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ABSTRACT 

The purpose of this thesis is to use hydromechanical approaches, according to dynamic adaptive 

piston pump technology, to create a method, the cardiac state diagram (CSD), using dynamic links 

between time phases to achieve robust and objective values to be used as clinical decision support. 

The results of this thesis have prepared a platform for automatic analyses of cardiac phases using a 

rule-based system, pattern recognition and reference databases. This will improve the CSD method 

of accessing cardiac mechanics. This approach involves a quantitative method which provides 

evaluation of both regional and global cardiac mechanical events. CSD is, in this thesis, based on 

measurements of the longitudinal myocardial motion of the AV-plane (AV-piston), obtained via the 

colour-coded tissue velocity imaging technique (TDI), enabling characterisation of not only the 

amplitude of the myocardial velocities but also the accurate assessment of the temporal mechanical 

events during the heart cycle. 

 

The validation of the CSD method was performed via a number of clinical studies. The aim has 

been to produce a simple measurement with a visual description that can illustrate cardiac function 

and provide a tool that facilitates clinical decisions concerning different heart conditions. The 

monograph "Cardiac Pumping and Function of the Ventricular Septum", published in 1986 together 

with a number of patents, constitutes the background of the study. These patents provide detailed 

description of a new pump technology which today is called the dynamic adapted piston pump 

(DAPP). This technology considers the heart as a mechanical unit with a unique piston design (AV-

piston). This piston creates energies both to the inflow and outflow of the heart and is further 

designed to create an inflow controlled hydraulic return. The hydraulic return is associated with an 

active filling of blood into the heart. It also redistributes blood between the atria and ventricles and 

minimises the disturbance of the dynamic inflow.  

 

In order to perform the various clinical studies in a more automatic way, a programme (GHLab) 

has been developed, written in C#, to make it easier to correctly link different states in time. The 

programme allows importing information from dedicated cardiac ultrasound (echocardiography) 

workstations in the form of text files or DICOM format. This programme supports the ability to create 

cardiac state diagrams and is coupled to a local SQL server for further processing. The Cardiac 

State Diagram (CSD) was designed from this in order to describe the heart's mechanical functions 

through visualisation of information from the heart's mechanical state in a simple way, to inform and 

support clinical decisions.  

 

In conclusion, as shown in the studies within this thesis, the different components in the CSD are 

highly sensitive to subclinical disease and superior in this sense to the established methods of 

measuring cardiac function. More studies are needed to optimise a number of the algorithms with 

connections to databases, and this would optimise the specificity and sensitivity of the test further. 

 
 
Keywords: cardiac state diagrams, hydromechanics, hydrodynamic, ultrasound, dynamic adaptive piston pump, colour 
coded tissue velocity, atrioventricular plane, diagnosis, acute coronary syndrome, Doppler, strain, strain rate, TDI, CSD.  
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PW Pulsed wave Doppler 
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TDI Tissue Doppler imaging 

TVI Tissue velocity imaging 
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1 INTRODUCTION 

The principles of cardiac pumping have been described using different pump 

concepts for decades. The heart working as a pump with the fibrotic plane 

separating the left and right atria from the ventricles, the atrioventricular plane 

(AV-plane), was described by Leonardo da Vinci (1452-1519) and Andrea 

Vesalius (1514–1564). In the 1930s Hamilton and Rompf [3] showed that the 

heart performs its pumping work with a forward and back motion of the AV-

plane and that the atria and the ventricles are filled and emptied simultaneously, 

and with a relative constant outer volume during the cardiac cycle. This finding 

was later confirmed by Hoffman and Ritmann [4], who also pointed out that the 

heart should minimise its external volume changes in order to minimise the 

energy consumption of the pump work. 

 

During the decades from the early 1950s, with the development of new 

investigation methods and open thoracic surgery, direct pre-operative 

observations of the beating heart changed the concept of cardiac pumping, 

seeing it contracting in a squeezing motion, showing little or no longitudinal 

motion.  

 

The concept of cardiac pumping with a squeezing motion fitted well with the 

Frank-Starling law. These observations changed the view of cardiac pumping 

physiology, recognising the heart’s pumping function as taking place through 

squeezing motions with little longitudinal motion. This is still today the 

commonly accepted view of cardiac pumping physiology today [5-11]. 

 

In the mid-1980s Lundbäck presented new findings about the heart’s pumping 

and regulating functions and this was presented in a monograph 1986 called 

"Cardiac Pumping and Function of the Ventricular Septum" [12]. 
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These new findings argued that the heart is a special type of pump, with a 

unique piston design (AV-piston) and properties that were later named ‘DAPP-

technology’. These findings suggest that the heart works with more or less 

constant outer volume changes. In this thesis we have used the DAPP model to 

connect the mechanical time events, and tried to translate this into a new 

clinical decision support tool, the Cardiac State Diagram (CSD). This work has 

involved several clinical studies, and we have used different echocardiographic 

methods to develop the components of the CSD using factors that can describe 

the heart's dynamic way of working.  

 

This work has also tried to develop algorithms for the automatic analysis of the 

myocardial function that, with the CSD software, could have the potential for 

fast diagnosis and therapeutic guidance. In the future, using computer aided 

image interpretation by comparing patterns extracted from the patient’s heart 

images with a large body of knowledge encoded in a cloud-based database (Big 

Data), and together with an expert system, will result in improved images 

optimized for accurate quantification and diagnosis. A brief introduction to the 

heart model (DAPP) is also presented in this thesis.  

 

1.1 The elastance model 

From the beginning of the 1900s the function of heart has been described 

through various types of numerical solutions that simulate the cardiac functions 

of pressure and flow and are related to different load, contractility and filling. 

Simulation can increase understanding of which parameters are important in 

order to understand the heart's mechanical work. Many models have been 

presented over the years via flow simulations, finite element methods, etc., 

where the cardiac pumping functions are described with different control 

systems (baroreceptor, closed loop etc.) to closer mimic cardiac pumping and 

regulating functions. A widely used physiological conceptualisation of arterial 

physiology is that of Windkessel models.   
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The Windkessel principle is commonly attributed to the pioneering work by 

Stephen Hales in the 18th century (1733), but was popularized and 

mathematically formalized by Otto Frank who described the afterload of the 

arterial tree as dependent on the resistive and capacitive properties of the 

systemic circulation in the late 19th century (Die Grundform des Arteriellen 

Pulses, 1899). Before, William Harvey and Thomas Young also done pioneering 

work regarding the blood flow. 

 

Further elaboration led to several versions of linear and non-linear solutions to 

different models. In the early 1970s Suga and Sagawa [13] could describe 

certain functional parameters of the heart with the elastance values of a 

pressure and volume loop (PV), the area of which represents cardiac work. This 

was based on previous findings by Sarnoff and Berglund, in 1954 [10]. 

 

While the concept of elastance has been used extensively in cardiovascular 

physiology it has not been applied much in the world of technology, where rigid 

systems of pump performance are usually used. Elastance mathematically 

means pressure over volume (P/V), and the inverse is compliance, or volume 

over pressure (V/P). The PV-loop describes only the static pressure changes 

that occur in the ventricle and one can easily miss the fast dynamic pressure 

changes in the different phases. Most often only the left ventricle is described 

but it can also be used for the right ventricle, as well as for the atria. When 

determining the work that a mechanical pump performs it is routine to multiply 

the generated pressure with the flow and this should correspond to the area of 

the curve in Figure 1.1.  

 

Different states of this pressure and volume curve are used to approximate 

cardiac pumping function, one to represent cardiac contractility states, end-

systolic LV elastance (Ees; A) and the other to represent the passive end-

diastolic resistance to LV filling (B). Elastance of the arteries is called Ea (C) 

which corresponds to overall cardiac "afterload", taking into account both 

resistive load and arterial compliance (Figure 1.1).   
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With these values one can also describe ventricular-arterial coupling through 

the Ea/Ees relationship, which determines stroke volume and LVEF. The end 

systolic pressure volume relationship (ESPVR), represented as a line in Figure 

1.1, must be determined from a series of loops, and is strictly speaking also a 

non-linear function and dependent on the load of the heart during the cardiac 

cycle [14]. The PV-loop can also be used to derive a time-dependent elastance 

function, E (t), to simulate the cardiac function during a cardiac cycle. 

