress, since exercise
capacity is an important risk indicator and the target heart rate is less commonly achieved with
pharmacological stress, which compromises its sensitivity (Attenhofer et al. 1996; Marwick
2003). These tests are performed in an upright or supine position with an increasing exercise
intensity until the target heart rate (85% of age-predicted maximum) is reached (Pellikka et al.
2007). Usually in upright exercise, a higher maximum heart rate and workload are reached
compared to exercise in a supine position (MacWilliam 1933; Pellikka et al. 2007; Proctor et
al. 1996). In addition, upright exercise better resembles daily activities, is a better reflection of
real-life exercise hemodynamics, and preload is decreased to a greater extend.
Continuous cardiac evaluation during exercise is strenuous and complicated, since the
transducer has to be held in place by an observer. This is even more difficult during upright
exercise. As a consequence, work-related musculoskeletal disorders are highly prevalent in
echocardiography, due to a lack of variation in exams, small and precise repetitive movements,
pressure application, and extended periods of poor static postures (Coffin 2014; Evans et al.
2009; Simonsen et al. 2017). In addition, extensive imaging training is required, since the
orientation and position of the transducer are difficult to reproduce or preserve manually.
Hence, variance in the imaging plane is common, especially during exercise. The alternative
option of imaging post (upright) exercise has a lower sensitivity, higher probability of disease
underestimation, and results in large preload variations. Accordingly, although upright exercise
provides physiological superior heart evaluation, supine exercise is still clinically preferred in
case of functional measurements due to these constraints (Modesto et al. 2003; Pellikka et al.
2007).
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In the clinic, regional contractile function is generally assessed by eyeballing of B-mode
ultrasound images, whereas global measurements are usually performed using manual calliper
measurements (Ashley and Niebauer; Jørgensen et al. 2016). Systolic function assessment is
based on thickening of the wall, wall velocity, or ejection fraction in interval measurements
(Marwick 2003; Pellikka et al. 2007). In diastolic evaluation, the filling volumes are monitored.
Tissue Doppler velocity imaging is also a widely used method to determine cardiac wall
velocity. Of all functional assessment methods, septal longitudinal strain has been shown to be
very valuable, since it is able to differentiate between passive and active strain (Dandel et al.
2009).
All assessment methods are adversely affected by out-of-plane motion, which is caused by
upper body motion, cardiac contraction, respiration, and transducer motion. Hence, an identical
and stable field of view (FOV) in the acquisitions is essential for early and correct diagnosis
(Hori et al. 2015).
Ultrasound transducer fixation could resolve these exercise stress echocardiography issues. In
existing hands-free echocardiography studies, novel probes were developed that were fixated
into an external housing with screws, which employed rubber belts or adhesive patches for skin
attachment (Chandraratna et al. 2010; Nakashiki et al. 2006). However, for clinical
applications, an easily and quickly applicable fixation apparatus is required. This device must
be firmly secured and patient friendly, whilst being suitable for a wide variety of ultrasound
transducers.
Recently, a fixation device has been introduced in the clinic that satisfies these demands. The
feasibility of this fixation device has been demonstrated for continuous cardiac acquisitions
during ergometer stress tests in supine and upright positions in patients (Salden et al. 2018),
and in intensive care where cardiac output was measured before and after a passive leg raising
test (Blans et al. 2019). Furthermore, the application of the fixation device in routine
echocardiography results in a reduction of the total shoulder abduction time and the amount of
forearm muscle contractions, without affecting the acquisition time being 5.1 versus 5.2
minutes in hands-free and manual acquisitions, respectively (Bouwmeester et al. 2019). On
average, the fixation of the probe in the desired window takes approximately 2.7 ± 1.3 minutes
(Bouwmeester et al. 2019). Once positioned, rotation and angulation of the probe can be
performed freely to obtain all the desired imaging planes (e.g. apical 2-, 3-, and 4-chamber
view in the apical view, or the long and short axis in the parasternal view). If a 3D probe is
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used, all imaging planes can be obtained without probe readjustment. For extra acquisitions in
other acoustic windows, the probe can be detached and reattached to the fixation device in
about a second.
An objective quantification of FOV stability is still lacking, and it is unknown whether probe
fixation will yield a FOV that is stable enough for accurate and reproducible functional
measurements. Therefore, the impact of probe fixation on the FOV stability is still unexplored,
despite the importance of stability in the accurate clinical evaluation of cardiac diastolic and
systolic function.
The aim of this paper is to give an objectively quantified demonstration of the FOV stability
of hands-free acquisitions, which are acquired with a fixated transducer, and compare the FOV
stability and variability to acquisitions obtained manually by a clinically trained cardiac
sonographer. The acquisitions consist of apical and parasternal images obtained continuously
in twelve healthy volunteers during semi-supine cycling exercise consisting of three successive
exercise periods.
For an objective evaluation, algorithms were implemented to overcome interobserver
variability and bias. First, an algorithm was developed for automatic detection and elimination
of frames showing lung-related artefacts, since only frames showing cardiac tissue were
included in the FOV stability assessment. The FOV stability was quantified by analysing the
end-diastolic frames of the final ten seconds of each exercise period based on (i) their structural
similarity, and (ii) cardiac feature consistency (i.e. interventricular septal curvature and
orientation). Subsequently, the variability within the continuous measurements was compared
between handsfree and manually acquired data to determine whether the clinically trained
sonographer is able to correct for respiration-, and exercise-induced motions, whereas the
fixation device will remain in the same position on the chest. Furthermore, consistency in
hands-free, longitudinal, interventricular septal strain was compared to the strain curves from
the manually obtained images.

