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Abstract

Introduction Heart failure with reduced Ejection Fraction (HFrEF) is a progressive disease
with a low 5-year survival of <50%. Increased left ventricular wall stress in HFrEF patients is a
main contributor for disease progression. Current surgical therapies for advanced symptomatic
HFrEF such as assist devices or transplantation are invasive and have high morbidity. Less
invasive treatments (i.e. CorCap) focus on increased end-diastolic wall stress, yet fail in the
long term because of partial support only during end diastole. A possible solution is to decrease
left ventricular wall stress during a full cardiac cycle. The aim of this study is to quantify
regional left ventricular wall stress during a full cardiac cycle in dilated and physiological
hearts. Ultimately a minimal invasive device should be developed to provide continous regional
support for symptomatic HFrEF patients.

Methods Patients eligible for cardiac surgery including HFrEF patients were included in this
study. Continuous 3D transesophageal echocardiography and left intraventricular pressure were
obtained. Using the intraventricular pressure and principle curvature and wall thickness of local
patches constructed from the ventricle regional wall stress was determined. The regional mean
curvature and wall thickening were also determined. A 16-segment model of the ventricle was
used to define anatomical regions. A division between patients with a physiological ventricle,
heart failure patients and patients with a dilated ventricle was performed to observe differences
between averaged global wall stress, curvature and sphericity. A division between patient
based on ejection fraction and end-diastolic diameter was performed to compare physiological
functioning hearts with HFrEF patients for regional parameters.

Results Continuous measurements were obtained in 9 patients. No significant difference
in global wall stress, curvature and sphericity between patients were found. A significant
difference in wall stress in the lateral wall of the ventricle was found at peak systole and end
systole. Furthermore, significant differences for the lower segments of the ventricle were found
at peak systole and end systole. Significant correlations between end-systolic, peak systolic,
end-diastolic wall stress and cyclic variation curvature and wall thickening were found.

Conclusion Full cardiac cyclic left ventricular regional wall stress was successfully obtained
during cardiac surgery. The current study provides insight into the differences in regional
wall stress between physiological and impaired functioning ventricles. Regional wall stress for
the middle and apical segments of the ventricle for HFrEF patients with a dilated ventricle
were found to be increased at peak systole and end-systole. Correlations were found between
end-systolic wall stress and peak systolic, end-diastolic wall stress and myocardial vitality.

Future research should focus on changes in regional wall stress over time after treatment and
the relationship between different LVEF. Future work should develop minimal invasive devices
with patient-specific full cardiac cycle support to lower the regional wall stress.

Keywords: regional wall stress, full cycle, left ventricular, heart failure, cardiac surgery

ii



iii



List of abbreviations

ACEi Angiotensin-Converting Enzyme inhibitor
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HF Heart Failure

HFmrF Heart Failure with midrange Ejection Fraction

HFpEF Heart Failure with preserved Ejection Fraction

HFrecEF Heart Failure with recovered Ejection Fraction

HFrEF Heart Failure with reduced Ejection Fraction

LVAD Left Ventricular Assist Device

LVEDd Left Ventricular end-diastolic Diameter

LVEF Left Ventricular Ejection Fraction

LVESd Left Ventricular end-systolic Diameter

MRA Mineralocorticoid Receptor Antagonists

QVR Quantitative Ventricular Restraint

STL Surface Tessellation Language

SV Stroke Volume

TEE Transesophageal Echocardiography

iv



v



Preface

The past year could be described as a very challenging and enormously educational year for me,
in which I received many opportunities to develop myself and to meet many inspiring people.
For this I greatly want to thank my four supervisors. They have offered me the possibility of
working together with them in this research. And next to this, they have challenged me to
bring out the best of myself. Despite the fact that the current study suited the master track
‘Imaging and Intervention’ a bit better, compared to my master track ‘Sensing and Stimulation,
I have enjoyed it very much to receive the opportunity to dive into this research and learn more
from several sides of Technical Medicine. I would also like to thank the Thorax Centre Twente
for providing the possibility to develop myself clinically and to support my clinical ambitions.
I experienced the department as a great educational place with many enthusiastic colleagues.

I hope we will cooperate again in the future!

16 October 2019
Thomas Urgert

vi



vii



Contents

Abstract ii

List of abbreviations iv

Preface vi

1 Introduction 10
1.1 Ejection Fraction and mortality . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.2 Current treatments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.3 Cause of progressiveness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.4 Regional Wall Stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.5 Developments in treatment options for heart failure . . . . . . . . . . . . . . . . 15
1.6 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2 Methods 16
2.1 Study design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2 Setting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3 Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.4 Data acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.5 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.6 Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3 Results 21
3.1 Full Cycle Regional Wall Stress . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2 Global parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.3 Cyclic differentiation between ventricular outside segments . . . . . . . . . . . . 24
3.4 Cyclic regional wall stresses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.5 Observer reliability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4 Discussion 30
4.1 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.2 Clinical relevance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.3 Future device properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.4 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

5 Conclusion 36

References 37

Appendices 42
A Derivation Wall Stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
B Additional tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

viii



ix



1 Introduction

Heart Failure (HF) is a clinical progressive syndrome caused by structural and/or functional
cardiac abnormality. Faulty heart valves, heart arrhythmias and genetic defects, impair pump
function of the heart and cardiac output is reduced [1]. As a response to this impairment
many pathways are induced to accommodate for the decrease in cardiac output to maintain
normal haemodynamics. This leads to damage of the heart muscle, the myocardium. When a
certain cardiac abnormality is present long enough, the myocardial muscle becomes damaged
beyond reversibility. Depending on the etiology, the entire ventricle becomes enlarged and the
myocardial muscle is thinned or the myocardial muscle of the ventricle becomes thickened.
About 23 million people in developed countries are currently diagnosed with HF. This accounts
for 1-2% of the western population [1, 2]. This prevalence will increase with 46% in 2030 due
to an increase in life expectancy and cardiac problems due to an unhealthy lifestyle [3]. Heart
failure is an incurable and progressive syndrome with a low 5-year survival under 50% [4].
Due to an impairment in pump function, symptoms such as dyspnoea, oedema and fatigue are
characteristic for HF and lower the quality of life.

The Left Ventricular Ejection Fraction (LVEF) is used to describe the wide variety of HF
patients. This LVEF is the ratio between the end-diastolic left ventricular volume (EDV)
and stroke volume (SV). Differentiation by LVEF is important, because of different underlying
causes, co-morbidities, treatment options and response to therapy. Physiological values are 50
to 70%. Patients with an ejection fraction <40% are considered as heart failure with reduced
ejection fraction (HFrEF) patients. Patients with heart failure and a normal ejection fraction ≥
50% are considered as heart failure with preserved ejection fraction (HFpEF). The ’grey area’
of HF patients exists in between, with a LVEF of 40-49%, and are grouped as heart failure with
midrange ejection fraction (HFmrEF). HFrEF patients are known with systolic dysfunction,
whereas HFpEF patients often have diastolic dysfunction (see figure 1).

Figure 1: Representation of diastole and systole of a normal functioning, systolic dysfunctioning and
diastolic dysfunctioning heart [5]
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1.1 Ejection Fraction and mortality

Studies have suggested that HFpEF patients have a better survival than HFrEF patients.
Studies showed an adjusted hazard ratio between 0.65-0.96 compared to HFrEF [6–10]. Thus,
mortality in HFpEF patients is 0.65-0.96 of the mortality of HFrEF patients. Contradictory,
some studies have shown no differences between mortality and HFrEF and HFpEF [11, 12].
When looking in depth at the mortality and LVEF a relationship becomes clear. The past
decade, research has shown a decreased mortality when the LVEF is increased [9,13,14]. These
studies reveal an adjusted hazard ratio compared to a LVEF of 60% for patients with a LVEF
<15% of 1.75-2.5 declining to 1.10-1.25 for patients with a LVEF of 35-45% (figure 2). For every

Figure 2: Relationship between LVEF and hazard ratio in heart failure patients [14]. Hazard ratio is
adjusted to LVEF 60%.

5% increase in LVEF there is a 13% decrease in hazard. The mortality in patients with a LVEF
>45% is not further improved when LVEF is further increased. This could be explained by the
fact that the mortality of HFpEF patients is often caused by non-cardiovascular causes and that
LVEF approaches normal values [1]. When an individual HFrEF patient’s LVEF after treatment
improves to above 45-50%, recovered LVEF (HFrecEF) results in mortality are even better.
The mortality and hospitalization was lower than HFrEF, HFmrEF and HFpEF patients [15].
However, the overall mortality is still fourfold higher than healthy subjects. On top of this,
a study of Lupón [16] observed an increased mortality risk when the LVEF of a patient is
declining in a preceding period. Taking the above described findings into consideration, it can
be hypothesized that increasing LVEF and retaining this improves the outcome of a HFrEF
patient.