 

 

 

The limitations of Windkessel models (properties of the arterial tree) include the 

fact that they make an assumption of infinite wave speed, as pressure 

throughout the arterial tree is uniform. This would require the arteries to be rigid, 

which in itself is contradictory as the arteries by definition must be compliant in 

order to produce Windkessel physiology. Pulse wave influence is not 

incorporated into the model, which may add to systolic intra-arterial pressure.  

  

Figure 1.1. Illustration of the PV-loop for left ventricle. ESP = end systolic pressure, AO = 

aortic opening, MO = mitral opening, EDV = end diastolic volume, ESV = end systolic 

volume, ESPVR = end systolic pressure volume relationship, EDPVR = end diastolic 

pressure volume relationship, EDP = end systolic pressure, SV = stroke volume, Ea = 

arterial elastance, Ees = contractile state. Left pane PV–loop, right pane the elastance 

function. 
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In vivo measurements have suggested that reflected waves come back at 

different velocities depending on arterial stiffness, progress faster with a stiffer 

arterial system (due to higher pulse wave velocity), and contribute to the arterial 

system load if it occurs in late systole. The vascular system also acts as a 

resonance system in which it reinforces and blanks out the different frequencies 

that are the so-called hydraulic "afterload" seen by the heart when fulfilling its 

pumping work. 

 

A potential limitation to the elastance model of LV physiology is that preload-

dependent changes in cardiac work may not necessarily be incorporated as a 

determinant of stroke volume, atrium influence and LVEF. A particular challenge 

for in vivo acquisition of PV-loops is the fact that measurements are 

complicated, as they require cardiac catheterisation which may involve risks for 

the patient. They are therefore mainly used for educational purposes, 

functioning as a description of cardiac pressure/volume features. Surrounding 

pressure may influence the recorded pressures and, if the experiments are not 

conducted in a closed thorax, this may affect the measured results.  

 

1.2 The DAPP model 

In 1985 two patents were submitted. The first patent [15] describes a pump unit 

with a unique piston design (AV-piston). This piston creates energies both to the 

inflow and outflow of the heart and is further designed to create an inflow 

controlled hydraulic return. The hydraulic return needs an active filling of blood 

into the heart. It also redistributes blood between the atria and ventricles and 

minimises the disturbance of the dynamic inflow. The second [16] patent 

describes a simulation model of the double regulating function of the 

interventricular septum (IVS).  

  



6 

These two patents are the results of mechanical experiments, and are used to 

visualise and explain new findings about the heart’s pumping and regulating 

functions, presented in a monograph by Lundbäck in 1986 called "Cardiac 

Pumping and Function of the Ventricular Septum" [12]. These patents also 

provide a detailed description of a new pump technology which today is known 

as the dynamic adapted piston pump (DAPP). In this technology the piston of 

the heart, the AV-piston movements, creates both suction into the heart and 

pressure out of the heart, during ventricular contraction. This implies that the 

atria volumes expand, and that a decrease in pressure will add energy to the 

inflow as well as to the surrounding tissues of the atria. At the same time this 

AV-piston motion toward the apex adds energy to the ventricle surroundings. 

Several articles and theses have been published [17-34] highlighting the 

importance of the heart's way of working with these special characteristics.  

 

The majority of theses and publications also confirm that the AV-piston is 

strongly linked to the stroke volume (SV) of the heart. The ability of the heart to 

pump more than the possible internal stroke volume (SV) would indicate that 

the heart is a dynamic, more than a static, pump. This has been previously 

demonstrated in a publication about how the flow in the heart is more than SV, 

and that both valves, mitral and aortic, are open simultaneously for a short time 

during the systole [35, 36] which supports the theory that the heart works as a 

dynamic displacement pump with hydraulic forces and differential volumes. As 

Hoffman and Ritmann [4] claimed, the heart should perform its pumping work 

with minimal external volume changes in order to maintain high pump efficiency. 

 

Several recent studies have used cardiovascular magnetic resonance imaging 

(CMR) to demonstrate that the outer volume changes are 5-10% of the entire 

heart volume (800 ml) in healthy subjects [37-39]. Several patents for the 

heart’s pumping and regulating functions have been published, that describe 

this technology in more detail [15, 16, 40-45].  
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One of these patents disclosed a proposal for a mathematical model of the 

heart as a piston pump and was described with bond graphs [44], which are a 

graphical representations of a system, and can follow the energy flow through 

various subsystems. 

 

The overall aim of this thesis is to connect the mechanical time events 

developed from DAPP-technology and translate this into a new clinical decision 

support tool, the cardiac state diagram (CSD), as a clear, objective description 

of cardiac mechanical function. This study is also intended to lay the 

groundwork for the automatic detection of the mechanical time events using, for 

example, pattern recognition technology.  

 

With the heart’s way of working according to this technology, the traditional 

descriptions of the cardiac phases during a cardiac cycle now have different 

meaning and therefore a new definition of these cardiac phases is introduced in 

Chapter 5. The term ‘DAPP’ comes from the way the heart can be modelled as 

a "dynamic adaptive piston pump" which means that the heart creates an inflow 

controlled (hydraulic) return of the AV-piston (AV-plane) and the reciprocating 

motion that performs most of its pumping work with small outer volume 

changes. 

 

1.3 DAPP-technology 

Describing cardiac work according to the DAPP-technology requires definitions 

of processes involving cardiac performance and pumping and regulating 

functions. In order to help the reader to understand what it is behind 

hydromechanics that sets the states in CSD, as described in Chapter 5, the 

following short overview might help. 
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1.3.1 The myocardium is a power source and a construction material 

The myocardium is both a power source and construction material, consisting of 

millions of muscle cells, which, in layers, form the heart as a pump. An inbuilt 

network of nerve impulses can create a coordinated contraction in cardiac 

muscle cells. From a mechanical perspective, this muscle is made of contractile 

and elastic components. 

 

The muscle cells can only generate forces in one direction, which happens 

when the myocardium depolarizes, and the contractile elements are exposed to 

calcium ions that cause the contractile elements to, through shortening and 

thickening, pre-stretch elastic elements, resulting in mechanical work.  

To deactivate the contractile elements, a very energy consuming process, 

which needs external energy, starts to repolarise the muscle cells soon after the 

maximum contraction [46]. 

 

1.3.2 Function of the pericardium 

The pericardium is a flexible but elastic bag, defining the outer contours of the 

myocardium, the epicardium, against the surroundings. At normal static and 

dynamic filling pressure the pericardium volume will therefore set the limit to a 

more or less fixed maximum volume of muscle and blood. The pericardium 

forms an enclosed volume around the heart except for its outgoing vessels. 

Around the outgoing vessels the pericardium forms a smaller fold that allows 

these vessels to move. Between the visceral inner surfaces of the epicardium 

and the pericardium there is a thin liquid layer, which allows them to slide 

against each other with low friction.  
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Since this liquid is non-compressible inside the pericardial sac, the heart is 

hydraulically coupled to the pericardium, and the heart muscle or the muscle 

fibres of the heart cannot separate from the pericardium to any great extent. 

The pericardium is well secured against the diaphragm and has a large area 

exposed against the diaphragm, as well as being hydraulically attached to the 

chest wall.  

 

The base of the heart is anchored to the vertebra as well as reinforced by the 

incoming vessels. Since all volumes inside the pericardium can be considered 

incompressible, any volume changes will affect other volumes within this closed 

volume. 