8.3 Methods
8.3.1 Participants
Twelve healthy males participated in this study aged between 21 to 55 years old. Only males
were included in this relatively small volunteer group, since their thorax shapes are roughly
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uniform. The subjects were healthy, had no musculoskeletal injuries and never experienced
any cardiac disease related symptoms in rest or during exercise. Prior to participation, the
subjects were fully informed on the research procedure and each gave written consent for the
usage of their data for scientific purposes. The exercise protocol was assessed by the local
Medical Ethics Committee of the Maxima Medical Centre, Veldhoven, The Netherlands, and
ethical approval was waived.
8.3.2 Data acquisition and exercise protocol
Continuous echocardiography acquisitions were obtained during exercise. The subjects were
tilted towards the left lateral decubitus position to improve the acoustic windows, induced by
the pull of gravity on the heart. Additionally, this position provided a gravitational force, which
would also be present in upright exercise on the probe and the fixation device, though in a
different direction (Figure 8.1a). Upper body motions, as observed in clinical stress tests, were
mimicked using an exercise peddler with a digital display (drive, Germany) (Figure 8.1a).
Ultrasound data were recorded using a phased array ultrasound transducer (PA230E, 1.0-4.0
MHz frequency range) connected to a Mylab70 scanner (ESAOTE Europe, Maastricht, the
Netherlands). The images were collected in B-mode at a frame rate of 51-66 Hz whilst
conserving all imaging settings during the evaluation of each participant per imaging window.
Electrocardiograms were recorded by the scanner using a 4-lead ECG.
The ultrasound data were transferred to an external computer using the Digital Imaging and
Communications in Medicine (DICOM) format to be analysed in MATLAB (MATLAB
2018b, MathWorks, Natick, MA, USA). The files contained frame rates of 25 Hz with a
resolution of 480x616 pixels with pixel dimensions ranging from 0.25 to 0.37 mm, depending
on the imaging depth.
The exercise protocol for each separate continuous acquisition had a duration of three minutes,
during which the subjects cycled at 80 RPM against a minor load for three periods of 45
seconds, with 15 seconds of rest prior to each exercise period (Figure 8.1b). Each participant
performed the exercise protocol four times. In the first exercise session, manual acquisitions
were captured continuously in the parasternal long-axis view by a trained cardiac sonographer.
In the second session, the transducer was fixated in an approximately identical position using
a specially designed, CE-marked cardiac probe fixation device (ProbeFix, USONO,
Eindhoven, The Netherlands). After initiation of the measuring period, no further positional
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Figure 8.1: Experimental setup and acquisition protocol. (a) The semi-supine exercise setup in
which the probe is fixated to acquire hands-free images of the heart. (b) The acquisition protocol.
(1) Images were acquired manually in the parasternal view, followed by (2) hands-free
measurements. Subsequently, (3) the manual and (4) hands-free acquisitions were obtained in the
apical view (A. Qasim, A. Raina 2018; P. J. Lynch, C. C. Jaffe 1999a; P. J. Lynch, C. C. Jaffe
1999b). The images of the last ten seconds of every exercise period were used for further
assessment.

adjustments of the transducers were allowed. Subsequently, the apical view four chamber view
was observed during the third and fourth exercise sessions. Again, manual acquisitions were
obtained first to assess the acoustic window and maximal attainable image quality, followed
by hands-free measurements. In between the sessions, five minutes of rest were included for
the subjects to recover completely.
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Figure 8.2: Steerable pyramid using complex, oriented wavelets. (a) The frequency subbands
extracted of the six levels, and (b) the corresponding extracted image structural size ranges in
pixels. The pixel dimensions ranged between 0.25 and 0.37 mm, depending on the image depth of
the acquisition. (c) An example of the decomposition of an image into six levels, each containing a
specific range of image structure sizes. For simplicity, only two of the sixteen orientations are
illustrated (left = 0π and right = π/2 ).

8.3.3 Data analysis algorithms
The algorithms used to analyse the acquisitions were implemented in MATLAB (MATLAB
2018b, MathWorks, Natick, MA, USA).
8.3.3.1 Image decomposition
For the FOV stability analysis methods, and the elimination of frames showing A-lines
generated by lung tissue, the ultrasound images were decomposed into a set of images, each
containing image structures of a different size range (Figure 8.2c). Accordingly, the influence
of the image variance induced by noise and ultrasound speckle could be eliminated from the
FOV stability analysis through nullification of the lower pyramid levels. In addition, detection
of anatomical structures within a specific size range (and orientation) could be performed more
ea sily (e.g. A-lines, heart valves, interventricular septum).
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The decomposition was performed using a steerable pyramid which employed complex and
oriented wavelets (Portilla and Simoncelli 2000). The wavelets resulted from the application
of a low pass filter followed by high pass filtering. A different frequency sub-band was
extracted by each wavelet from the frequency domain of the image (Figure 8.2a), which
corresponded to a structural size range in the spatial domain (Figure 8.2b). Furthermore,
oriented wavelets were utilized to simplify extraction and detection of specific image structures
(i.e. the septum is orientated predominantly in a vertical direction, whereas A-lines are
primarily horizontally oriented). In this method, complex wavelets were utilized instead of real
wavelets, since most structural information is embedded in the relative phase patterns rather
than the amplitude of the wavelet coefficients (Oppenheim and Lim 1981).
In this article, the frames were decomposed into six levels with 16 orientations, increasing with
గ

ଵ

.

8.3.3.2 Frame selection

In the FOV stability analysis, a minimal influence of FOV variation induced by physiological
changes was ensured by selecting frames obtained during steady-state and excluding frames
depicting respiration and cardiac contraction-induced motion as much as possible.
Accordingly, only end-diastolic frames were included from the final 10 seconds of every
exercise period, since during end-diastole the contraction velocity is minimal, whereas during
end-systole the heart changes shape rapidly.
Furthermore, ultrasound images displaying A-lines were automatically discarded. The
presence of A-lines indicated concealment of the heart by lung tissue. A-lines are artifacts
caused by vibration of the ultrasound waves between the proximal edge of air pockets in the
lung and the ultrasound transducer. Hence, they are characterized by horizontal stripes
appearing at regular intervals (Figure 8.3c). For the automatic detection of A-lines, first,
decomposition of the frames as described previously was performed (Figure 8.2). In the dataset
used the A-lines were visible in level four with orientation angle π . A frame containing Alines was classified as such when its thresholded version, using Otsu’s thresholding method
(Otsu 1979), exhibited at least four horizontal structures separated by equal interval distances
in the upper half of the image (Figure 8.3d).
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Figure 8.3: Detection of A-lines for frame exclusion. (a) A representative image of a parasternal
long axis image (AO=aorta, L=left, R=right, A=atrium, V=ventricle and IVS=interventricular
septum), and (b) the absence of A-lines in its reconstruction. (c) A frame in which the lung is
blocking the ultrasound waves, and (d) portraying the detected A-lines.