1.2 Current treatments

Treatments of patients with HFrEF focus on the improvement of their physiological condition,
quality of life, preventing hospital (re)admission and reducing mortality [1]. Pharmacologi-
cal treatment with angiotensin-converting enzyme inhibitors (ACEi), angiotensin II receptor
blockers (ARBs), beta-blockers and diuretics in patients with HFrEF is recommended to reduce
morbidity and mortality [1]. For patients with maintaining symptoms and a LVEF ≤ 35%, min-
eralocorticoid receptor antagonists (MRA) is beneficial for survival and reduces hospitalization.
For HFmrEF and HFpEF patients studies on treatment have not shown any beneficial effects
on the mortality and morbidity. Therefore, the aim for treatment of these patients is to reduce
symptoms severity, treat non-cardiovascular comorbidities and improve quality of life [1].

Besides pharmacological therapy, cardiac resynchronisation therapy (CRT), has proven ben-
eficial for survival [17]. Sudden deaths and deaths from worsening of heart failure were reduced
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with CRT. Hazard ratio’s after an average of 1.5 year follow-up were 0.55 for worsening of
heart failure and 0.54 for sudden death with respect to treatment without CRT. Despite these
positive results, CRT is only applicable in HF patients with conduction disorders and 30-40%
of the treated patients remain non-responders [18].

Surgical techniques can also be used for treating patients with heart failure. For patients
with heart failure based on ischemic cardiomyopathy, coronary revascularization, PCI or CABG,
could be performed [19]. Beneficial effects on left ventricular function were only seen in revas-
cularization procedures for patients with vital myocardial tissue without scarring. Patients
developing mitral insufficiency, which causes additional load to the already dilated left ventri-
cle, can undergo valve repair [19]. As left ventricular size is an important prognostic factor for
survival in patients, reconstruction of the ventricle could be beneficial [19]. Such a technique
for changing the geometry of the dilated left ventricle is left ventricular aneurysmectomy [19].
Patients with a local and thin-walled aneurysm are eligible for procedure. Although the above
techniques have proven beneficial for reducing symptoms no reduction in mortality and hospi-
talization rates was seen [20].

For patients with end-stage heart the only treatment option is by receiving a heart trans-
plant. Since the shortage of donors, a left ventricular assist device (LVAD) could be used as
a bridge to transplantation or used as a destination therapy. The device comes with major
downsides such as, invasiveness, the necessity of anticoagulant therapy and driveline infections.

Although there is a decrease in mortality when treating with pharmacological agents and
CRT, heart failure remains a progressive disease. At a certain point pharmacological treatment
is not effective anymore. Finding a new method for therapy where all HFrEF patients are
eligible for treatment and progression of heart failure is further slowed down or possibly stopped
is desirable.

Figure 3: Vicious circle ventricular remodelling in heart failure patients [21].

1.3 Cause of progressiveness

In patients with HFrEF a dilated left ventricle, dilated cardiomyopathy (DCM) is observed
(figure 1). It comes with a thinned and weakened myocardial muscle. This change in ven-
tricular configuration is called remodelling. The general hypothesis is that many myocardial
abnormalities observed in failing hearts are a direct or indirect consequence of increased my-
ocardial wall stress and sustained neurohumoral activation [22]. Stress is defined as the force
acting on a cross-sectional area. It can indirectly be determined by the relation between the
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ventricular pressure, the myocardial wall thickness and curvature of the ventricle. Due to the
thinning of the myocardial muscle and enlargement of the ventricle, the stress in the myocardial
wall is increased. This increase in wall stress leads to an increase in oxygen demand due to
the increased working load of the muscle. When this increased oxygen demand cannot be met
the myocardium becomes even more damaged. This will further promote dilatation and fluid
retention, which in turn causes a further increase in wall stress; entering a vicious circle (figure
3). For HFrEF patients an increase in the end-diastolic wall stress is highly associated with
LV dilatation and a reduction in EF [23]. An increase in myocardial wall stress throughout
the cardiac cycle will worsen the outcome. Reducing myocardial wall stress will prevent wors-
ening of heart failure and potentially leads to reverse remodelling [24]. This would then have
beneficial effects on LVEF recovery and improved survival.

1.4 Regional Wall Stress

Cardiac wall stress has found to be an important stimulus for remodelling of the left ventricle
in patients with heart failure and induces hypertrophy [25–27]. It furthermore determines
myocardial oxygen consumption and is of importance for the mechanical behaviour of the
coronary circulation [28]. Additionally, increased wall stress adversely contribute to energy
metabolism, gene expression and arrhythmia [29–31].

As described earlier, wall stress is defined as the force acting on a surface divided by the
cross-sectional area over which the force acts (equation 1). Stress induced by a force acting
perpendicular to a cross-sectional area is defined as the normal stress. When a force acts parallel
to a cross-sectional area it is called shear stress.

σ =
F

Aw
(1)

Definition of stress; with σ = Stress (N/m2), F = Force (N) and Aw = Cross-sectional area
of wall (m2)

Laplace derived that the normal stress is directly proportional to the pressure inside a sphere
and the radius of that sphere and indirectly proportional to the wall thickness (Appendix A).
It is assumed that the material of the wall is isotropic, the sphere is in equilibrium and the
wall thickness is much smaller than the radius (h<<R). This allows for treating the wall as
a surface with the same material properties across the entire surface. The wall stress can be
indirectly determined with:

σ =
P ·R
2 · h

(2)

Wall stress quantification for a sphere; with σ = Stress (N/m2), P = Pressure (Pa), h = Wall
Thickness (m), R = Radius (m)

Since the shape of the ventricle is more comparable to an ellipsoid than a sphere, the equation
was further derived by using the maximum and minimum radius to determine the cross-sectional
area of the ellipsoid (Appendix A). At maximum and minimum radius the bending of the surface
is at maximum and minimum which can be described by the principal curvatures.

σ =
P

h · (κ1 + κ2)
=

P

h · ( 1
R1

+ 1
R2

)
(3)

Wall stress quantification for a ellipsoid; with σ = Regional Wall Stress, P = Intraventricular
Pressure, h = Wall Thickness, κ1, κ2 = Principle Curvatures, R1, R2 = Radius
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Using both the spherical (2) and ellipsoidal model (3) many research was conducted to
assess the stress in the left ventricular wall during a cardiac cycle (table 1) [32–35]. In order
to use these models, the assumption that the myocardial wall is much thinner than the radius
of the ventricle was made. Furthermore, influences from the orientation of muscle fibers, stress
variation across the ventricular wall and shear deformation stress are neglected. Calculations
were performed at the equator of the ventricle. The location thought to be subjected to the
highest wall stress, since it has the greatest radii.

Table 1: Example global wall stress for different etiologies using an ellipsoid approximation [34]

end-diastolic
Wall Stress
kN/m2

Peak systolic
Wall Stress
kN/m2

end-systolic
Wall Stress
kN/m2

Normal 3.2 ± 0.6 32.6 ± 2.4 12.3 ± 2.2
Mitral Stenosis 4.2 ± 0.7 35.9 ± 2.9 19.5 ± 3.4
Volume Overload 5.3 ± 0.6 35.4 ± 1.9 14.7 ± 2.0
Pressure overload
compensated

3.0 ± 0.3 39.3 ± 4.3 12.2 ± 3.8

This method, however, only produces an estimate of the average or global wall stress of the
ventricle. Local variations in wall stress could not be determined using this method, since the
geometry of the left ventricle is more complex than an ellipsoid. Especially in patients with
dilated cardiomyopathy the assumption that the ventricle is an ellipsoid is inaccurate, due to
the local changes in curvature, wall thickness and contractility.

A three-dimensional (3D) regional approach is necessary to quantify the left ventricular
wall stress locally. Using imaging techniques, such as magnetic resonance imaging and three-
dimensional echocardiography the left ventricular can be reconstructed in 3D. By determining
the curvature and wall thickness of local patches of this 3D reconstruction regional wall stresses
can be determined (figure 4). Different equations were derived in order to eventually calculate
regional wall stresses [35]. Despite the multiple assumptions necessary to calculate wall stresses
using Laplace law it is widely accepted for quantifying regional wall stresses [35]. Assuming
the local patches of the left ventricular wall to be part of a surface of an ellipsoid described by
the maximum and minimum curvature (principal curvature) of that local part the regional wall
stress could be calculated using equation (3) [36].