 

The heart's hydraulic fixation to the pericardium and the other fixing points 

means that the heart's ability to move in different planes is limited. It can 

however rotate and the AV-piston can freely slide within the pericardium and 

make internal volume changes and volume redistribution. 

 

1.3.3 Total heart volume variation in the heart 

The total heart volume variation can be measured 

using methods such as cardiovascular magnetic 

resonance imaging (CMR). In healthy individuals 

[22, 37, 39] the volume variation is between 5-

10% (48-80 ml) of the total heart volume (800 ml) 

even lower volume variations have been 

published. Describing the heart as an ellipsoid 

using an “eggshell model”, the volume geometry 

can be described using two further different 

ellipsoids, an atrial section and a ventricle part 

[12]. This eggshell model can be used to 

describe cardiac- pumping and regulating 

functions (Figure 1.2).   

Figure 1.2. The heart outer 

contour as an eggshell model. 
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This simplified model assumes that the outer volume change is constant during 

systole and that the heart’s stroke volume is performed more or less with a 

longitudinal pumping motion. 

 

If the ventricular contours can be considered as conical shaped forms, uniform 

changes, such as those that take place during contraction of the cardiac muscle 

cells will, due to muscle cell forces and their logistic orientations in the muscular 

syncytia create longitudinal forces and motions of the AV-piston [12, 40, 45]. 

 

1.3.4 AV-piston construction 

The atrioventricular plane (AV-plane) can be described as forming a common 

piston (AV-piston) for both the right and left side of the heart, and divides the 

heart into an atrial and a ventricular part. Furthermore, the AV-piston consists of 

a relatively flat surface part, annulus fibrosis, which contains all the inflow 

valves and the outflow tracts of the pulmonary artery and aorta, and is usually 

termed the AV-plane in the literature. 

 

The AV-piston also consists of additional peripheral muscular surface areas 

forming the upper dome-cone-shaped muscular parts of the ventricular volumes 

that are hydraulically connected to the pericardium and the myocardium of the 

atria.  

Due to its construction, the heart’s fixation to the base and support of the 

pericardium to the thoracic wall and the diaphragm when under pressure, the 

AV-piston will, according this model, both create and follow the equatorial plane 

(PEP), defined as the widest diameter of the AV-piston, Figure 1.3, during its 

forced motions back and forth inside the pericardial sac [40, 45]. 

 

Under normal conditions the AV-piston construction thus contributes to the egg-

like shape of the heart. The AV-piston outer area is covered to a large extent by 

the auricles, as well as the fat wedge.  
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In the fat wedge there is also a vessel coronary sinus that carries oxygenated 

blood from the myocardium to the right atrium. The fat wedge is also elastic and 

deformable.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 shows a high resolution episcopic microscopy image of a fetal heart, 

where the left atrial appendage is clearly visible, covering a large part of the AV-

piston. 

  

Figure 1.3. Illustration of AV-piston equatorial plane (PEP), (PLA) and the 

AV-piston upper area (PUA). The planes are shown in a diastolic phase 

before atrial contraction. 
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1.3.5 Hydraulic return of the AV-piston 

The AV-piston has two forms of DeltaV-areas creating the hydraulic return 

according to the DAPP technology: The first DeltaV-area, the peripheral DeltaV-

area (DVp) consists of all the areas above the equatorial plane (PEP), Figure 

1.3, that are in direct or indirect (e.g. the appendages of the atrial volumes that 

are not filled with blood) contact with the pericardial sac.  

 

This area varies in size due to the change of the equatorial plane and due to the 

overlap of the fold-like volumes that belong to the atrial volumes. During the end 

of systole, DVp will more or less vanish due to reduction of the equatorial plane 

area and expansion of the fold-like atria volumes above the AV-piston. Due to 

its dynamic changes and complex geometrical structures, this area is difficult to 

define, however, it can be determined by flow and volume measurements and 

or the velocity of the AV-piston movements.  

  

Figure 1.4. High-resolution episcopic microscopy (HREM) image to show left 

atrial appendages (Lapp). Reproduced with permission from the publisher [1], 

Image B and F. 
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The second DeltaV area, the central DeltaV area (DVc) consists of the outflow 

tract of the pulmonalis and aorta and covers, in comparison to the DVp, the 

same area of the AV-piston during the whole cardiac cycle. This central area 

must also be taken in account when calculating the total DeltaV-area and the 

DeltaV-volumes that are created by the AV-piston motion.  

 

The DVc area always requires a substitute of blood volume equal to its area 

during the return of the AV-piston. Both the DeltaV areas will, in addition to their 

contribution to the outflow of the heart during the ventricular contraction, also 

create tension to their surroundings and tension forces in the outflow vessels 

and their surroundings. These forces will have their opposite forces generated 

in the resilient suspension of the heart. 

 

At the end of systole the above external opposite working tension forces will, as 

soon as the tension forces inside the ventricular muscles have decreased due 

to heart muscle repolarization, tear apart the binding forces between the actin- 

and myosin filaments in the heart muscle cells. 

 

This will allow for an expansion of the ventricular volumes and thus the rapid 

filling of the ventricular volumes to start. The stored energies in the tension 

forces will, together with the dynamic and static forces in the flow to the heart, 

now be released, and this will immediately lead to an increase of the area of the 

equatorial plane and an increase of the DVp-areas. Together with the constant 

areas of DVc, both attached to the AV-piston, these areas must be substituted 

by blood in order for there to be an inflow controlled hydraulic return of the AV-

piston. At low flow and heart rates, the AV-piston can return as a less wide 

piston and reach its neutral position where the fold like atria volumes covering 

the AV-piston results in the hydraulic forces acting on the DVp and the DVc 

areas. This areas will balance with tension forces and other forces acting on the 

AV-piston. The calculation of DVp areas is defined as the difference between, 

the AV-Piston Lower Area (PLA), defined by AV-Piston Equatorial Plane (PEP), 

and the AV-Piston Upper Area (PUA) (Figure 1.3).  
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1.3.6 Function of the interventricular septum (IVS) 

During the relaxation phase, the IVS acts as a pressure membrane between the 

right and left ventricles and will thereby regulate the amount of blood entering 

them, and maintain low pressure in the pulmonary circulation [12]. 

 

1.3.7 Filling of the heart 

The filling of the heart can be divided into two parts, one is when the AV-piston 

motion is filling the atria during the ventricular systolic phase (suction phase) 

and the second when rapid and slow filling phases results in a hydraulic inflow 

controlled return of the AV-piston with a continuous inflow to the heart. During 

the second part, there is also a redistribution of blood between the atria and the 

ventricles (Figure 1.5). Atrial pressure is usually described as having different 

pressure waves (a, c, v) but here there are some links to the AV-piston effect 

(Figure 1.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.5. Illustration of flow rate from the left ventricle. The flow rate curves 

are obtained from CMR. Figures inside the flow rate curves are volumes in ml. 
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Atrial pressure waves 

 

A-wave: generated by atrial contraction. When the AV-piston is pulled towards 

the base of the heart, stretching the ventricular muscles due to, for example, the 

hydraulic connection of the auricles to the AV-piston and the pericardial sac. 

This creates a redistribution of blood between the atria and ventricles. At low 

flow and heart rates, when the pericardial sac begins to reach its maximum 

volume an increase of static filling pressure can occur (‘A’ for atrial contraction). 

 

C-wave: generated by the inflow when the valves are closed due a small 

decrease of inflow to the heart during the pre-ejection phase (‘C’ for 

contraction). 

 

V-wave: generated due to reduced area and velocity of the AV-piston. This v-

wave starts before the inflow valves open and the outflow valves are closed (‘V’ 

for venous filling). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.6. Pressure curves in the heart. a = a-wave, c = c-wave, v = v-wave. Blue 

dashed = atrial pressure, black solid = ventricle pressure, red dashed = aorta 

pressure. 
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1.3.8 Elastic tension forces above the equatorial plane 

The tension forces, above the equatorial plane, generated by the motion of the 

AV-piston, are mainly created by indirect suction over the pericardial sack to its 

surroundings. The suction forces are further transformed through the inflow 

vessels to their surroundings. The connections of the outgoing vessels to the 

AV-piston, forming the central DeltaV-areas, generate additional tension forces. 