8.3.3.3 FOV stability analysis method I: Image structural similarity
The assessment of (regional) image similarity was performed using the complex wavelet
structural similarity index method (CW-SSIM), which is a full-reference method. The CWSSIM is based on human vision and compares the image structure defined as contrast
(variance), luminosity (average pixel intensities), and image structures (covariance) to a chosen
reference image (Sampat et al. 2009).
In ultrasound data, the CW-SSIM has proven to be a suitable full-reference method (Simoncelli
and Freeman 1995), since it compares only the lowest frequencies for all orientations. Hence,
the method a) excludes noise as much as possible, b) primarily compares the more dominant
image structures and c) makes use of the fact that lower frequencies can be determined with a
higher precision.
The CW-SSIM indices were computed for the selected frames with respect to the chosen
reference frame. The reference frame was an end-diastolic frame with an adequate image
quality captured during the final ten seconds of the first exercise period. Prior to the CW-SSIM
analysis, the images were decomposed as previously described (Figure 8.2).
The CW-SSIM is defined as:
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the wavelet coefficients acquired from

identical spatial positions in the lowest wavelet sub-band of the reference frame and the image
it is being compared to, and c∗ the complex conjugate of c (Sampat et al. 2009). Subsequently,
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the CW-SSIM index for each oriented sub-band from level six is calculated by combining the
localized indexes into a scalar utilizing a 7 x 7 Gaussian filter with the standard deviation
equalling a quarter of the size of the evaluated sub-band (Sampat et al. 2009). Finally, the mean
of these local indices is taken, resulting in the CW-SSIM index, which describes the similarity
of the two images.
In case the two images are identical, a CW-SSIM index of 1 will be computed. However,
when the image structures differ completely, the CW-SSIM index will drop to zero.
Furthermore, the CW-SSIM index is insensitive to small rigid translations and pixel intensity
changes, and an intensity change of 10% only results in a CW-SSIM index decrease from 1 to
a value equal to or higher than 0.996 (Sampat et al. 2009).
A representative CW-SSIM index for each exercise period was obtained by computing the
median of the selected frames. Furthermore, the variability of each CW-SSIM dataset was
determined by taking the median of the interquartile ranges of all exercise periods. The median
and interquartile range represent the most prevalent data, whereas the mean and standard
deviation penalize outliers. Hence, in this study the median and interquartile range were chosen
to represent the CW-SSIM values, since image structural similarity is strongly affected by
partial dislocation of the transducer onto a rib, which occurred only sporadically during a deep
in- or exhalation in most measurements.
8.3.3.4 FOV stability analysis method II: Cardiac feature consistency
As a second FOV stability quantification method, temporal deviations of the cardiac structures
were evaluated. An automatic evaluation of the orientation and curvature of the interventricular
septum was performed in the apical four chamber view.
First, the selected frames were decomposed into a set of sub-band images containing different
sizes of images structures as previously explained (Figure 8.2). The sub-bands encompassing
the frequencies making-up the cardiac walls and valves were selected and merged together
using the inverse fast wavelet transform (Portilla and Simoncelli 2000; Simoncelli and Freeman
1995). This resulting image predominantly displays the cardiac structures of interest, whilst
suppressing ultrasound speckle and noise. Subsequently, pixels representing the septum were
selected by automatically locating the valves and vertical walls, by searching for the crossing
of the valves and the septal wall. The section of the septum proximal to the transducer was
neglected, since this portion was not consistently visible in the frames. Through the pixel
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collection representing the interventricular septum, a straight line and a parabola was fit to
compute the tilt and curvature of the septum, respectively. The tilt was defined as the slope of
the fitted line with respect to a vertical line, and the curvature was obtained using the following
equation:
ᇱᇱ

ଷ
ᇱଶ ଶ

with c the curvature, and y the equation representing the parabola fitted through the septum.
The origin of the coordinate system was defined as the maximum of the parabola. The
derivatives of y were computed with respect to the tangent of the maximum of the parabola.
The absolute alteration in septum curvature and tilt were determined by subtracting the average
of the first exercise period from the average of the last exercise period.
8.3.3.5 Statistical evaluation
Significant differences between the images acquired by the fixated transducer and the trained
sonographer were calculated using the two-sided paired t-test to neglect body-shape, upper
body motion speed and amplitude, respiration-induced motion, and other non-fixation-related
factors that might influence the measurement results. An α of 0.05 was used. Normal
distribution for the paired t-test was tested using the Shapiro-Wilk test. Groups not displaying
a normal distribution were statistically evaluated using the two-sided Wilcoxon Signed RankSum test. The two-sided power was assessed for the normally distributed data sets with no
significant difference to determine the percentage of chance to reject the null hypothesis in case
the null hypothesis was false. A power of 0.80 was regarded sufficient.
8.3.3.6 Hands-free septal longitudinal strain
Septal longitudinal strain was computed at the end of each exercise period to determine the
feasibility and consistency of hands-free functional measurements. The analysis was performed
using speckle-tracking software, which is an image analysis method able to estimate the
deformation of tissue by calculating the most likely displacement of pixel groups between
frames (Chapter 6a; Lopata et al. 2009b).
Three individual heart cycles in the apical view were analysed at the end of each exercise
period, starting at end-diastole. Respiration-induced motion of the heart and the limited FOV
in both the images acquired by the sonographer and hands-free meant only the interventricular
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septum was visible continuously in all acquisitions. Accordingly, the septal wall was manually
delineated in the end-diastolic frames. Subsequently, a mesh of 11 by 31 points was generated
covering the segmented area. Inter-frame pixel group displacements were calculated in the
axial and lateral directions for each mesh point sequentially, using a coarse-to-fine blockmatching algorithm, which employs the cross-correlation function (Lopata et al. 2009b).
Cumulative longitudinal strain was calculated based on the deformation of the mesh with
respect to the end-diastolic frame.