Figure 4: Schematic representation of local patch for calculating regional wall stress using Laplace’s
law [37]. The meriodional and circumferential curvature correspond to the principal curvature.

Research into regional wall stress is mainly performed in endsystolic and enddiastolic phase.
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These studies have shown regional wall stress differences between DCM patients and subjects
with a non dilated heart [27]. However regional wall stress distribution throughout a full cardiac
cycle in patients is not yet researched in dept. It is thought that the level and distribution of wall
stress across the entire left ventricle during the cardiac cycle have different effects on myocardial
functioning and remodelling and could be another cause of the dilation of the ventricle in heart
failure patients [38]. Insight would provide a quantitative evaluation of the cyclic regional wall
stress and its connection to changes of the left ventricle in these patients [35]. Furthermore it
provides information for the development of new treatment options for heart failure patients.

1.5 Developments in treatment options for heart failure

To tackle the issue of increased wall stress one could use restraint therapy. This is a therapy
where a device superficially constrains the outsized heart. A few devices on this matter were
developed, namely the CorCap cardiac support device (CSD) (CSD; Acorn Cardiovascular
Inc, St Paul, Minn), Paracor HeartNet device (Paracor Medical, Sunnyvale, Calif) and the
Quantitative Ventricular Restraint (QVR) device (Polyzen Inc, Apex, NC) (figure 5). The first
two devices uses flexible fibers whereas the QVR uses a balloon placed around both ventricles.
Results for the CorCap and HeartNet showed improvement in symptoms, physical well-being
and quality of life. Furthermore, reverse remodelling had occurred.

Despite positive early outcomes, no increase in survival was found [39, 40]. This could be
explained by the lack of adjustable and measurable ventricular restraint (AMVR) by the device
and that the device only acts at end diastole [40]. Once reverse remodelling occurs and the
heart is reconfigured the device should adapt to this new configuration will it provide further
restraint. A device which is able to AMVR is the QVR. In ovine models AMVR showed
a promising increase in LVEF of around 19 % and a decrease in EDV of 12%. The same
study showed that AMVR is more effective than nonadjustable restraint in the promoting of
reverse remodelling, increase in LVEF and decrease in EDV [41]. Downside of the device is
the necessity of per-cutaneous leads to measure and adjust the filling of the balloon. Besides,
differences in regional reduction in wall stress cannot be obtained using this device and it lacks
support throughout the cardiac cycle. Another study concluded that restraint only applied on
the left ventricle may be more effective than standard restraint [42]. Finding a restraint device
which can adjust and measure the ventricular restraint and apply different support regionally
throughout the cardiac cycle could be beneficial for the survival of HFrEF patients.

Figure 5: Left: CorCap, Middle: HeartNet, Right: QVR [40, 43, 44]
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1.6 Objective

The aim of this study is to investigate regional full cardiac cycle wall stresses of the left ventricle.
The secondary aim is to find a possible way to gradually reduce and maintain wall stress over
time, to guide reverse remodelling and therefore increasing the ejection fraction in patients with
HFrEF.

The following questions are central in this study:

• What are the regional wall stresses across the left ventricle throughout the cardiac cycle
for healthy subjects and heart failure patients with different etiologies?

• What is the optimal device configuration for externally reducing the wall stress and
increasing the ejection fraction?

2 Methods

2.1 Study design

This explorational case–control pilot study comprised of quantifying the full cardiac cycle re-
gional myocardial wall stress in vivo of patients who were undergoing surgery. Quantification
of regional wall stress was performed in patients with a physiological functioning left ventri-
cle and heart failure patients. After median sternotomy and before the actual intervention
measurement of the three-dimensional geometry of the left ventricle using transesophageal
echocardiography (TEE) and simultaneous measurement of the left ventricular pressure were
performed. With this the regional wall stress and relevant parameters were determined using
an in-house developed algorithm.

2.2 Setting

The study was conducted at the department of Cardiothoracic surgery at the Thorax Centre
Twente at the Medical Spectre Twente Hospital, the Netherlands. After approval by the
Medical Ethical Committee (K19-24) patients were included the period between 11-04-2019
until 17-09-2019.

2.3 Participants

It was aimed to include 10 patients. The protocol was amended on 29-08-2019 to include
patients with a BMI over 30 kg/m2 and total number of patients was increased to 18. Patients
with a dilated left ventricle and/or decreased pump function and subjects with a normal function
and non dilated left ventricle were eligible for enrolment. A decreased pump function was
defined as LVEF<40%. Patients with a left ventricular end-diastolic diameter (LVEDd) higher
than 52mm where defined as patients with a dilated left ventricle. Patients undergoing Coronary
Artery Bypass Grafting (CABG), Aortic- or mitral valve replacement or repair and patients
undergoing aneurysmectomy were eligible for inclusion. Exclusion was performed when patients
had a body mass index (BMI) of more than 39kg/m2 or when patients mental well being did
not allow for inclusion. Patients of one surgeon were measured after giving written informed
consent.
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Figure 6: Schematic representation of the algorithm used to obtain full cycle regional wall stress.
A) Flow chart of methods; B) per-operative TEE of left ventricle and per-operative intraventricular
pressure; C) contouring left ventricle and creating surface tessellation language; D) obtaining surface
in between (green) epicardial (blue) and endocaridal contour (red); E) regional wall stress across left
ventricle.

2.4 Data acquisition

The Philips EPIQ 7C ultrasound system (Philips Medical Systems, the Netherlands) was used
to acquire the three-dimensional geometry of the left ventricle. Using the transesophageal
echocardiography probe the heart was visualised in 2D from the 4-chamber point of view. Us-
ing the 3D mode and 3D zoom the entire left ventricle was made visible and was captured.
The build-in software averaged automatically multiple heart cycles into one heart cycle, based
on the R-wave of the ECG signal, to improve image quality. In time multiple of these record-
ings were made and saved. Afterwards, the best quality recording was used to obtain the
geometry. One heart cycle consisted of about 15 to 30 frames depending of the heart rate.
The echocardiographic data was exported from the Philips Intellispace database as a DICOM
format.

An arterial catheter (Arrow® International Inc.) for left ventricle venting was inserted
just before the measurements. Simultaneously with the TEE recordings, the left ventricular
pressure was captured using a Philips Intellivue MP70 monitor (Philips Medical Systems, the
Netherlands) and free available Vital Signs capture (Xeonfusion) software. The pressure was
captured with a sample frequency of 128 Hz. Together with the pressure measurements the
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ECG-signal was recorded by the monitor at 512 Hz. This was performed in order to be able to
match the TEE and pressure recordings for the exact time.

2.5 Data analysis

Data analysis was performed in four steps. These steps are represented in figure 6. After the
data was acquired, first, one full heart cycle of the TEE data was determined and processed.
From the echographic data of a single heart cycle the myocardium of the left ventricle was
segmented. With the segmented left ventricle and pressure data the wall stress was then
calculated. Additionally extra parameters described in section 2.5.4 were determined.

2.5.1 Single heart cycle

Using 3D Slicer 4, a free and open source scientific software package, one heart cycle from
the echographic data was determined. The frame with the closing of the mitral, end-diastole,
was chosen as the beginning of the heart cycle. The frame just before closing of the mitral
valve, after systole, was chosen as the last frame for the cardiac cycle. One heart cycle was
then subdivided to decrease the amount of data to manually process later. It was thought that
choosing 13 frames per second was sufficient to capture the motion of the ventricle during a
full cardiac cycle. Practically, it meant that a heart cycle recording of for example 20 frames
was divided into 10 single frames. These single frames, containing the 3D data at that certain
moment in time, were exported and saved.

2.5.2 Left ventricle segmentation

In MeVisLab (MeVis Medical Solutions AG, Fraunhofer MEVIS, Germany) an algorithm was
created in order to trace the endocardial and epicardial contour of the left ventricle (figure 6.C).
The endocardial contour represents the inside contour of the myocardium where the epicardial
contour represents the outside contour of the myocardium. Tracing the contours in the selected
frames of the heart cycle was performed by manually placing seed points in the long and
short axis views. Using the built-in spline surface function for interpolation between points
the whole ventricle was segmented. Visually checking and adjusting was performed to make
sure the interpolation followed the exact contour. The traced contour was then transformed
into a surface tessellation language (STL) object using the programs recursive marching-cubes
algorithm. A STL object is a triangular representation of a 3-dimensional surface geometry.
The created STL-objects were smoothed in order to diminish minor irregularities of the surface
created by the marching-cubes algorithm. Smoothing was performed using a build-in Laplacian
smoothing filter in MeshLab (ISTI-CNR, Italy). The final 3D segmented left ventricle was
created by cutting the STL-object at the height of the annulus of the mitral valve.