These forces are related to tensions in the vessels and their surroundings. 

 

1.3.9 Elastic tension forces below the equatorial plane - resilient 

suspension 

The tension forces, below the equatorial plane, are also generated by indirect 

suction over the pericardial sack due to the motion of the AV-piston. These 

forces, also referred to as the resilient suspension of the heart, are 

counteracting forces to the tension forces above the equatorial plane. The 

counteracting forces are in balance with each other through the contraction of 

the ventricular muscles. The tension forces above and below the equatorial 

plane have the ability to store and generate forces to improve the hydrodynamic 

pump work. of the heart, especially during the ejection phase and in the 

hydraulic inflow controlled return of the AV-piston [40, 45, 47], Figure 1.7.  

 

 

 

 

 

 

 

 

 

  
Figure 1.7. Example of resilient suspension positions. 
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If the outgoing vessels become more attached to the surrounding, for example 

through a by-pass operation, the apex-diaphragmatic area, the resilient 

suspension, is moved towards the AV-piston and thus dramatically reduces the 

stroke length of the AV-piston and more or less destroys the properties of the 

DAPP-technology. The heart will now perform its work mostly as an ordinary 

displacement pump with all its shortcomings. Paradoxically the ejection fraction 

(EF) can remain normal (Unpublished material, Lundbäck et al.). 

 

1.3.10 Rotation of the heart 

The construction of the heart with a moving AV-piston, with outflow vessels 

connected to the piston, and also the ability of the heart to rotate inside a 

slippery pericardial sac. This will most probably result in not only longitudinal 

movements of the AV-piston, but also circumferential motions of the heart in its 

connection to these vessels. Anatomically, the spiral form of the aorta and the 

angular direction of the pulmonary trunk are arranged in such a way that pulling 

and pushing forces to those vessels by rotation of the heart can minimise the 

resistance to longitudinal movements of the AV-piston and can create vortex 

formations in the ventricles in order to, for example, prevent thrombosis [48, 49]. 

 

1.3.11 AV-piston stroke length 

Stroke length is defined as the distance between when the AV-piston has been 

pulled up to a maximum by the atrial contraction (if present) and then pulled 

down to a minimum position close to the apex. The movement starts when the 

velocity of the AV-piston has more or less stagnated after the atrial contraction, 

and ends when there is no more flow through the outflow vessels (the valves do 

not need to be closed). The stroke length will also be dependent on preload, 

and after load, contractility etc. The DAPP technology recognises that the heart 

is an inflow controlled system [47] i.e. the output from the heart is mainly 

determined by the inflow to the heart. 
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2 AIMS 

 The overall aim of this thesis was to develop a software (GHLab) to 

graphically visualise the cardiac mechanics using the cardiac state 

diagram (CSD) methods according to the DAPP-technology. 

 To develop a method of automatic analysis built on pattern recognition 

and waveform analysis to obtain single dynamic factor (DF) over the 

cardiac mechanical function which can describe the heart's dynamic way 

of working during the cardiac cycle and could be used for clinical 

decision support. 

 

The sub-aims of the studies were: 

 

 Paper I To investigate the impact of sympathetic stimulation of the heart ’s 

stroke volume in elderly females through a cold pressor test (CPT). 

 Paper II To evaluate whether the Mitral Annular Displacement (MAD) 

measured by colour-coded tissue Doppler imaging technique can identify 

coronary occlusion and predict mortality in patients with non-ST elevation 

myocardial infarction. 

 Paper III To determine whether the early diastolic myocardial velocity (Em) 

measured by colour-coded tissue Doppler imaging technique is a marker of 

increased risk in patients with coronary heart disease. 

 Paper IV To investigate whether the peak systolic velocity (PSV) measured 

by colour-coded tissue Doppler imaging technique could be a strong and 

independent predictor of outcome in acute coronary syndrome patients. 

 Paper V To study the transition phases, (pre/post-ejection), during induced 

asphyxia in an animal model. This information also constitutes the basis for an 

automated analysis of cardiac mechanical time phases. 

 Paper VI To develop a new timing index, the Cardiac State Index (CSI), based 

on the cardiac mechanics, using colour-coded tissue Doppler imaging 

technique. These methods have the potential for use in clinical 

echocardiography support. 
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5 METHODOLOGY 

5.1 Study population 

The studies were conducted at the Karolinska University Hospital in 

Huddinge/Solna, Sweden, the Biomedical Centre (BMC) in Lund, Sweden, and 

the National Hospital in Norway. 

 

All studies were conducted according to the principles of the declaration of 

Helsinki and ethically approved by the local ethics committee. In the case of 

patient studies, all patients were informed before the study in writing. All clinical 

studies and investigations have followed routine clinical examination protocols 

an informed written consent was obtained. 

 

 

 

 

Main outcome 
Paper I 

(CPT) 

Paper II 

(MAD) 

Paper III 

(Em) 

Paper IV 

(PSV) 

Paper V 

(Pre/post) 

Paper VI 

(CSI) 

Patients [#] 28 167 119 227 6* 49 

Healthy/Control [#] - 40 - - - 21 

Female/Male [#] 28/- 126/41 26/93 55/172 - 24/46 

Disease PM NSTEMI AMI ACS - ACS 

Mean age [years] 70 63 61 67 - 63 

* Animal model 

 

  

Table 5.1. Summary of patient characteristics over the six studies. 
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5.1.1 Summary of the studies 

Paper I (CPT): In this study we recruited 28 female carriers of permanent 

pacemakers, aged > 60 years with a mean age of about 70 years from the 

Swedish National Pacemaker Registry. All patients underwent assessment with 

clinical history taking, clinical examination, ECG, and blood sampling. Blood 

pressure was tested using an oscillometric method. All echocardiographic 

parameters such as LV dimensions and flow were performed on all patients 

(Figures 7.1 and 7.2). After collecting baseline data, patients were paced to 

ATP (atrial tachycardia pacing) with 100 beats per minute. During this time, a 

cold pressor test (CPT) was conducted: the patient’s right hand was dipped in 

iced water for four minutes, and data collection began after 30 seconds. Blood 

pressure was measured every five minutes. By performing the experiment at a 

constant heart rate it eliminated the effects of sympathicotonia on heart rate.  

 

Our hypothesis was that such stimulation impairs the heart's ability to increase 

its stroke volume (SV): when afterload rises it reduces the potential for an 

increased stroke volume. The purpose of this test was to determine whether the 

vascular system is affected by the CPT stimuli and whether this results in a 

limitation in stroke volume, dependent on vascular stiffness. Estimation of the 

vascular tree compliance (stiffness) was based on an exponential relationship 

between arterial pressure and volume. All Doppler traces were exported to 

Matlab (MathWorks, Natick, MA, USA) for further processing and evaluation. 

 

Paper II (MAD): This retrospective study included 167 patients with confirmed 

NSTEMI diagnoses, who were tested for angiography at two Scandinavian 

centres. All patients with a NSTEMI diagnosis underwent clinical assessment 

and ECG recording. Forty patients with significant coronary artery disease, but 

without myocardial infarction, were included as controls. Colour coded tissue 

Doppler imaging (TDI) was performed in the left ventricle in three apical planes 

and velocities were integrated to calculate the MAD (mitral annular 

displacement).   
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Other parameters were recorded according to guidelines. All data was imported 

into GHLab to calculate the MAD, GLS (global longitudinal strain) and for 

synchronization to be as close to optimal as possible. 