8.4 Results
The trained sonographer was able to acquire ten and eleven adequate measurements in the
apical and parasternal view in the twelve subjects, respectively. In the remainder of the cases
the acoustic windows were inadequate for left ventricle visualization. In both views, nine
adequate measurements were able to be obtained using the probe fixation device. The views
unable to be assessed hands-free were caused by dislocation of the transducer behind a rib.
Consequently, only the data sets that contained both hands-free and manually acquired images
were used for further analysis.
8.4.1 FOV stability analysis method I: Image structural similarity
The median CW-SSIM indices of the final ten seconds of the exercise periods are depicted in
Figure 8.4a. All datasets displayed a decrease in CW-SSIM index over time, though the handsfree datasets appeared to be more constant during the course of the measurement. In the apical
view, the CW-SSIM indices of the hands-free acquired data of the last exercise period were
significantly higher compared to those obtained by the sonographer (p = 0.0046), with the
median CW-SSIM indices being 0.91 and 0.82, respectively.
In the parasternal view, in seven out of nine, the hands-free median CW-SSIM indices were
higher in comparison to the manual acquisitions during the last exercise period. The hands-free
outlier dataset was caused by respiration-induced out-of-plane motion of the heart, since the
uncommonly short A-lines in these frames were undetected by the algorithm. The average CWSSIM indices of the last exercise periods were 0.90 and 0.83 for the hands-free and manually
obtained data, respectively. No significant difference was observed between the last exercise
periods, though the computed power of 0.15 indicated a low probability to reject the null
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Figure 8.4: CW-SSIM indices and interquartile ranges of the apical and parasternal windows. (a)
The CW-SSIM indices of the hands-free and manually obtained datasets. In the apical four
chamber view, a significant difference was detected between the median CW-SSIM indices of the
third exercise periods. (b) The variability of the CW-SSIM data expressed using the interquartile
ranges. In both views, the interquartile ranges appeared to be similar when comparing the hands-

hypothesis
in caseobtained
the nullacquisitions
hypothesis was false, in which the null hypothesis assumed the
free and manually
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Figure 8.5 Alterations in septum curvature and tilt. (a) the absolute total deviation of the septum
and (b) the tilt, and the variance in (c) septum curvature and (d) tilt. No significant differences
were found, though the absolute alterations depicted in (a) and (b) appear to be lower in the handsfree data. The variances of the hands-free and manually acquired data (c and d) are similar.

hands-free and manual data to be similar.
The interquartile ranges of the CW-SSIM dataset appeared to be similar when comparing the
sonographer to the hands-free acquisitions (Figure 8.4b). In the apical view, the interquartile
ranges of the hands-free and manual datasets were 0.06 and 0.09 on average, respectively. In
the parasternal view, the interquartile ranges of the hands-free and manual data were 0.09
versus 0.07 on average, respectively. The interquartile ranges of the apical view CW-SSIM
datasets were not normally distributed. Hence, the Wilcoxon signed rank-sum test was applied,
whereas for the parasternal view the paired t-test was performed. No significant differences
were found. The power of the parasternal view datasets was only 0.08. The power for the apical
view could not be computed, since the data was not normally distributed.
8.4.2 FOV stability analysis method II: Cardiac feature consistency
Alterations in the apical view four-chamber view were also quantified by evaluation of the
septum curvature and tilt (Figure 8.5). In the hands-free data, the absolute differences in
septum curvature and tilt appeared to be smaller in comparison to the measurements taken by
the sonographer (Figure 8.5a and 8.5b). The variances in septum curvature were similar for
the hands-free and manual data (Figure 8.5c). In case of the septum tilt, on average, the cardiac
sonographer appeared to have acquired images with less variation in interventricular septum
tilt (Figure 8.5d).
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No significant differences were found between the hands-free acquisitions and the images
obtained by the cardiac sonographer for any of the parameters, though the powers of these
statistical computations were very low (Table 8.1).
Table 8.1 Powers of the data groups shown in the Figures 8.4 and 8.5
CW-SSIM index Parasternal
Interquartile range CW-SSIM
Parasternal
|∆ Curvature|
Curvature variance
|∆ Cross tilt|
Cross tilt variance

Power
0.15
0.08
0.43
0.16
0.26
0.07

8.4.3 Hands-free septal longitudinal strain
The feasibility of functional ultrasound evaluation of the heart with a fixated transducer was
demonstrated during cycling exercise echocardiography in nine volunteers. The computed
longitudinal strains for each tracking point were averaged to give a single estimate of septal
longitudinal strain per frame. The curves show good agreement between the sonographer and
hands-free methods (representative curves are shown in Figure 8 .6a-f). Drift occurred during
heart cycles where the heart moved out of view or out of plane, or when the lung moved into
view. Examples of this drift can be seen in Figure 8.6b and e. Peak septal longitudinal
shortening during each cycle are illustrated in Figure 8.6g and h. The median and interquartile
ranges are similar for both methods, although a small increase in strain magnitude is seen for
the hands-free acquisitions.

8.5 Discussion
Field-of-view stability is a requirement for cardiac functional evaluation for both qualitative
and quantitative measurements. During exercise stress echocardiography, FOV preservation
and reproducibility is especially complicated and strenuous for the sonographer. Therefore, in
this study, a demonstration of the FOV stability of hands-free echocardiography is presented.
The hands-free acquisitions, obtained using a fixated transducer, were objectively compared to
acquisitions acquired by a clinically trained sonographer in healthy volunteers during exercise
stress echocardiography.
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Figure 8.6: Septal longitudinal strain. (a-f) show representative longitudinal strain (%) curves
acquired in the apical view from a single volunteer. (g-h) display the variability of septal
longitudinal strain estimates acquired by the trained observer and of the hands-free acquisitions.
Interquartile ranges are similar between both methods, although there is some variation in median
values.