2.5.3 Calculation wall stress

The final 3D segmentations and pressure recordings were analyzed using an in-house written
algorithm in MATLAB R2018b (MathWorks, Natick, MA, USA). This in-house written algo-
rithm was based on the article by Oomen et al. (1999) [36] for analyzing regional wall stress
in echographic imaging. With the pressure, wall thickness and curvature during a full cardiac
cycle, the regional wall stresses were determined.

Pressure The left ventricle pressure recordings at the time of TEE recording were loaded
and automatically averaged over 6 heart beats using the R-wave of the ECG. Averaging the
pressure wave over 6 heart beats was preformed since the TEE-recording was averaged over
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6 heart beats as well. Using the R-wave the beginning of the heart cycle was marked and
the pressure curve was matched in time with the TEE recording. The right pressure points
matching the time of the segmented echocardiographic frames were then determined.

Wall thickness The wall thickness was determined for all vertices of the STL-object of the
endocardial contour. First, the outward pointing normal of each vertex was determined. The
location of the vertex and the direction of the normal vector was used to construct a vector
which intersect the epicardial contour. The wall thickness for a particular vertex was eventually
determined with the magnitude of the vector at the point of intersection with the epicardial
contour.

Curvature In order to calculate the curvature of the mycocardium, a surface in between
the endocardial and epicardial contour, mid-surface, was determined (figure 6.D). This was
performed in order to capture the average curvature of the myocardial wall. The mid-surface
was constructed with location and direction of the normal vector of each vertex. Half of
the magnitude of that vector intersecting the epicardial contour was defined as the middle.
Secondly, a cut-out patch of 6 layers of triangles around each vertex of the entire ventricle,
approximately 4 cm wide, was created. Each cut-out was first rotated so that the normal of the
vertex becomes [-1 0 0]. With that the data can be described using [X] and [Y] instead of [X], [Y]
and [Z]. On the rotated cut-out a least squares patch (f(x, y) = ax2+by2+cxy+dx+ey+f) was
fitted. Using the eigenvalues of the Hessian-matrix of the least square patch, the two principle
curvatures of each patch were eventually determined.

Wall stress The calculation of the regional wall stress was performed with the equation (3):

σ =
P

h · (κ1 + κ2)

σ = regional wall stress, P = intraventricular pressure, h = wall thickness, κ1, κ2 = principle
curvatures

For each patch around each vertex the wall stress was calculated using the principle curva-
ture and wall thickness of that patch. The average of the wall thickness at each vertex in the
local patch was used as the final wall thickness for that patch. The calculation of regional wall
stress was performed for every segmented frame of the cardiac cycle to obtain the full cardiac
cycle regional wall stress.

2.5.4 Calculation parameters

The above determined regional wall stresses were used for the calculation of global wall stress
and average wall stresses in the anterior, lateral and inferior wall of the ventricle. The global
wall stress was determined in order to compare the wall stress during a cardiac cycle for dif-
ferent patients globally. The average wall stress at the three outside walls of the ventricle was
calculated to observe effects in change in pump function and ventricular shape in the three
walls. The global wall stress and wall stress per wall was determined by averaging the previous
calculated regional wall stress according to their location. A 16-segment model as defined by
the American society of echocardiography [45] (figure 7) was used to observe for differences in
regional wall stress, curvature and wall thickness between patients for a full cardiac cycle. A
global curvature, curvature of the anterior, lateral and inferior wall and curvature for each of the
16-segments were also determined. First, the mean of the principal curvatures were calculated.

Then the average curvature was calculated as followed: Curvature =
√

κ1+κ2
2

. The sphericity
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of the ventricle was also calculated. It is defined as the volume divided by the length of the
ventricle: Sphericity = LVvolume

LVlength
.

Figure 7: 16 segments left ventricle location characterisation

2.6 Statistical analysis

The overall wall stress, median curvature and median sphericity of the left ventricle was com-
pared using a a Mann-Whitney U test between patients with a physiological functioning ven-
tricle, patients with an impaired pump function, patients with a mid-range pump function and
patients with a dilated ventricle and impaired pump function. This division was based on the
left ventricular ejection fraction and left ventricular end-diastolic diameter.

Using only the left ventricular ejection fraction two groups of patients were defined for the
analysis of regional wall stresses. A physiological group was defined with a EF > 45% and a
HFrEF group was defined with a EF < 45%. A second division of patients into two groups was
based on the left ventricular end-diastolic diameter. Patients with a LVEDd higher than 52mm
were classified as patients with an dilated ventricle [46]. A Mann-Whitney U test was used,
since the study population is small and data was not normally distributed, to compare regional
wall stress between the physiological and HFrEF group and between the physiological and
dilated ventricle group. With Spearman’s rho, correlations between the regional deformation
of the myocardial wall, i.e. change in curvature and wall thickness during the cardiac cycle, and
regional wall stress was calculated to observe for a relation between wall stress and myocardial
viability. Values were presented as the median and 25-75 percentile interquartile range. When
a group consisted of only two patients, the median and maximum and minimum values were
presented.

Besides the author, two additional observer performed the contouring and segmentation of
the left ventricle during a single heart cycle of one patient. Thereafter, an intraclass correlation
(ICC) was performed to observe the interobserver reliability for the calculated wall stress across
the 16-segments of the ventricle during a cardiac cycle. One observer performed contouring of
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the left ventricle of one patient two times in two different days. Again an ICC was conducted
to asses the intraobserver reliability. IBM SPSS statistics 25 (IBM, New York, NY, USA) was
used for the statistical analysis.

3 Results

In total 11 patients were included in the study. Four patients had a normal systolic functioning
left ventricle, two a dilated left ventricle with an impaired pump function, two patients had an
impaired pump function with normal left ventricle dimensions and one patient had a mid range
impaired pump function with normal left ventricle dimensions. Two patients were excluded
from analysis. For one of the two patients, measurement of the left ventricle pressure during
surgery failed. For the other patient the left ventricle was not captured entirely by the TEE.
Thus in total 9 patients were eligible for analysis. Median age was 73 (IQR = 69-74). Median
ejection fraction for patients with normal systolic function was 63% (IQR = 57-70%), for
patients with a dilated ventricle EF was 32.5% (32-33%) and for patients with an impaired
pump function, but with normal left ventricle dimensions the EF was 35% (34-36%). Other
patients characteristics are shown in table 2.

3.1 Full Cycle Regional Wall Stress

Wall stresses during a full cardiac cycle was obtained successfully. Figure 8 shows an example
of regional differences during a full cardiac cycle.

Figure 8: Example regional wall stresses during a full cardiac cycle; ED = end diastole, PS = peak
systole and ES = end systole.

3.2 Global parameters

First, global parameters, containing the mean wall stress, mean curvature and mean sphericity
across the left ventricle were calculated to perform a global comparison between patients. The
overall wall stresses across the left ventricle during one cardiac cycle for all patients is shown
in figure 9.
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Figure 9: Overall wall stress of all 9 patients during cardiac cycle for different ventricle function
and dimension. Upper: example ventricular pressure during a cardiac cycle (P1). Middle: example
ventricular volume during a cardiac cycle (P1)

For a general comparison, a differentiation in patients based on ejection fraction and end-
diastolic diameter according clinical measures, was performed. Four different groups were
defined: physiological, HFmrEF, HFrEF and dilated HFrEF. The overall wall stresses across
the left ventricle during one cardiac cycle for these four groups can be observed in figure 10.
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Figure 10: Overall wall stress during cardiac cycle for all 9 patients for different ventricle function
and dimension.
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For ease of comparison between overall wall stress, curvature and sphericity three points in
time were determined: end diastole, peak systole and end systole. Table 3 shows overall wall
stress in time. A Mann-Whitney U test showed no significant difference (p > 0.05) in overall
wall stress for each moment in time between the physiological group and HFmrEF, HFrEF and
dilated HFrEF groups. The corresponding p-values are shown in table 14 in Appendix B.

Table 3: Overall wall stress during cardiac cycle

Physiological HFmrEF HFrEF Dilated HFrEF
WSED [kN/m2] 6.8 [3.5-9.2] 3.9 6.4 [4.2-8.5] 9.1 [3.6-14.6]
WSpeak [kN/m2] 17.6 [13.2-23.9] 20.2 19.4 [18.9-19.9] 33.7 [31.5-36.0]
WSES [kN/m2] 11.0 [7.0-11.6] 6.4 8.7 [5.3-12.0] 21.5 [20.6-22.3]
WS: wall stress, ED: end-diastolic, peak: peak systolic, ES: end-systolic

The overall curvature values for the four patients groups is shown in table 4. The percentage
in difference between end-diastolic overall curvature and end-systolic overall curvature was
calculated for a measure of the ventricles ability to change shape during a contraction. Using
a Mann-Whitney U test, no significant difference (p > 0.05) in overall curvature was found
between the four groups, see table 14. Furthermore, no significant difference (p > 0.05) was
found between the percentage in change of curvature across the groups, see table 14.