 

Paper III (Em): This study included 119 patients with an acute myocardial 

infarction (AMI) diagnosis. Those who had been recruited prospectively 

underwent a clinical assessment:  clinical history, examination, ECG and blood 

samples. AMI was defined according to the criteria of the European Society of 

Cardiology and the American College of Cardiology. The purpose of the study 

was to determine whether there was a parameter that could indicate 

cardiovascular events compared to the corresponding group without 

cardiovascular events. The patients were followed over a mean period of 4-6 

years. 

 

Paper IV (PSV): This study included 227 ACS patients who were collected 

prospectively between the years of 2006 and 2008. All patients diagnosed with 

ACS underwent clinical assessment: clinical history, examination, ECG and 

blood samples. The purpose of this study was to investigate the prognostic 

value of PSV compared to EF, WMS, 2D strain and E/Em. MI was defined 

according to clinical guidelines Angiography was not performed in every patient. 

 

Paper V (Pre/post-ejection): This animal model was performed in BMC and 

followed the local procedure for animal investigations. The measurements taken 

were ECG, blood pressure (MAP), blood sample and echocardiography. The 

aim was to study the effect of duration of the pre-and post-ejection phases in 

the heart during induced asphyxia. All echocardiography traces were exported 

to GHLab for further processing and evaluation. 

 

Paper VI (CSI): This study included patients (49) with a diagnosis of MI, and 21 

controls, to determine whether it was possible to differentiate between them 

using traditional parameters, and to introduce a new method to measure the 

differential difference in the various local segments in the left ventricle.   
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All patients diagnosed with MI underwent clinical assessment: clinical history, 

examination, ECG and blood samples. MI was defined according to clinical 

guidelines. The control group was defined as being without any previously 

diagnosed heart disease. This was confirmed by performing an angiography on 

the patients. All traces were then exported to GHLab for further processing for 

evaluation of the TDI data. 

 

5.2 Image acquisition 

To measure the different events occurring during the cardiac cycle, the various 

studies in this thesis used conventional and parametric echocardiographic 

measurements. The techniques most commonly used were the tissue colour 

Doppler imaging technique (TDI) and deformation technology (strain) (2DSE) 

[50-53] TDI technology provides high temporal resolution, which is a 

requirement for detecting the myocardium’s rapid movements in time [54].  

 

The errors that may occur when using TDI methods such as angular 

dependence, type of beam technology multiple line acquisitions (MLA) etc., and 

also other global movements in and outside the heart that can affect (tethering 

effect) the analysis, should be taken into consideration when assessing the 

heart’s mechanical movements and function [31]. 

 

The studies used commercially available ultrasound equipment and software 

from General Electric (Vivid 7 and Vivid 9), Horten, Norway for TDI and 

deformation recording and analysis. All figures that show echocardiographic 

data were taken from their workstations. All echocardiographic parameters 

obtained in all present studies have been carried out as recommended by the 

American Society of Echocardiography or/and according to clinical practice. The 

description of ultrasound technology and utilisation is well documented in most 

literature in this field and is thus not included in this thesis.[55]. 
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5.3 GHLab software 

To simplify the collection and analysis of data, a programme was developed 

(GHLab) with the ability to import data from TDI-, deformation- and raw DICOM 

files. The information that was imported to the programme could then be 

marked manually in a graphical interface to identify the different time events, 

and stored in an SQL database for further processing. 

 

Velocity curves or deformation data can be imported from any segments of the 

heart, but in this work velocities and deformation were imported from the basal 

segments: the six segments in the left ventricle and up to three segments in the 

right ventricle. The programme can provide global information as well as 

segmental/regional information from, for example, flow images or TDI, such as 

E/Em ratio (Figures 5.1 and 5.2). The segmental information is shown in the 

horizontal colour coded lanes. 

 

  

Figure 5.1. GHLab – Showing the editor view. 
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The programme is written in C#, developed in Visual Studio from Microsoft 

(Microsoft Corporation, Redmond, WA, USA), and uses an XML file for settings, 

such as colour coding and calculations of different parameters. This XML file 

makes it easy to adjust and add equations and presentations, as well as to 

export its own specific data to a SQL database.  

 

The database used in the programme is MSSQL (Microsoft Corporation, 

Redmond, WA, USA) which makes it possible to directly link the data to various 

statistical programmes such as IBM/SPSS (IBM SPSS Statistics for Windows, 

Version 22.0. Armonk, NY: IBM Corp) (Figure 5.3). 

 

  

Figure 5.2. GHLab – Report view. 
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5.3.1 GHLab Auto 

To perform automatic detection of the different time events, a programme was 

developed in cooperation with Professor Fredrik Bergholm, and coded mainly in 

Matlab (MathWorks, Natick, MA, USA). The programme is based on new 

algorithms developed by Bergholm, and pattern recognition, and has the ability 

to analyse, for example, velocity trace data from different cardiac cycles 

(GHLab Auto) (Figures 5.4 and 5.5). 

 

  

Figure 5.3. GHLab software overview. 
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Figure 5.4. Raw input signal from TDI trace. 

Figure 5.5. Example of automatic detection from GHLab Auto software. 

Traces show examples of identification of different defined events. 
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5.4 Echocardiographic methods 

This thesis used a variety of quantitative echocardiographic methods to 

evaluate various events in the heart. The measurement methods mainly used 

are: 

 

• Wall motion score index (WMSI) 

• Peak systolic strain (PSS) 

• Peak systolic index (PSI) 

• Myocardial performance index (MPI) 

• Ejection fraction (EF) 

• Peak systolic velocity (PSV) 

• Cardiac-state index (CSI) 

 

Most methods are based on TDI technology. Below is a brief description of the 

various methods used in this thesis [53]. 

 

5.4.1 Colour-coded tissue Doppler imaging (TDI) 

The technology used clinically today to measure time-related events in the 

myocardium is called colour-coded tissue Doppler imaging (TDI), which is also 

commonly termed Tissue velocity imaging (TVI) when used on workstations 

from General Electric (GE). It can be displayed and processed in real time and 

has been used throughout these studies [56-58].  

 

The technique is based on detecting the phase differences generated by the 

transmitted signal and processed further via autocorrelation techniques [51]. 

The modality that has been developed can display velocities, displacement, 

strain and strain rate of the myocardium.  
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When measured with TDI, different resolutions in different dimensions (axial, 

lateral and temporal), filter settings, the size of region of interest (ROI) and its, 

position, and software used must be taken into account.  

 

Spatial resolution is usually given as one word and includes both axial and 

lateral resolutions. The measured signal will also be dependent on backscatter, 

fibre orientation, reverberation, damping tethering, etc. 

 

This thesis mainly uses TDI methods, and is mainly dependent on temporal 

resolution to clarify this further. Other topographies of the echocardiographic 

methods are well documented [33]. 

 

When it comes to velocity-coded images, the temporal resolution can be 

increased by using multiple line acquisition (MLA) technology [31, 59] (Figure 

5.6), which reduces the number of lines and averaging larger areas, and can 

thus increase temporal resolution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.6. Multiple line acquisition (MLA) methods. Yellow circle = 

ROI (6x6mm). 
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The disadvantage of this method is that the lateral resolution decreases and it 

may receive lower velocities if measured, for example, at the lateral wall and at 

the same time with the outer stationary environment or other regions that are 

considered in the averaging area, as shown in Figure 5.6. In Figure 5.7, MLA is 

set to 4, which means that one signal is transmitted, and four signals are 

measured and then averaged and presented as a mean value.  

 

This can be seen as the blocks in the image displayed on the screen (Figure 

5.6). The pulse repetition frequency (PRF) in Figure 5.8 is the transmitted block 

beam, which in this case would be 16 lines and a frame rate of 234 (1/234 = 4 

ms) to obtain a PRF of 4000 Hz (250 μs x 16 = 4 ms). 