Quantification of the FOV stability was computed using the CW-SSIM index, which is a
suitable method for image structure comparison in ultrasound data (Xu et al. 2017).
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Furthermore, the variability of the CW-SSIM indices and interventricular septal image features
during the measurements was compared. Secondly, the total change in interventricular septal
image features was assessed, being the curvature and orientation of the interventricular septum.
Thirdly, the feasibility and consistency in longitudinal, interventricular septal strain was
assessed.
Based on the CW-SSIM indices, the FOV of the hands-free acquisitions was found to be more
stable than, or similar to, the manual data. The CW-SSIM values of the hands-free
measurements after three periods of 45 seconds of exercise were significantly higher compared
to the manual data in the apical view. In the parasternal images, the CW-SSIM indices of the
hands-free data were higher on average, though no significant differences were observed.
However, the power was lower than 0.80, implying the analysis of a bigger group of
participants might have still revealed a significant difference. Furthermore, the higher temporal
consistency in the CW-SSIM indices of the handsfree data in both views might suggest the
reproducibility of the hands-free data to be better in comparison to the manual acquisitions,
though more extensive evaluation is necessary, which is outside the scope of the article.
In the apical view, besides an improved FOV stability, the variability within the measurements
seemed to be slightly lower or comparable. The interquartile ranges of the parasternal handsfree and manual data were also similar, though the variability of the hands-free data seemed to
be slightly higher, possibly as a result of respiration-induced motion. In this study, the
parasternal images were affected to a greater extent by respiration. In contrast to the fixated
transducer, the sonographer may have been able to correct for the periodically respirationinduced motion of the chest and heart. However, over time the fixated transducer was able to
preserve the imaging plane to a better extent, whereas the sonographer changed the FOV
slightly and more abruptly. These respiration-induced out-of-plane motions might be
counteracted by acquiring 3-D ultrasound images.
In approximately one in five cases, the hands-free acquisitions were insufficient for further
analysis, which is in accordance with literature about hands-free measurements (Blans et al.
2019; Salden et al. 2018).
The CW-SSIM indices provide little information on the clinical relevancy of the hands-free
data in comparison to the manual acquisitions. The FOV consistency might be high in the
hands-free data, though a small transducer displacement might produce a clinically inadequate
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view. The parasternal view is predominantly used for valvular inspection, since the apex is the
region containing most wall motion anomalies (Marwick 2003), which is not visible in the
parasternal view. Accordingly, in this case, minor alterations are tolerated in the imaging plane
of the parasternal view. In contrast, in the apical view four chamber view, inadequate imaging
planes will negatively affect the computation of the functional parameters (Pellikka et al. 2007).
In addition, in stress echocardiography, changes in these functional parameters as a result of
increased cardiac stress, are indicators for coronary disease. Hence, the imaging plane should
be consistent over the entire measuring period for accurate functional parameter investigation.
Therefore, an assessment of the interventricular septum curvature and tilt consistency was
performed.
No significant differences in interventricular septum tilt and curvature between the hands-free
and manual datasets were observed. However, the data indicate a lower total septum curvature
and tilt alteration over the entire measurement period. In addition, the variance of the curvature
and tilt seemed to be similar when comparing the acquisition methods. Therefore, in the apical
view, the clinical value of the hands-free data can be inferred to be higher compared to the
acquisitions of the trained cardiac sonographer, though more measurement should be
performed for conformation, as the statistical power of these investigations was low.
The feasibility of hands-free functional evaluation of the left ventricle during exercise stress
echocardiography was assessed through computation of longitudinal strain of the septal wall,
since septal strain measurements have shown to be the best clinical marker for left ventricle
functionality (Dandel et al. 2009). We hypothesized that deviation (or a lack thereof) in strain
magnitude between different heart cycles and exercise periods would provide information on
the FOV stability. In the case of a consistent FOV, strain parameters were expected to remain
roughly constant. Inconsistent FOV leads to drift in strain estimates due to obstruction of the
region of interest, and differences in strain magnitude due to out of imaging plane motion of
the myocardium. Good agreement was found between the sonographer and hands-free
acquisitions for both the strain curves and peak septal longitudinal strain, with hands-free strain
at least as consistent as the sonographer.
The biggest limitation of the study was the relatively small number of subjects. In the future, a
larger study should be performed for the comparison between manual and hands-free
acquisitions in stress echocardiography. Nevertheless, this initial study demonstrates that the
FOV in hands-free exercise stress echocardiography is at least as stable as manual acquisitions.
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The increased or equivalent FOV stability observed in the hands-free measurements in this
study is encouraging for the use of hands-free devices in upright stress echocardiography in
future studies and in the clinic. In upright exercise, higher heart rates and workload can be
achieved, which increases the sensitivity of the test (MacWilliam 1933; Pellikka et al. 2007;
Proctor et al. 1996). Additionally, it better represents daily activities. However, hands-free,
upright cardiac acquisitions could be limited by the reduction in acoustic window size and the
less optimal heart position compared to a supine-like position. Fortunately, Salden et al.
(Salden et al. 2018) has demonstrated the feasibility of hands-free acquisitions in upright
exercise. However, in this research, supine exercise was undertaken, since a comparison to
clinically comparable acquisitions was made.
Additionally, enhanced reproducibility may provide another benefit; high interobserver
variability is a major problem in ultrasound assessments, which is a result of ineffective training
in image interpretation, and observer subjectivity and bias (Giannakou et al. 2011; Jacobson
2009; Pellikka et al. 2007). In case interval acquisitions are obtained, acquiring identical
imaging planes is a difficult task. Hence, the FOV stability of interval measurements are
expected to be lower than in the continuously obtained manual acquisitions in this study.
Transducer fixation can overcome these issues, since the imaging plane will be preserved
during the measurement period. However, the feasibility of hands-free imaging in women
should still be investigated. The chest sizes and shapes of women deviate to a greater extent in
women than in men, and their breasts might influence the FOV consistency, especially during
exercise.
In the newer stress echocardiography protocols, lung water detection using B-lines, left