Table 4: Overall curvature during cardiac cycle

Physiological HFmrEF HFrEF Dilated HFrEF
CurvatureED [mm−1] 0.037 [0.035-0.049] 0.037 0.029 [0.028-0.030] 0.027 [0.026-0.028]
Curvaturepeak [mm−1] 0.047 [0.038-0.061] 0.045 0.032 [0.030-0.034] 0.029 [0.029-0.029]
CurvatureES [mm−1] 0.052 [0.040-0.071] 0.045 0.032 [0.030-0.034] 0.029 [0.029-0.030]
∆Curvature [%] 27% [13-44%] 23% 10% [9-12%] 10% [8-11%]
ED: end-diastolic, peak: peak systolic, ES: end-systolic

The ventricular volume was divided by the length of the ventricular long axis in order to
be able to compare the degree of sphericity between the four groups of patients. These values
are shown in table 5. No significant difference (p > 0.05) in sphericity was found between the
four groups, see table 14. Furthermore, no significant difference (p > 0.05) was found between
the percentage in change in sohericity across the groups, see table 14.

Table 5: Overall sphericity during cardiac cycle

Physiological HFmrEF HFrEF Dilated HFrEF
SphericityED [ml/mm] 1.1 [0.7-1.3] 0.9 1.4 [1.3-1.5] 2.5 [2.5-2.5]
Sphericitypeak [ml/mm] 0.6 [0.4-0.9] 0.6 1.0 [0.9-1.1] 2.0 [1.8-2.2]
SphericityES [ml/mm] 0.5 [0.3-0.7] 0.6 1.0 [0.9-1.1] 1.8 [1.8-1.8]
∆Delta Sphericity [%] 52% [43-60%] 40% 27% [22-32%] 29% [27-31%]
ED: end-diastolic, peak: peak systolic, ES: end-systolic

3.3 Cyclic differentiation between ventricular outside segments

Average wall stresses across the anterior, lateral and inferior wall of the left ventricle were
determined to observe which walls would be effected by a change in pump function and ven-
tricular shape. An example for the wall stress between anterior, lateral and inferior wall of the
left ventricle for two patients is shown in figure 11.
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Figure 11: Wall stress across outside walls left ventricle; Left: example physiological functioning left
ventricle (P7), Right: dilated HFrEF left ventricle (P4).

Comparisons between two patients groups according the LVEF (EF > 45% and EF < 45%)
and LVEDd (LVEDd < 52mm, LVEDd > 52mm) were made. The wall stress based on grouping
for EF for each different outside wall at end diastole, peak systole and end systole are shown in
table 6. A significant difference (U = 0.00, Z = -2.45, p = 0.01) in peak systolic wall stress for
the lateral wall between patients grouped for LVEF was found. For patients grouped according
there LVEDd, a significant difference (U = 1.00, Z = -2.07, p = 0.04) for the lateral wall at
peak systole was found. Furthermore a significant difference for the inferior wall (U = 1.00, Z
= -2.07, p = 0.04) and lateral wall (U = 0.00, Z = -2.32, p = 0.02) at end-systolic was found.
All p-values for the comparison based on LVEDd can be found in table 15 in Appendix B.

Table 6: Wall stress per outside left ventricular wall during cardiac cycle based on LVEF differentiation

Physiological (EF >45%)
n = 5

HFrEF (EF <45%)
n = 4

p-value

WSED
[kN/m2]

Inferior 3.6 [2.2-6.6] 5.9 [3.2-9.2] 0.33
Lateral 2.9 [2.7-7.1] 5.6 [3.9-12.5] 0.22
Anterior 3.8 [3.2-8.9] 5.7 [3.8-9.2] 0.46

WSpeak
[kN/m2]

Inferior 12.5 [11.6-15.9] 18.1 [12.7-22.1] 0.22
Lateral 13.0 [10.9-13.7] 23.3 [14.3-34.1] 0.01
Anterior 13.1 [12.3-17.1] 19.6 [15.8-28.4] 0.09

WSES
[kN/m2]

Inferior 7.7 [5.6-9.9] 11.0 [6.2-14.7] 0.22
Lateral 7.9 [5.4-8.8] 14.5 [6.1-21.6] 0.22
Anterior 9.2 [5.3-11.8] 12.0 [7.2-18.7] 0.33

WS: wall stress, ED: end-diastolic, peak: peak systolic, ES: end-systolic

Also the same comparison was performed for the curvature for each outside wall. The results
for comparison on curvature for the two groups based on LVEF are shown in table 7. When
grouped based on LVEDd a significant difference in curvature of the inferior and lateral wall
were found at peak and end systole. Furthermore, a significant difference in curvature of the
inferior wall at peak systole and a significant difference in curvature of inferior, lateral and
anterior wall at end systole were found.
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Table 7: Curvature per outside left ventricular wall during cardiac cycle based on LVEF differentiation

Physiological (EF >45%)
n = 5

HFrEF (EF <45%)
n = 4

p-value

CurvatureED
[mm−1]

Inferior 0.035 [0.034-0.048] 0.027 [0.025-0.029] 0.01
Lateral 0.034 [0.031-0.044] 0.027 [0.025-0.028] 0.01
Anterior 0.040 [0.036-0.045] 0.030 [0.023-0.035] 0.05

Curvaturepeak
[mm−1]

Inferior 0.041 [0.039-0.065] 0.028 [0.025-0.032] 0.01
Lateral 0.040 [0.034-0.058] 0.029 [0.027-0.031] 0.05
Anterior 0.047 [0.042-0.065] 0.033 [0.027-0.041] 0.03

CurvatureES
[mm−1]

Inferior 0.046 [0.043-0.068] 0.029 [0.026-0.032] 0.01
Lateral 0.046 [0.034-0.066] 0.030 [0.028-0.031] 0.01
Anterior 0.050 [0.048-0.069] 0.035 [0.028-0.044] 0.01

ED: end-diastolic, peak: peak systolic, ES: end-systolic

To observe for cyclic variation in wall stress and curvature for each outside wall based on
the differentiation on ejection fraction, the standard deviation in time was calculated (see table
8, 9). Comparison for the variation in wall stress and curvature based on LVEDd can be found
in table 16 in the Appendix B. No significant difference was found for the variation in wall
stress in systole and diastole between the groups based on LVEF and LVEDd. The variation in
curvature was significantly different during systole and diastole between the two groups. With
a higher variation in curvature for the patients with a physiological functioning ventricle.

Table 8: Variation in wall stress per outside left ventricular wall during systole and diastole based on
LVEF differentiation

Physiological (EF >45%)
n = 5

HFrEF (EF <45%)
n = 4

p-value

Variation WSsystole
[kN/m2]

Inferior 4.7 [3.0-5.9] 6.1 [2.7-7.3] 0.46
Lateral 3.6 [3.1-4.4] 7.1 [3.3-10.8] 1.00
Anterior 5.2 [2.5-6.1] 6.2 [3.7-9.2] 0.46

Variation WSdiastole
[kN/m2]

Inferior 2.0 [0.7-3.5] 1.1 [0.8-1.3] 0.46
Lateral 1.9 [0.9-3.3] 1.6 [1.1-2.2] 0.22
Anterior 2.7 [0.9-4.2] 1.2 [1.0-1.7] 0.22

WS: wall stress

Table 9: Variation in curvature per outside left ventricular wall during systole and diastole based on
LVEF differentiation

Physiological (EF >45%)
n = 5

HFrEF (EF <45%)
n = 4

p-value

Variation Curvaturesystole
[mm−1]

Inferior 0.0052 [0.0040-0.0084] 0.0009 [0.0004-0.0014] 0.01
Lateral 0.0046 [0.0033-0.0209] 0.0013 [0.0013-0.0016] 0.03
Anterior 0.0066 [0.0051-0.0107] 0.0024 [0.0021-0.0033] 0.05

Variation Curvaturediastole
[mm−1]

Inferior 0.0040 [0.0017-0.0072] 0.0007 [0.0003-0.0011] 0.01
Lateral 0.0033 [0.0016-0.0062] 0.0010 [0.0007-0.0012] 0.01
Anterior 0.0051 [0.0030-0.0089] 0.0021 [0.0011-0.0038] 0.01

3.4 Cyclic regional wall stresses

The left ventricle was divided into 16 segments (see figure 7) in order to asses regional left
ventricular function. The wall stresses of these 16 segments during a full cardiac cycle for three
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patients are depicted in figure 12. For a moment in time a map of the regional wall stress
across the entire left ventricle was constructed and shown in figure 13. The wall stress for
each segments for the patients group based on LVEF can be found in table 11. No significant
difference between the groups were found at end-diastolic. Significant differences were found
at peak systole for the segments 2, 8-11 and 13-16. At end systole a significant difference was
found for segments 8. The two groups based on LVEDd showed no significant difference at end
diastole. At peak systole significant differences were found for segment 2, 4, 5, 7-11 and 13-16.
At end systole significant differences were found for segment 9-11 and 13-16.
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Figure 12: Regional wall stress during a cardiac cycle for three patients. Left: physiological patient,
middle: HFrEF patient and right: dilated HFrEF patient.