 

  

Figure 5.7. MLA technology, the red arrows are transmitting and blue are receiving the 

Doppler signals. 
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The axial resolution can be still kept high and is virtually independent of the 

measuring depth. When it comes to measurements made in studies of foetuses, 

the axial resolution might influence the results, in the sense that it is almost the 

same magnitude as the AV-piston movement. In these studies a region of 

interest (ROI) of 2x2 mm, and a high frame rate was used to capture the rapid 

events of information due to the high fetal heart rate [60] and because the width 

of the segment wall (e.g. IVS) is smaller than the lateral resolution due to the 

MLA (Figure 5.9) and might influence the results. If the myocardium velocity is 

12 cm/s the displacement of the myocardium between two images is 0.5 mm 

(12 cm/s x 4.27 ms). This can be considered as good displacement resolution 

when using this high frame rate. 

 

The conclusion may be that a high frame rate is not needed in order to show the 

high velocity correctly, but according to an unpublished article it could be the 

other way around [unpublished Herling et al.]. In this unpublished article, it 

appears that the time events are essentially the same regardless of the frame 

rate and MLA technology, which means that time-related events in the heart 

would be a robust marker. 

It has also been found [unpublished Herling et al.] that a greater ROI provides 

clearer event markers, and shift and variability that can facilitate automatic 

interpretation of cardiac mechanical time events in the development of software 

for automatic interpretation. 

 

  

Figure 5.8. Illustration of the PRF value. 
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5.4.2 Velocity measurement of the longitudinal myocardium movements 

Due to the angle dependence of TDI modality it is essential, 

when recording longitudinal motion, to align the image so 

that the axis of motion is parallel to the recording. [61] 

If myocardial motion is not parallel to the ultrasound beam, 

the angle of the motion against the beam will result in lower 

velocities and the reduction will be dependent on the cosine 

value of the motion as shown in Figure 5.10. 

The region of interest (ROI) will record the 

average of the velocity and the greater the ROI, 

the more the average of the myocardium will be included [61]. 

 

Different parts of the myocardium pass through this region and are registered 

as a common velocity if the sample volume is fixed. The velocity is interpreted 

as positive when the myocardium moves from the base to the apex, is in the 

order of 5 - 10 cm/s in the basal left ventricle, and is age dependent [31, 62]. It 

is not always practically possible to obtain a parallel angle, but generally an 

angular error of less than 25 degrees is considered acceptable as at this angle 

a no more than 6% reduction in myocardial velocities occurs.   

Figure 5.10. Angle 

dependent of TDI modality. 

Figure 5.9. Four chambers apical view from a 

fetal heart with a ROI size of 2x2 mm. The MLA 

block is clearly visible and are one MLA region 

is indicated by two blue lines. Black circle 

indicates approximate the size of the heart. 
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It is best to avoid measuring myocardial velocities near the apex, due to 

myocardial muscle distribution in different dimensions which can lead to large 

velocity errors. One can almost never measure the high velocity of a movement 

if it is masked or superimposed by other neighbouring regions/segments or the 

entire cardiac motion. One possible method would be to use fixed points of 

reference in order to minimise the measurement error in the body to 

compensate for the registration, although the time it takes for the maximum 

velocity to occur can be superimposed by other events through the nearby 

regions/segments (e.g. tethering effects) which may mean that the maximum 

velocity (PSV, Sm) timestamp becomes inaccurate. 

 

It is important to bear in mind that the hemodynamic load should be taken into 

account regarding myocardial velocity measurements, as it influences velocity 

amplitude. Other pitfalls worth mentioning are possible reverberations which 

create multiple echoes in the body that may be false, as well as filter settings, 

and the lateral resolution, which can be worse at higher framerates. 

5.4.3 Filter settings of the TDI. 

The filter function is used to smooth and remove noise. The low pass filter can 

be set from 10 to 60 ms, or 3-5 point filtering, and is also automatically affected 

by the selected FPS that may affect the assessment of velocities or time events 

[63] [64]. 

 

5.4.4 Description of myocardial strain and strain rate 

Strain (deformation) can be measured in two ways, either via velocity 

measurements in reference to the probe position, or via local comparison 

between two different patterns of kernels movements (20-40 pixels) often 

termed as 2D strain which provides the displacement, velocity, strain and strain-

rate values of the selected segment.  
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2D strain modality is quite noisy and the algorithm uses pattern matching at the 

local level, which means that the technology becomes relatively (different 

resolutions in lateral/axial) independent of the measured angle of the probe. 

Strain is dimensionless and can be expressed as Lagrangian or natural strain. 

 

Lagrangian strain is defined as the deformation from total length where natural 

strain is measured at any given time point as derivative of length per length unit. 

Natural strain is more suitable because of the large deformation that occurs in 

the heart. At small deformations of less than 10%, both have approximately the 

same values [65]. The relative angle dependence means that there are different 

resolutions in the axial and lateral acquired images. The algorithm can use a 

minimum sum of the absolute difference of the B-mode images and some 

combination with the Doppler velocities [50, 65].  

 

This technique uses 2D data and is usually called 2D strain echocardiography. 

Unlike TDI, it is measured using one-dimensional acquisition, which means that 

the deformation can be measured only along the ultrasonic beam length. At 

present (2015), the frame rate of 2DSE is typically between 50-80 FPS, and for 

TDI it is 100-200 FPS in order to obtain robust estimates. Estimation of the 

deformation strain rate (SR) is made from the measured TDI velocity by treating 

the two spatial points: SR = (v (x) -V (x + dx))/dx [51, 65]. The strain technology 

is used to calculate the PSI and PSS: the deformation in the myocardium during 

the cardiac cycle [66, 67].  

 

When these values are present an average is made and the myocardium’s 

thickness will be taken into account, and may vary from the base towards the 

apex where the algorithm calculates the difference in velocities in the various 

segments. The technique is dependent on good image quality, and only 

measures in a 2D plane, even though the myocardium moves in three 

dimensions: measured data goes through the 2D plane and may be interpreted 

incorrectly by the algorithms (out of plane motion). 
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Segment models 

There are various methods today, to diagnose the heart wall movement, systolic 

deformation, such as PSI, PSS and WMSI. These methods use a bull's-eye plot 

to show the different parts of the heart in a flattened 3D graph. The bull's-eye 

plot can be divided into 16, 17 or 18 segments. When using an 18 segment 

model the smaller muscle mass in the apical parts must be considered [68] [62]. 

Figure 5.11 shows orientation of the different apical views. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.11. Orientation of apical four-chamber (A4C), apical two-chamber (A2C), and 

apical long-axis (ALX) views in relation to the bull’s-eye display of the LV segments 

(centre). Top panels show actual images, and bottom panels schematically depict the 

LV wall segments in each view. Figure reprinted by permission from publisher [2]. 
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Post-systolic index (PSI) 

This method involves the amount of local deformation that occurs after the 

aortic valve (AVC) has closed, and can be calculated, for example, as: 

(max_deformation-end_diastolisk_deformation)/max_deformation. Information 

is based on transthoracic B-mode measurements. Figure 5.12 is an 18 

segmentation model of all cardiac segments with associated local post-systolic 

index. 

 

Post-systolic strain (PSS) 

This method recognises global longitudinal strain (GLS) across all segments of 

the heart. Figure 5.13 displays an 18 segmentation model of all cardiac 

segments with associated local deformation value.  

 

 

 

 

  

Figure 5.13. Bull’s-eye plot over peak 

systolic strain (PSS) using 2DSE in an 18 

segment model. 

Figure 5.12. Bull’s-eye plot over peak 

systolic index (PSI) using 2DSE in an 18 

segment model. 
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5.4.5 Myocardial performance index (MPI) 

This parameter is calculated by adding the transition times and dividing that with 

the systolic phase time. It can be calculated using Doppler flow velocity 

measurement or via the myocardium movements. Normally, the aortic valve’s 

opening and closure is used as the definition of the various events. MPI = (pre-

systolic + post-systolic)/ventricular ejection [69, 70]. 