ventricle contractile reserve, and Doppler-based coronary micro-circulation evaluation (i.e.
coronary flow velocity reserve) are added to the mitral valve and wall motion abnormalities
assessment (Picano et al. 2018). These extra parameters provide a better evaluation of
vulnerability to adverse events, and it is a more omnivorous approach resulting in a more
complete diagnostic overview of heart failure or coronary artery disease patients (Ciampi et al.
2019; Cortigiani et al. 2018; Lowenstein et al. 2003; Scali et al. 2017; Scali et al. 2019; Zagatina
and Zhuravskaya 2017). B-line observation can be easily performed in the hands-free stress
echocardiography setup since the probe can be dismounted and reattached quickly. The images
required for left ventricle contractile reserve assessment are already obtained during the regular
stress exam. Hands-free computation of the coronary flow velocity reserve will be most
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challenging, since these acquisitions are already technically challenging and require state-ofthe art ultrasound equipment (Ciampi et al. 2019; Zagatina and Zhuravskaya 2017).
Additionally, the images are obtained in the low parasternal long-axis view and/or modified
two-, three-, or four-chamber apical view. Hence, the position of the probe and its fixation
device would need to be modified, which further complicates these measurements. Therefore,
if the coronary flow velocity reserve is only measured prior to exercise and near peak exercise,
then hands-free acquisitions should be feasible. However, this feasibility should be analysed in
future studies. Besides continuous intensive care acquisitions (Blans et al. 2019) and exercise
stress echocardiography, continuous intra- and postoperative transthoracic sonography could
be beneficial, since it facilitates the detection of ischemia cases that are challenging to diagnose
using an ECG or other standard hemodynamic monitored parameters (Kumar et al. 2004).
Furthermore, the alternative, transoesophageal echocardiography, is accompanied with risks
and is no longer possible after intubation (Jensen et al. 2004; Jørgensen et al. 2016). The
application of transthoracic echography has already been proven to be successful in directly
preventing perioperative adverse events and has been proven feasible in more than 90% of the
evaluated operations (Ashley and Niebauer; Jørgensen et al. 2016). However, these
measurements were performed on an interval basis. Hence, the feasibility of continuous
acquisitions is unclear.
8.5.1 Conclusions
Hands-free acquisitions provide at least equally good field-of-view stability and improved or
comparable image consistency over time. The variability within measurements was similar.
Furthermore, the acquisition of hands-free strain data has been shown to be feasible.
Additionally, the hands-free strain was at least as consistent as the measurements performed
by the sonographer. Consequently, an improved sensitivity of cardiac stress tests might be
obtained for wall motion assessment and valve functionality evaluation. Hands-free
echocardiography might provide a higher reproducibility with additional applications possible
in intraoperative and intensive care for functional cardiac evaluation.
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9.1 Motivation and main findings
In this thesis, experimental and clinical studies are presented that were performed to investigate
new applications and improvements for ultrasound strain imaging in failing and supported
hearts. As seen in the wide array of topics covered in this thesis, there remain many unexplored
research lines in the field of cardiac ultrasound strain imaging. Since the first in vivo use of
ultrasound strain imaging in the heart over 20 years ago, the technique has facilitated an
improved understanding of ventricular function, and in a wider group of patients than was
previously possible. Yet, despite now widespread use of certain parameters (e.g. global
longitudinal strain), detailed measurement of local tissue function in the failing heart is often
not performed. This is can be attributed to a lack of studies that have explored the use of the
information available in experimental or clinical ultrasound data, but also, more significantly,
due to the difficulty of acquiring these data. This thesis explored more issues relating to
measurement of local tissue function than new acquisition methods, given that, at the time the
studies were conceived, both problems appeared to be of equal significance.
The main findings of this thesis are summarised below:
Ex vivo beating porcine heart experiments provide a physiological basis for the verification of
echocardiographic measurements, without the need for in vivo animal models and their
sacrifice. Experiments are highly repeatable and allow good access for ultrasound imaging.
Cardiac output was accurately measured and left ventricular (LV) wall strains were highly
reproducible. This demonstrates the suitability of this platform for future experiments in
pathological scenarios (Chapter 2).
In vitro experiments show that displacements and strains estimated with ultrasound strain
imaging agree well with those estimated with three-dimensional digital image correlation (3DDIC). This in turn demonstrates 3D-DIC as a viable method for the verification of novel cardiac
strain estimation techniques, and as an alternative to presently used tagged magnetic resonance
imaging (MRI) and sonomicrometry for this purpose. (Chapter 3).
A combination of ultrasound strain imaging and pressure measurements shows the remaining
ventricular function in left ventricular assist device (LVAD) supported hearts, and the great
influence of an LVAD on the heart as it degrades. This was demonstrated in an ex vivo model
(previously verified in Chapter 2) implanted with an LVAD (Chapter 4).
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Estimation of LV fibre-directional strain is possible by combination of 3D ultrasound strain
imaging and backscatter tensor imaging, as shown in simulations. This increases the
physiological relevance of strain estimates by computing deformation in the direction of actual
myofiber contraction and could show the balance of active versus inactive deformation in
infarcted tissue. Furthermore, the method reduces the observer-specificity of strain estimates
by providing a measured direction for strain calculation (Chapter 5).
Differences between ultrasound strain imaging displacement estimation and filtering methods
significantly effect parameters derived from minor changes in circumferential strain pattern.
This was shown through measurement of strain parameters in the mechanically
dyssynchronous LV that are of particular interest in determining response to cardiac
resynchronisation therapy. Additionally, tagged MRI may not provide accurate measurements
when estimating LV septal strains (Chapters 6a & 6b).
Ultrasound strain imaging in the septal wall is feasible and reproducible in exercising heart
failure patients, up to a moderate exercise intensity level. This was demonstrated through
comparable intra- and inter-observer and test-retest variability of longitudinal strain
parameters, including septal systolic rebound stretch (SRSsept). Strain imaging may reveal the
heterogenous response of the LV to exercise in dyssynchronous heart failure (Chapter 7).
Ultrasound probe fixation allows hands-free echocardiography during exercise, with images
and strain estimates at least as stable and reproducible as those acquired manually. This was
demonstrated in volunteers by calculating the structural similarity of images and septal
longitudinal strains (Chapter 8).