Figure 13: A map of regional wall stress over the entire left ventricle at end-diastolic for patient 4.
Blue area’s show low regional wall stress compared to red area’s corresponding to high regional wall
stresses.
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Correlations between end-systolic, peak systolic and end-diastolic wall stress and wall stress
change, curvature change and chance wall thickness during systole and diastole were calculated.
These values are shown in table 10. Scatter plots and linear regressions for end-systolic wall
stress are shown in figure 13.

Table 10: Correlations between wall stress points and change in wall stress, curvature and wall thick-
ening during systole and diastole

Var WSsys Var WSdia Var CRsys Var CRdia Var WTsys Var WTdia WSED WSpeak
WSED -.09 .39** -.36** -.50** .11 -.41** 1.00 .38**
WSpeak .80** .33** -.64** -.55** -.51** -.32** .38** 1.00
WSES .30** .86** -.58** -.56** -.09 -.35** .71** 0.65**
**Spearman’s rho, significant (p <.01);
Var: variation, WS: wall stress, CR: curvature, WT: wall thickness

(a) End-systolic wall stress against end-diastolic
wall stress.

(b) End-systolic wall stress against end-diastolic
wall stress.

Figure 14: Scatter plot with linear regression for end-systolic wall stress
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3.5 Observer reliability

3.5.1 Intraobserver reliability

A two-way mixed intraclass correlation (ICC) was used to asses intraobserver reliability on the
segmentation of the left ventricle during a single cardiac cycle. The ICC showed to be 0.81
across all segments and time. The ICC per segment is shown in table 12. An average of wall
stress across the 16 segments over time obtained using the segmentation of the left ventricle by
one observer for two times is shown in figure 15(a).

Table 12: Intraclass Correlation Coefficient for intra observer reliability

Segment 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
ICC 0.91 0.90 0.85 0.59 0.62 0.81 0.99 0.95 0.89 0.86 0.95 0.99 0.96 0.95 0.96 0.92
ICC: intraclass correlation coefficient

(a) Estimated marginal means for intraob-
server reliability

(b) Estimated marginal means for interob-
server reliability

Figure 15: Intraobserver reliability

3.5.2 Interobserver reliability

Also a two-way mixed intraclass correlation (ICC) was used to asses the inter observer reliability
on the segmentation of the left ventricle during a single cardiac cycle. The ICC showed to be
0.76 across all segments and time. The ICC per segment is shown in table 13. An average
of wall stress across the 16 segments over time obtained using the segmentation of the left
ventricle by three observers is shown in figure 15(b).

Table 13: Intraclass Correlation Coefficient for inter observer reliability

Segment 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
ICC 0.93 0.83 0.93 0.55 0.76 0.78 0.95 0.95 0.77 0.82 0.88 0.97 0.97 0.93 0.90 0.91
ICC: intraclass correlation coefficient

4 Discussion

This exploratory case-control pilot study focuses on quantifying the full cardiac cycle regional
myocardial wall stress in patients undergoing surgery. This in order to observe for changes in
regional wall stress between patients with a physiological function left ventricle and heart failure
patients. With this information, possibly, an epicardial device could be developed to reduce
wall stress and increase ejection fraction to improve patients outcome. This study proofs the
feasibility of using three-dimensional echocardiography for obtaining the regional wall stress.
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The results of the global end-diastolic and end-systolic wall stress show to be in line with
previously obtained global wall stress using an ellipsoid model [35]. Peak systolic wall stress,
however, is much lower for the physiological and HFrEF as calculated in this study compared
to the previously obtained peak systolic wall stress. In earlier studies calculations of global
wall stress were performed at the equator of the ventricle. As this is the location thought to be
subjected to the highest wall stress it is logical that the peak wall stress values obtained in the
current study are lower, since it is calculated as an average of the regional wall stress. Results of
the comparison of global wall stress, curvature and sphericity between four patients groups show
no significant differences. Although not significant there seems to be an increase in global wall
stress between the physiological and dilated HFrEF group, which matches previous research as
described in the introduction. The lack of significance could be explained by the low amount of
patients in each group, as will be elaborated later on. Table 4 shows the average left ventricular
curvature. The lower the curvature the higher the average radius of the ventricle. It can be
observed, although not significant, that the curvature of the physiological and HFmrEF left
ventricle is higher than that of the (dilated) HFrEF patients. This in line with the fact that in
a dilated ventricle the radius is increased due to an enlargement of the ventricle. Furthermore,
in HFrEF patients the radius is also increased due to a volume overload in the left ventricle.
The change in curvature between end-diastolic and end-systolic also seems to be different in
physiological and (dilated) HFrEF patients. Since the myocardial vitality is decreased in HFrEF
patients it is explainable that the change in shape of the left ventricle is impaired. The same
effect for curvature seems also applicable for the sphericity of the ventricle.

To observe which wall is effected the most by a change in pump function and ventricular
shape the average wall stress per wall was determined. The septal wall was excluded from
analysis since the to be developed epicardial device only could support the outside wall of the
ventricle. Only a significant difference was found in peak systolic wall stress in the lateral
wall based on the comparison according to LVEF. When the groups are based on the LVEDd
(52mm) also at end systole a significant difference was found for the lateral and inferior wall.
This suggest that the lateral and inferior wall of the ventricle is effected the most in HFrEF
patients. The difference in curvature between the two groups showed to be significant for each
wall at each point in time. This shows that the dilatation of the left ventricle occurs in every
wall of the left ventricle. No significant differences were found for the variation in wall stress
during systole and diastole between the groups. This shows that the change in rate of wall
stress during a cardiac cycle is not affected. The significant differences in change of rate in
curvature between the groups show that the change in curvature is affected by an impaired
pump function.

The results of the regional wall stresses at end systole are in line with earlier research [27].
The results show that the wall stress is the highest for the basal segments (1-6). Wall stress
is the lowest for the apical segments (13-16). Significant differences where found between
patients with a physiological functioning ventricle and HFrEF patients. Comparison based on
LVEF show a significant difference in wall stress for the segments 8-16 (except segment 12)
at peak systole. For the comparison based on LVEDd more segments at peak systole show to
be different between the two groups (table 17). Also for the two groups based on LVEDd the
end systole wall stresses in segment 10-16 (except 12) show to be significantly different. These
results suggest that increases in regional wall stress occur in the middle and lower parts of the
ventricle, although higher wall stresses are present for the basal (upper) segments. Previous
research found that dilatation of the left ventricle is present more at the middle and lower part
of the left ventricle. This is in line with the findings in the current study, wall stress is increased
in the middle and lower part of the ventricle. Contradictory, the wall stress is highest in the
upper part of the ventricle, so one would expect that dilatation would mostly occur at the basal
part of the ventricle. Why the opposite is happening could be explained by the orientation of
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the muscle fibers of the ventricle. Torrent-Guasp described that the left ventricle muscle fibers
are orientated in a helical way (see figure 16). The left ventricle is formed by muscle fibers
oriented in a double helix. At the basal part of the ventricle an extra layer of muscle fibers
is orientated circular around the ventricle. Due to the circular orientation of the fibers at the
basal part it can handle stronger forces than when orientated differently. Therefore, a dilatation
would be expected at the lower parts of the ventricle.

Figure 16: Myocardial band according to Torrent-Guasp. It depicts the orientation of muscle fibers of
the heart [47].