 

5.4.6 Peak systolic velocity (PSV) 

This value stands for the maximum myocardial velocity during the systolic 

phase. This value is usually denoted as “s' ” or “Sm” or “PSV”, where m stands 

for myocardium and s for systole, Figure 5.14. The measurement is usually 

performed at the base of the heart. In Paper IV, and used the notation ‘PSV’ for 

the peak systolic velocity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.14. A4C apical view with region of interest marked at basal segment (yellow 

circle to the right) and velocity information to the left. Max velocity is indicated with a 

vertical red line (PSV). 
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TDI technology uses low-pass filters to separate tissue from blood. The normal 

peak velocity range recorded in basal left ventricle segments is typically 5-10 

cm/s in normal individuals [31, 62]. Measurement of the velocities is made with 

an elastic unit which means that the Doppler signal is recorded by a variety of 

reflections and muscle mass longitudinal orientation, fibre orientation, which will 

affect the results depending on what part of the myocardium is measured, and 

also on the type of measurement method previously described, such as MLA 

technology, which can affect velocity measurements. 

 

Averaging cardiac cycles, which usually occurs in the clinical measurements 

and according to guidelines, can be used to minimise possible signal to noise 

ratio. 

 

5.4.7 Wall motion score index (WMSI)  

This index is based on a visual interpretation of the heart wall movement and 

uses transthoracic B-mode grey scale images [71]. The frame rate using B-

mode is typically about 50-80 FPS, which implies that events occurring at higher 

heart rates might not be optimally recorded. In Figure 5.15 (recorded 2014) the 

frame rate is 55.8 FPS, which means 1/55.8 = 18 ms resolution for each image, 

and the axial resolution is 600 points over a distance of 14 cm, leading to a 

resolution of 600 points/140 mm = 4 points/mm, and that the number of lines 

making up the image is 180 at an angle of 76 degrees (Figure 5.15).  

 

This means that the distance between each line becomes: sector length/number 

of lines approximately 183 mm/180 = 1 mm (image from DICOM). In summary, 

the axial and lateral resolution is considered sufficient to assess this wall motion 

index but the temporal resolution may have some impact at higher heart rates. 
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The apical views assessed according to the guidelines are 4C, 3C and 2C [62]. 

These views are divided further, in this case in an 18 segment model in which 

each segment is indexed for their mobility with a scale of 1-5 where 1 is referred 

to as normal (see Figures 5.16 and 5.17).  

Figure 5.15. A4C apical view at an angle of 76 degrees (green arrow). 

Figure 5.16. Figure is only showing the 

A4C. 

Figure 5.17. 18 segments model used for 

WMSI score. 
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5.4.8 Cardiac State Diagram (CSD) 

Cardiac State Diagram is a method of describing various mechanical events of 

the heart and is based on DAPP-technology. This method can be visualized in 

various ways for example as a circular diagram. The idea of using this diagram 

is that a simple and intuitive graphical overview of various cardiac conditions 

can be obtained. To visualize cardiac mechanical events at regional levels a flat 

horizontal diagram can be used (Figure 5.18). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.18. State diagram of a cardiac cycle. Outer circle shows the mechanical durations 

of different states, the inner circle shows the segmental information. The black circle 

indicates AV-piston displacement in different segments at basal level. T1-T20 = Time marks 

during the cardiac cycle. The lower graph shows a horizontal diagram at regional levels. 
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This particular visualisation of the cardiac events has been named the "Cardiac 

State Diagram" (CSD) because it describes the dynamic mechanical cardiac 

events over time. The Cardiac State Diagram is based on the DAPP-technology 

[15, 16, 40-45] and could be used, for example, as a clinical diagnostic support 

tool, and for therapeutic guidance in a clinical scenario. 

 

The CSD diagram can display a number of different parameters such as 

velocity, stroke lengths of the AV-piston, flow velocities, deformation and ECG. 

The CSD can be described as the graphic presentation of a state machine 

(heart) describing various events and functions in time. The CSD is based on 

the heart's pumping and regulating function, according to the heart as a cluster 

state machine which means that millions of muscle cells are constructing and 

powering a pump according to the DAPP- technology [15, 16, 40-45]. 

 

The diagram is constructed with one or two outer circles (left ventricle/right 

ventricle) which describe the global timing of the heart’s different time events. In 

Figure 5.18 there is only one outer circle and it shows the left ventricle, where 

360 degrees corresponds to one cardiac cycle. The CSD can also show the 

segmental/regional information linked to the global timing of the heart. 

 

The length of the different colour-coded circle segments represents the duration 

of respective cardiac phases. Inside the circle the heart’s different segments, 

such as lateral or anterior, are displayed. The circle in the diagram describes 

only one cardiac cycle in this illustration, but can dynamically display a number 

of different cycles. The AV-piston displacements in the different segments at 

basal level are shown with a black circle in the middle of the diagram, with the 

associated segment or strain or strain rate information.  

 

Outside the circle, the ECG is added to make it easier to link these events to the 

heart's different phases. In the inner part of the circle (red), information can be 

added, such as local strain values.  
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These values can also be easily correlated to the AV-piston displacement, 

which means that if there is a misalignment via the TDI then the strain value 

should follow. In the middle of the circle, basic data is shown, such as heart 

rate, and other relevant indices.  

 

The diagram is colour-coded to make it easier and faster to see which cardiac 

phases may be abnormally affected. The classification of the cardiac different 

mechanical states has been divided into the classic six phases. These phases 

differ from currently established cardiac phases because this method is built on 

the dynamic patterns that mean the DAPP-technology differs from ordinary 

displacement pumps.  

 

The purpose of the CSD is to develop a simple visual method in order to quickly 

help with the assessment of the heart's mechanical status, and to allow 

automatic analysis, minimizing user dependency, subjective assessment, and 

manual work, and to support clinical decision making. 

 

5.5 Description of the mechanical phases in the heart 

The following descriptions are based on many years of study and 

experimentation with the cardiac pumping and regulating functions [15, 16, 40-

45]. The cardiac pumping and regulating functions in the circulatory system can 

be practically described using a series of different mechanical conditions that 

must be met in order for the heart to pump and regulate according to the DAPP-

technology. Each state can be determined by several parameters, such as 

changes in form, volume, dimension, pressure and flow etc. 

 

The cardiac cycle is assumed to start with atrial contraction and end with the 

slow filling that would harmonise with ECG signal activity, where the P-wave is 

the first regular activity in the ECG.  
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Considering the cardiac work according to the DAPP-technology, the traditional 

descriptions of the cardiac phases during a cardiac cycle now have a different 

meaning and therefore a new definition of these are necessary. Below is a 

detailed description of the different cardiac phases that have been used to 

recognise and identify the various mechanical events of the heart and create 

the Cardiac State Diagram (CSD). The cardiac cycle is divided into six different 

phases (main phases), and each phase is further divided into different sub-

phases.  

 

These main phases are called MP1-MP6 and are colour-coded according to 

Table 5.1, and the sub-phases are called SPn (not shown). In total, 20 different 

identifications have been made so far (T1-T20), where T stands for the TDI 

measurement. This division has been made to improve the diagnostic 

information during a cardiac cycle (Figure 5.19).  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Main Phases (MP1-MP6) Colour Time Marks 

Atrial Contraction (MP1)  T1 - T5 

Pre-Ejection (MP2)  T5 - T8 

Ventricular Ejection (MP3)  T8 - T12 

Post-Ejection (MP4)  T12 - T15 

Rapid Filling (MP5)  T15 - T17 

Slow Filling (MP6)  T17 - T20 

Table 5.1. Colour coding of CSD with respective time marks. 
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The DAPP-technology implies that the heart is controlled by the inflow, which 

means that the cardiac cycle should start where the slow filling (MP6) ends (i.e. 

start of the atrial contraction if present). At high flow and heart rates the slow 

filling phase (MP6) and atrial contraction phase (MP1) contributions more or 

less vanish (Figure 5.20). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.19. Velocity trace with 20 time events (T1-T20). MPn = Main phase. 