9.2 Left ventricular strain: in vitro, ex vivo and in silico
In this thesis, in vitro, ex vivo, and in silico models were utilised: in the development of
improved validation methods; in measurement techniques to improve understanding of LVADsupported hearts; and, lastly, in the development of a novel measurement method to increase
the merit of strain measurements derived from ultrasound data.
In vitro and ex vivo set ups have commonly been used for the study of biomedical image
analysis techniques, including digital image correlation and ultrasound strain imaging.
Ultrasound and 2D-DIC were combined by Slane et al. for the quantification of deformation in
porcine tendons (Slane and Thelen 2014). Gijsbertse et al. validated ultrasound-based strain
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measurements in human collateral ligaments against 2D-DIC (Gijsbertse et al. 2018).
Measurements have additionally been performed on ex vivo beating rabbits hearts in a
Langendorff configuration using ultrasound strain imaging only (Jia et al. 2009).
Like open chest animal studies, the setups used in this thesis have easy access to the heart for
imaging (Costet et al. 2014; Ferferieva et al. 2013; Langeland et al. 2006), measurement of
hemodynamic parameters and (in the case of the ex vivo experiments) realistic deformation of
the myocardium. The major benefits of these setups is the reduction in the use of animal models
by using hearts that are slaughterhouse waste, and the ability to make small changes to the
hemodynamic behaviour of the mock-loop and heart (Araki et al. 2005; Chinchoy et al. 2000;
Granegger et al. 2013).
As an alternative or earlier step prior to real-world in vitro/ex vivo experiments, in silico studies
allow testing and validation of ultrasound imaging methods at different levels of complexity.
Ultrasound simulations of numerical models such as those used by Konofagou et al. and Lopata
et al., often form the basis from which new techniques are developed (Konofagou and Ophir
1998; Lopata et al. 2009a). More advanced simulations such as those by Luo et al., allow
validation of strain imaging algorithms using models that more accurately replicate the motion
and deformation of the left ventricle (Luo et al. 2009). Ultrasound simulations are not limited
to use with strain imaging: Ramalli et al. performed simulations in an investigation to determine
the limits of 3D-backscatter tensor imaging (as used in Chapter 5) in the estimation fibre
orientation in tissues (Ramalli et al. 2018).
9.2.1 Limitations
In Chapters 2 and 4, use of live ex vivo hearts introduced experimental variability. The hearts
lack compensatory mechanisms and are unstable; particularly when additionally implanted
with an LVAD. When submerged in saline, the replenishment of blood (due to leaks in the
hearts) must be paused, and this limited the time available for imaging. Whilst the excellent
image quality possible in these setups was valuable, the lack of realism means it is still
unknown to what extent the method presented in Chapter 4 would be feasible in patients,
where image quality is significantly poorer. Use of phantoms that include ribs and surrounding
tissue could enhance the realism of the images produced in these setups.
In Chapter 3, a pump system filled with saline was used to inflate the hearts to generate LV
wall motion and some deformation, rather than actual contraction of the myocardium
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occurring, as was the case in the beating heart setup. This led to lower estimated strains in all
measured axes. Fundamental limitations with the 3D-DIC method also exist: given the lack of
cross-sectional strain estimation only surface strains are measured (although this is an
advantage over presently-used sonomicrometry). Whether the method can differentiate
between active and passive deformation must be investigated; furthermore, the need for visual
access to the surface of the heart and application of a physical speckle pattern greatly reduces
the utility of 3D-DIC even as an experimental method for validation. The heart is often
(partially) visually obstructed in many setups and the myocardium has a high water content.
When exposed to air, fluid within the myocardium moves to the surface and forms into droplets,
these would damage the applied speckle pattern. The stiffness of the myocardium would
increase if it were dried out, this would lead to unphysiological contraction. Lastly, the DIC
and ultrasound measurements were not acquired simultaneously, the heart had to be submerged
for ultrasound imaging, meaning DIC measurements were performed immediately prior to the
ultrasound acquisitions.
Use of 2D ultrasound is one of the most major limitations when estimating deformation, as
motion occurs outside the imaging plane. Torsion and longitudinal deformation both make up
a large part of ventricular contraction; both aspects were ignored when measuring
circumferential strain. Many factors contributed to inaccurate estimation of wall motion and
strain: the low lateral resolution of ultrasound; bubbles in the container; the LVAD and LVAD
inflow cannula meant that no longitudinal views were possible in those experiments (as is the
case in vivo); and a low acquisition frame-rate due to hardware limitations.
The method presented in Chapter 4 allowed estimation of the myocardial work, this is only a
relative measure of cardiac performance, and was acquired using partially invasive (LV
pressure) measurements, which would be unavailable in patients.
Estimation of fibre-directional strain in the heart (Chapter 5) has yet to be validated outside
of simulations. At present, even the most advanced ultrasound transducers and acquisition
systems currently available may not be sufficient for accurate in vivo measurement of fibre
direction given the fundamental limitations in imaging depth. The ultrasound simulations were
greatly simplified in terms of the image quality of the ultrasound volumes and manner in which
myofibers were created. Therefore, additional confounding factors may exist in the
myocardium and in vivo that were not reproduced.
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9.2.2 Future developments
The ex vivo experiments used in Chapters 2 and 4 are produced as a product, and as such
have been continually improved over time. Inter-experiment variability has therefore been
reduced since those measurements were performed.
Advanced ultrasound acquisition methods, including 3D-ultrafast and multi-perspective
ultrasound (not explored in this thesis), could go towards resolving many of the ultrasoundspecific limitations of this thesis. 3D imaging would allow estimation of the full strain tensor,
reducing the influence of out-of-plane motion to inside the image volume. When combined
with plane or spherical wave transmission and coherent compounding, orders of magnitude
higher volume-rates are achievable. This would reduce under-estimation of strain commonly
seen in 2D strain imaging. Multi-perspective imaging combines images from two or more
ultrasound probes that are positioned at a relative angle from each other. This method would
greatly improve the lateral resolution of ultrasound images and volumes.
The non-invasive estimation of fibre-directional strain is an exciting prospect which would
enable measurement of myofiber disarray and characterisation of local myocardial contraction.
Further testing is needed outside of simulations to determine if the method has real-world merit.
If so, transducers that allow the accurate measurement of fibre-orientation in vivo should be
developed.