Strong correlations were found between end-systolic wall stress and peak and end-diastolic
wall stress, respectively 0.65 and 0.71. Knowing the end-systolic wall stress for a segment,
the peak and end-diastolic wall stress could be estimated using (y = 10100+0.92x) and (y =
77.25+0.66x). R-squared, however, is less strong for the linear fitting of peak systolic wall stress
(R2 = 0.40) than for end-diastolic wall stress (R2 = 0.70). Thus, peak systolic wall stress can
be estimated less accurate. As furthermore can be observed in figure 12, when the wall stress in
a segments is high at end-systole, as compared to other segments, the wall stress was remaining
high during contraction. For end-diastolic wall stress the correlation with peak systolic wall
stress is weak. This suggests that end-systolic wall stress is a better predictor of wall stress
during a cardiac cycle. Negative moderate correlations were found between wall stress and
change in curvature during systole and diastole. This confirms that higher wall stresses are
accompanied with a less functioning ventricle. No significant correlations were found between
end-systolic and end-diastolic wall stress and change in wall thickness during systole. Peak
systolic wall stress is moderately negative correlated with the change in wall thickness during
systole and diastole. This suggest that peak systolic wall stress is an indicator of muscle vitality.

4.1 Limitations

As this is an explorational study only 11 patients were included. In total 9 patients were eligible
for analysis. Although this gave a good insight into the differences of regional wall stress,
curvature and ventricle function between individual patients, conclusions between different
patients groups must be drawn with caution. A lack of significant differences could for instance
be explained by a low amount of included patients. More patients are needed to be analysed in
order to confirm the found correlations and differences and to see if other significant differences
could be found. Another factor of influence is the definition of constructed patient groups. Using
the criteria LVEF and LVEDd a group with a physiological functioning ventricle was defined.
Questions were raised whether this group really had a physiological functioning ventricle. As
these patients had to undergo cardiac surgery it could be expected that some mall functions
in the left ventricle could occur. Local ischemia, for instance, could alter the local myocardial
function. Although pump function is still found physiological (LVEF > 45%), local variations
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in functioning could be present affecting the results in the research. It is thought that when
including more patients these local effects could be neglected.

Another limitation is that measurements were performed during surgery. It was proven
that the use of anesthetics could affect the blood pressure and cardiac contractility [48]. Thus
affecting the determination of regional wall stress. As measurements were conducted when
a patient was under anesthesia the results in the current study could be different than in
physiological conditions.

The use of TEE for the quantification of curvature and wall thickness brings another lim-
itation. Occurring artefacts during measurements could likely affect the contouring of the
endocardial and epicardial contour. Acoustic shadowing sometimes occurred due to tissue with
a large attenuation coefficient. For instance, shadowing caused by calcified aortic or mitral
valves. For the increase in temporal resolution the 6-beats-mode of the ultrasound device was
used. It averages 6, ECG-gated, single heart beats into one heart beat, so that more frames per
second of the cardiac cycle were available. However, in patients with an irregular ECG interval
sometimes stitching artefacts occurred. This means that at some locations of the image the
myocardium was represented irregular. This forced the observer to make estimations of the
myocardial contour on that particular location, possibly inducing inaccuracies in curvature and
wall thickness calculations. Imaging of the entire left ventricle using TEE proved to be difficult
sometimes. One patient, for instance, was excluded from analysis because echo graphic record-
ings of the entire left ventricle appeared to have failed. TEE is dependent on the orientation
of the heart in relation to the esophagus to be able to capture the entire left ventricle. When a
heart, for instance, is rotated or moved due to a ventricular aneurysm imaging of the ventricle
could be impaired. For these patient epicardial echocardiography could be used during surgery
to overcome the limitation. Using epicardial echocardiography one is able to place the probe
directly on the left ventricle and is not dependent on the orientation of the heart. Another
example of the limitation as described above, could be observed in the results of patient 2
(figure 10). These results show to be notable different. Wall stress throughout the cardiac
appeared to be high and following a different pattern than the other patients. It could be that
the TEE measurement was influenced negatively due to artefacts. Also an error in pressure
measurements could explain the high wall stresses. This should also be taken into account
when interpreting the results and making conclusions.

Intraclass correlations show that multiple observers agree on contouring the endocardial
and epicardial border. However, still some user dependent variations could be induced. This
could be for instance be observed for segment 4 with an ICC of 0.55. Furthermore, only one
patient was used to observe for observer reliability. Including more patients in the reliability
analysis results could be different. Using an automatic segmentation method the inter-observer
variability could be reduced. Furhtermore, manual segmentation of the left ventricle showed to
be very labour intensive. Therefore only segmentation for a defined set of frames was performed
(13 frames per second). This could influence the determination of the cyclic regional wall stress.
It is possible that certain patterns in cyclic regional wall stress could be unnoticed.

For the calculation of the normal stress in the current study it was assumed that radius
was sufficiently larger than the wall thickness. However this is not the case. No variations in
wall stress from endocardium to epicardium could be determined. Furthermore, shear stress
was neglected in the current method. These effects are physiologically significant for the left
ventricle. For obtaining the average regional wall stress in the myocardium it was found that
using the Laplace analysis is valid to employ. Since the goal is to eventually develop a device
employed around the epicardium for lowering regional wall stress it is thought thought to be
sufficient to asses the average wall stress with Laplace’s law. The myocardial fiber orientation
was neglected in calculating the regional wall stress. As described above the fiber orientation is
of importance to determine the final effect of ventricle dilatation and impaired pump function
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on the stress in the myocardium.

4.2 Clinical relevance

This study shows that regional wall stresses are increased throughout the cardiac cycle for
HFrEF patients. Furthermore, it shows that when the end-systolic wall stress is obtained,
end-diastolic wall stress could be determined. This study is of clinical relevance in providing
knowledge into when cyclic regional wall stresses are increased. Measurement of the regional
wall stress in clinical practice can therefore be used to monitor whether treatment of HFrEF
patients is beneficial in the reduction of regional wall stress. This could prevent further dilata-
tion and worsening of heart failure. The found relationship between end-systolic wall stress
and end-diastolic wall stress is of great use. As only measuring end-systolic wall stress is
sufficient to obtain the end-diastolic regional wall stress it could be measured non-invasivly.
End-systolic wall stress could be obtained using a pressure cuff, as a surrogate for the pressure
in the ventricle at end systole [49]. The curvature and wall thickness could be determined with
three-dimensional echocardiography or MRI measurements simultaneously. MRI will improve
the quality of measurements, however it comes with the downside that it is more invasive than
using echo. The end-diastolic stresses could than be estimated using the found relationship.
Peak systolic wall stress could also be estimated using the found relationship, however, it is less
accurate. This relationship could be of use to non-invasivly monitor the regional wall stress in
HFrEF patients over a period of time which would be beneficial as described above.

4.3 Future device properties

Based on the results a theoretical cardiac device for lowering the regional wall stress and
improving ejection fraction could be described. As observed, regional wall stress in the lower
parts of the ventricle is increased during systole in HFrEF patients. A device surrounding
the outside of the left ventricle could be used to lower these wall stresses. Based on the
correlation between end-diastolic regional wall stress and end-systolic regional wall stress and
previous developed devices it is thought that lowering the end-diastolic wall stress, the wall
stress throughout the cardiac cycle could be lowered. This could be performed by epicardially
surrounding the left ventricle with a rigid sleeve which prevents overfilling of the left ventricle
and reducing end-diastolic volume. When end-diastolic volume is decreased, ejection fraction
is increased [50]. Due to a smaller dimension of the ventricle wall stresses are lower throughout
the cardiac cycle. This is in line with previous epicardial devices developed as described in
section 1.5. Subsequently, it is thought that wall stress throughout the cardiac cycle is needed
to be decreased further using active support. As observed, peak systolic wall stresses in dilated
ventricle are approximately two times higher than in a physiological function ventricle. It
was furthermore found that myocardial vitality is decreased, and thus the ability to contract,
when peak systolic is increased. When an epicardial device could contract, and thus become
smaller, during systole it could substitute the myocardium with lost vitality and increase the
curvature of the ventricle even more. This could lower the peak systolic wall stress even more.
It is thought that the amount of active support could be different for different locations of the
ventricle. Locations with a higher increased regional wall stress are needed to be supported
more actively. So, a patient specific device is recommended. As myocardial reverse remodelling
occurs when lowering the wall stress one should assess the regional function and wall stress in
follow-up to make adjustments in the settings of active support.

Lowering the end-diastolic volume could be performed by a passive rigid sleeve around the
left ventricle. Materials such as PTFE and Dacron are suitable as they are proven to be rigid
and safely implantable [51]. For the active part shape memory alloys could, for instance, be
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used as they are relatively small and thus could be minimally invasive deployed. A shape
memory alloy, for instance flexinol, can contract when applying a current. It is proven feasible
to use flexinol to improve ejection fraction [52]. However, still some challenges, such as heat
production and energy usage are needed to be overcome in order to used in patients. The
device should furthermore be able to operate without any per-cutaneous line as they promote
infections and it is desirable that the device can be implemented minimal invasively.