9.3 Left ventricular strain: in vivo and clinical use
LV strains estimated by ultrasound strain imaging and tagged MRI have often been compared,
given the generally high reproducibility and standardised imaging planes of the latter method.
The superiority of strain imaging of tissue Doppler imaging (TDI) was shown in a validation
against tagged-MRI, in one of the first echocardiographic uses of strain imaging (Amundsen et
al. 2006). Amzulescu et al. and van Everdingen et al. both found good agreement between
strain imaging and MRI in global strain measures (Amzulescu et al. 2017; van Everdingen et
al. 2018).
Similar to the studies of Chapters 6a and 6b, van Everdingen also investigated parameters of
ventricular discoordination such as SRSsept, and found that these were greatly influenced by
the type of strain imaging software used (van Everdingen et al. 2017). Since measurement of
SRSsept was initially demonstrated by de Boeck et al., studies including those by Maréchaux
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et al. and Risum et al. have shown that the parameter has possible predictive value with respect
to CRT response (De Boeck et al. 2009; Maréchaux et al. 2014; Risum et al. 2012). Therefore,
the inter-vendor variability in SRSsept measurements shown by van Everdingen, and in strain
measurements measured by strain imaging in general, is of great clinical relevance (Badano et
al. 2013; D’hooge et al. 2016; Voigt et al. 2015).
The influence of exercise on ventricular dyssynchrony has previously been explored. Kuhne et
al. found that continued presence of dyssynchrony during exercise occurred in a minority of
patients with dyssynchrony at rest. Rocchi et al. assessed mechanical dyssynchrony with TDI
in exercising patients, finding that it could well be an independent predictor of CRT response.
Stability of the ultrasound field of view is important in order to produce accurate
echocardiographic measurements. Given the already high variability in ultrasound
measurements shown, exercise will introduce yet further variability. Probe fixation devices,
such as those demonstrated by Salden et al. and Blans et al., would likely be necessary were a
study to be conducted in a large cohort investigating parameters of ventricular discoordination
during exercise (Blans et al. 2019; Salden et al. 2018).
9.3.1 Limitations
The small sample sizes in the in vivo studies described in this thesis mean that they serve as
pilot studies only, paving the way for larger clinical studies. This is particularly relevant for
Chapter 7 given the possible added clinical value of SRSsept measurements during exercise.
Chapter 6a used previously acquired data from dogs, in such cases the number of subjects
should be as low as reasonably achievable. If possible, similar future measurements should
only be performed in experimental platforms or simulations used elsewhere in this thesis,
although long term ventricular remodelling as seen with LBBB would be hard to replicate.
As previously mentioned in regard to the experimental studies, the limitations of 2D ultrasound
imaging were clearly present in these in vivo studies, with out-of-plane motion causing an
unquantifiable error magnitude (likely large). Frame rates were generally high (60 Hz or more)
in these studies, resulting in accurate axial tracking. Nevertheless, higher frame rates would
reduce lateral tracking errors, although the maximum precision of lateral estimates is limited
by the low lateral resolution of ultrasound.
Chapters 6a and 6b highlighted the limitations of tagged MRI as a gold standard in noninvasive strain estimation methods. If the results of the gold standard cannot be trusted, as
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evident in the low strain magnitude and (visually identified as) inaccurate strain pattern, then
comparison between different methods against the gold standard is of reduced merit.
The quality of ultrasound images suffered greatly during exercise, as shown in Chapters 7 and
8. Whilst exercise may reveal differences between patients with mechanical dyssynchrony,
whether these can be reliably differentiated through echocardiography remains to be seen in a
cohort of CRT candidates. The probe fixation device demonstrated in Chapter 8 would
improve the quality and ease-of-acquisition of images during (sub)maximal exercise. However,
this was only tested in a small volunteer study in men, issues with positioning due to high
patient BMI or breast tissue may prevent use of the device in a clinical cohort.
9.3.2 Future developments
In the future, maturation of software tools developed by the ultrasound industry, combined with
the work of the standardisation taskforce, will lead to the continued convergence of strain
imaging measurements. This, combined with 3D ultrafast and multi-perspective ultrasound
imaging should enable more precise and accurate characterisation of failing and supported
hearts than presently possible. This would lead to improved planning of pre- and post-surgical
treatment in heart failure patients, by increasing information available to clinicians. However,
this will only be the case if methods that show or are used in the interpretation of these
measurements are also improved, as too much information will result in an overload of data
that must be interpreted by doctors.
With the miniaturisation of ultrasound technology that is presently taking place elsewhere in
the ultrasound industry, more measurement possibilities are becoming available. Portable
ultrasound devices, fixed to the skin, may soon allow day-to-day measurement and tracking of
the condition of the heart and other organs. Combined with personalised models, identification
of disorders such as mechanical dyssynchrony, that may only reveal themselves sporadically,
may soon be possible without the need for measurements in the clinic, as is currently the case
with electrical conductivity disorders.

9.4 General conclusions
In this thesis, new applications and techniques were explored through experimental and clinical
studies toward the improved use of ultrasound strain imaging in the failing and supported heart.
Whilst some of the methods investigated are likely to require advancements in technology for
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their effective utilisation in the clinic, others may be immediately used in further studies in
heart failure patients. Strain imaging remains highly dependent on image quality, this will
always be a concern in vivo due to the physical characteristics of ultrasound. Advanced image
analysis and acquisition techniques are able to yield more information from ultrasound data
than previously possible however, as shown in the studies presented.
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