4.4 Recommendations

This research could be used as a basis for further research. For further research some recom-
mendations could be made. As already mentioned segmentation, of the left ventricle in the
current study depends on the interpretation of the observer. Automatic segmentation of the
left ventricle would improve the quality of segmentation and will reduce any variability in seg-
mentation between patients. Furthermore, it would make the segmentation time much shorter
and it would decrease manual labour massively. Therefore it would be possible to segment
the left ventricle for every point in time. Fully automatic segmentation of the endocardial
and epicardial contour in three-dimensional echo is still under development. Due to the lower
spatial resolution, speckle, possible introduction of acoustic shadowing and stitching artefacts
fully automatic segmentation is difficult. A method developed by Pedrosa et al. is capable of
segmenting both the endocardial and epicardoial contour [53]. This method could be used in
further research to improve the quality of segmentation and reduce segmentation time.

Further research should also include a comparison between regional wall stress assessed with
echocardiograhy and MRI. Since MRI has a higher spatial resolution a more precise calcula-
tion of regional wall stresses could be performed. Furthermore, MRI has a higher temporal
resolution, thus more frames within a cardiac cycle could be assessed. MRI coupled with late
gadolinium enhancement (LGE) adds useful information of local ischemia and infarction. Fur-
ther research should determine in what extend echocardiographic imaging is comparable with
MRI. This in order to be able to use echography to assess regional wall stress in clinical practice.

As already mentioned, the current study included a low amount of patients. Further research
should include more patients to be able to draw stronger conclusions. Furthermore, including
more patients makes it possible to differentiate patients into more groups to be able to compare
different disease etiologies and its consequence on cyclic regional wall stress. Furthermore, a
further differentiation based on LVEF should be made. As LVEF is a predictor for survival
in HFrEF patients it is of use to asses the cyclic regional wall stress for incremental steps in
LVEF (10,15...40,45%). This in order to observe for a possible relation between LVEF and wall
stress for heart failure patients with different pump function. Furthermore, this would give
insight into the amount of wall stress needed to be reduced for an increase in survival. This
analysis was not possible in the current study since HFrEF patients only had LVEF between 32
and 36%. Also longitudinal research into the regional wall stress is recommended. This could
provide information of the effect of (pharmacological) treatment onto regional wall stress.

To be able to describe the geometry of the left ventricle more accurately the use of a
finite element model (FEM) is required. This method could furthermore include nonlinear
and anisotropic material properties, myocardial fibre orientation and myocardial strain in the
calculation for regional wall stress. This would provide a better insight into the regional wall
stresses during diastole and systole and into the influence of the myocardial fiber orientation
on left ventricular dilatation, since myocardial fiber orientation is neglected in the current
study [35].
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5 Conclusion

Full cardiac cycle left ventricular regional wall stress was successfully quantified during car-
diac surgery with the use of three-dimensional echocardiography and left ventricular pressure
recordings. The current study gives insight into the differences in regional wall stress between
physiological function left ventricles and impaired and dilated ventricles. Regional wall stress
for the middle and apical segments of the ventricle for HFrEF patients with a dilated ventricle
are found to be increased at peak systole and end-systole. Correlations were found between
end-systolic wall stress and peak systolic and end-diastolic wall stress. Peak systolic wall stress
shows to be moderately negatively correlated with the change in curvature and change in wall
thickness during systole and diastole. This suggests that peak systolic wall stress is an indicator
for muscle vitality.

The current study provides insight into for which segments regional wall stresses during a
cardiac cycle are needed to be lowered. It suggests that peak systolic wall stresses are needed
to be lowered for the middle and apical part of the left ventricle.

This study is a good first step and offers a basis for further research. Future work should
focus on changes in regional wall over time after treatment and the relationship between different
LVEF. Furthermore, it should focus on developing a minimal invasive device with patient-
specific full cardiac cycle support in order to lower regional wall stress.
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ejection fraction and outcomes: a prospective study,” European journal of heart failure,
vol. 19, no. 12, pp. 1615–1623, 2017.

[16] J. Lupón, G. Gavidia-Bovadilla, E. Ferrer, M. de Antonio, A. Perera-Lluna, J. López-
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Appendices

A Derivation Wall Stress

The definition of stress is the force acting over a cross-sectional area of an object:

σ =
F

Aw
(4)

Definition of stress; with σ = Stress (N/m2), F = Force (N) and Aw = Cross-sectional area
of wall (m2)

r r
1

r
2

P
P

σ σσ
σ

h h

A B

Figure 17: Schematic drawing of models and parameters to calculate wall stress. A: spherical model.
B: Ellipsoidal model.

Sphere

For a sphere the normal stress can be derived as follows. First it is assumed that:

• The wall material is isotropic

• The thickness of the wall is sufficiently smaller than the radius (h<<r)

The force on the wall is described by the pressure inside the sphere acting on the wall
of the sphere equally in every direction. It can be described by the pressure acting on the
cross-sectional area.

F = P · A

F = P · π ·R2 (5)

The area of wall in the cross section is determined by:

Aw = Atotal − Ainner

Aw = π · (R + h)2 − π ·R2

Aw = π ·R2 + π · h2 + 2 · π ·Rh− π ·R2 (6)

With assumption that the radius is sufficiently greater than the thickness of the wall the
term πh2 can be neglected:

Aw = 2 · π ·R · h (7)

Substituting both equation (5) and (7) into equation (4) the final equation for wall stress
according Laplace can be derived:
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σ =
P · π ·R2

2π ·R · h

σ =
P ·R
2 · h

(8)

Ellipse

The wall stress in an ellipse (spheroid) can be derived by using the maximum and minimum
curvature of the ellipse and using the same assumptions determined for a spherical model. The
force on the ellipsoid cross section is:

F = P · π ·R1 ·R2 (9)

The area of the wall of the ellipsoid cross section can be calculated using the maximum and
minimum radius:

Aw = π · (R1 + h) · (R2 + h) − π ·R1 ·R2

Aw = π ·R1 ·R2 + π ·R1 · h+ π ·R2 · h+ π · h2 − π ·R1 ·R2 (10)

Again using h << R:
Aw = π ·R1 · h+ π ·R2 · h

Aw = π · h · (R1 +R2) (11)

Substituting equation (9) an (11) into equation (4) and simplification provides the equation
for wall stress in an ellipse:

σ =
P · π ·R1 ·R2

π · h · (R1 +R2)

σ =
P · π ·R1 ·R2

π · h · (R1 +R2)
·

1
R1

· 1
R2

1
R1

· 1
R2

σ =
P

h·R1

R1·R2
+ h·R2

R1·R2

σ =
P

h · ( 1
R1

+ 1
R2

)
=

P

h · (κ1 + κ2)
(12)
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Table 15: p-values of comparison of wall stress and curvature across different outside walls of the left
ventricle during a cardiac cycle. Based on the comparison of two groups (LVEDd < 52mm (n=6) and
LVEDd > 52mm (n=3)).

p-value
WS

p-value
Curvature

End-diastolic
Inferior 0.30 0.02
Lateral 0.20 0.04
Anterior 0.44 0.07

Peak systolic
Inferior 0.44 0.02
Lateral 0.04 0.07
Anterior 0.12 0.07

End-systolic
Inferior 0.04 0.02
Lateral 0.02 0.02
Anterior 0.07 0.04

Table 16: p-values of comparison of variation in wall stress and curvature across different outside
walls of the left ventricle during systole and diastole. Based on the comparison of two groups (LVEDd
< 52mm (n=6) and LVEDd > 52mm (n=3)).

p-value
WS

p-value
Curvature

Variation systole
Inferior 0.80 0.02
Lateral 0.44 0.04
Anterior 0.61 0.04

Variation diastole
Inferior 1.00 0.02
Lateral 0.61 0.07
Anterior 0.61 0.02

Table 17: p-values of comparison of regional wall stress. Based on the comparison of two groups
(LVEDd < 52mm (n=6) and LVEDd > 52mm (n=3)).

p-value
ED

p-value
peak

p-value
ES

1. 0.30 0.12 0.30
2. 0.30 0.02 0.20
3. 0.80 0.20 0.44
4. 0.20 0.04 0.12
5. 0.12 0.04 0.30
6. 0.61 0.12 0.44
7. 0.44 0.04 0.12
8. 0.44 0.02 0.12
9. 0.20 0.04 0.07

10. 0.12 0.02 0.04
11. 0.20 0.02 0.02
12. 0.61 0.12 0.44
13. 0.20 0.02 0.04
14. 0.20 0.02 0.04
15. 0.12 0.04 0.02
16. 0.12 0.02 0.02
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