Figure 5.20. Impact of the main phases at high and low heart rates. 
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5.5.1 Definition of MP1 (T1 – T5). Atrial contraction. 

The main task of atrial contraction is to contribute to moving the AV-piston 

towards the base of the heart and increase the stroke length of the AV-piston. 

Through contraction of the atrial musculature the wedge shaped auricles 

situated between the pericardium’s outer eggshell form and the dome shape 

peripheral segments of the AV-piston will be pulled along these contact areas. 

This will result that the AV-piston will be pulled towards the base of the heart 

[15, 16, 40-45].  

 

Lifting up the AV-piston will create redistributions between the atria by, for 

example, stretching the ventricular muscles and also by lifting the outflow tracts 

of the large aorta and pulmonary vessels in their outflow direction, generating 

central DeltaV-volumes that have to be filled. This is very suitable for minimising 

back flow. At high flow and heart rates the risk of backflow into the inflow 

vessels during atrial contraction will decrease, the rapid filling phase and atrial 

contraction will merge, and the rapid filling can now by vortex formation help to 

close the inflow heart valves [15, 16, 40-45].  

 

This phase can be advantageously used for detecting segmental, local, 

disturbances during the lifting procedure of the AV-piston (mechanical 

resistance and/or flow resistance through the valves). The phase of atrial 

contraction starts with a mechanical movement of the AV-piston and ends when 

detectable changes in the motion of the AV-piston are created by the resilient 

forces and or the beginning contractions of the ventricular muscles. 

 

This phase is further divided into four sub-phases marked as points T2, T3 and 

T4 for future diagnostic analysis. These sub-phases can be used, for example, 

to show how flat the velocity trace or the skewness is (pattern). 

  



51 

 

Start point (T1: dark blue): This phase starts with a mechanical movement of 

the AV-piston. 

 

End point (T5: dark blue): This phase ends when detectable changes in the 

motion of the AV-piston are created by the resilient forces and or the beginning 

contractions of the ventricular muscles: start of Main Phase Two, MP2. 

 

5.5.2 Definition of MP2 (T5 – T8). Pre-ejection. 

Electrical activation will first occur in the apical portions, the septum and the 

papillary muscles, and electrical activity then spreads through the entire 

musculature which initiate the contraction. The pre-ejection phase begins with 

detectable changes in the motion of the AV-piston are created by the resilient 

forces and or the beginning contractions of the ventricular muscles. The 

contraction of the papillary muscles will support the inflow valve construction to 

resist the pressure that is created in the ventricles. When the AV-piston moves 

down towards the apex, the pressure will exceed the pressure outside the 

outflow valves, which result in the outflow valves starting to open. However, 

they are not yet fully open. 

 

If there are pressure differences between the right and left ventricles during the 

first part of this phase these differences will affect the IVS to act like a 

hydraulically driven diaphragm pump powered by a higher pressure increase in 

the left ventricle during this phase. Time detection of these movements/events 

is of great importance in detecting segmental abnormalities, and also IVS 

interaction between the right and left side of the heart. Continuous tension in the 

muscles during this phase will tighten the inflow valves and modify the 

ventricles for increasing pressure. Different waveforms can be obtained during 

this time, and velocity will vary in different segments of the heart. The maximum 

velocities can be simply detected, but can also be masked by other movements 

in and around the heart. These velocities can have some clinical significance 

and are suitable for pattern recognition system.  
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This phase usually has a minimum and a maximum velocity peak, marked as 

T6 and T7 (Figure 5.19). Its maximum/minimum velocities may be below or 

above the “zero line” or a combination of these in the TDI measurement.  

 

This can be a result of the entire heart potentially having moved during this 

event, or that different segments influence each other and destroy their true 

signals (Figure 5.21), which can then give an incorrect reading/description of 

the events. In the first part of this phase there is a low pressure, and different 

segments have not yet started to interact with each other. However this will start 

to be the case at the end of this phase. Differences in these activities also might 

give diagnostic information. 

 

Start point (T5: light green): The pre-ejection phase begins with detectable 

initiation of movements of the AV-piston when it starts to be sensitive for the 

resilient forces and/or beginning contractions of the ventricular muscles. 

 

End point (T8: light green): The end point is dependent on the influence of 

neighbouring segments to prepare for the ventricular ejection phase to generate 

the global functions of the heart. It is also, due to the ongoing movements of the 

AV-piston, affected by transformed forces to the inflow, and to the tension 

forces above and below the equatorial plane. This phase ends when the aorta 

and pulmonalis is just starting to open. The end point thus, prepares the start of 

Main Phase 3, MP3. 

 

 

 

 

 

 

 

 

 

 

  Figure 5.21. Velocity trace with several possibilities of velocities identification. 
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5.5.3 Definition of MP3 (T8 – T12). Ventricular ejection. 

For the AV-piston to move down towards the apex the opposing forces below 

the equatorial plane must exist to counteract the generated tension forces 

above the equatorial plane Furthermore, it requires energy to move the blood 

into the heart and out through the outgoing vessels. Contraction starts at the 

apex and spreads upward toward the AV-piston where there will be variation of 

delays because of differing muscle lengths. Thus, the ventricular muscular 

forces in interaction with the opposing forces have to accelerate blood into and 

out of the heart and meet tension forces above the equatorial plane, including 

tension forces in the outflow vessels.  

 

The forces above the equatorial plane can through the ventricle muscle 

contractions be transformed to the heart’s apical-diaphragmatic area. This 

movement can occur due to the hydraulic connection of the pericardial sac 

towards the thoracic cage, and is named the resilient suspension [15, 16, 40-

45]. There is also a slight mechanical rotation of the whole heart which can 

assist the downward movement of the AV-piston. This can give misleading 

information about the true outer contour variations of the heart. 

 

The dome shaped muscular area is, to a large extent, covered by the fold-like 

volumes that belong to the atrial volumes. When the AV-piston moves down 

towards the apex, with little friction against the pericardium, it will suppress the 

blood and cause the ventricular muscle to thicken. Due to the hydraulic 

connections between the pericardial sac and the above mentioned fold-like 

volumes of the atria the suction will broaden the AV-piston area towards the 

atria. This results in broader and larger atrial volumes that due to negative 

pressure increase the kinetic energy of the flow into the heart.  
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During the first part of the systolic phase the blood must be accelerated out of 

the heart through the outflow valves, and even within the ventricles. This takes 

a great effort by the ventricular muscles because the whole blood column mass 

is stationary (p=mv) at the beginning of the first part of the ventricular ejection 

phase (MP3).  

 

Maximum inflow into the atria will take place later than the maximum outflow in 

the outgoing vessels, because of the compliance in the atrial volume, such as 

that generated by the AV-piston peripheral DeltaV-areas (DVp). When the area 

of AV-piston area becomes smaller as it slides down the pericardial sac towards 

the apex, the heart can keep the aortic pressure (F = pA) although the muscle 

force starts to decrease. This reduction, or downshift, of the AV-piston area 

works in favour of the decreasing forces in the ventricular muscles.  

 

The decreases of pressure in the outgoing vessels during the end of the systolic 

phase will further reduce the need for power generated by the ventricular 

muscles. The AV-piston can thus, with less tension within the ventricular 

muscles, be moved towards the apex and continue filling the atria.  

 

This phase has been divided into different sub-phases to describe how the 

different pressure/volume work occurs. The first sub-phase, marked as T9, 

indicates the maximum pressure/volume work that takes place during the first 

systolic ejection phase. T10 is the maximum peak velocity (Sm, PSV), and 

varies in time due to many factors. T11 indicates when the majority of the 

dynamic work starts to slow down and will sooner or later end with a static work. 

 

Start point (T8: red): This phase starts when the aorta and pulmonalis is just 

starting to open.  

 

End point (T12: red): This phase ends when the flow has terminated through 

the aorta and pulmonalis (the valves do not need to be closed): start of Main 

Phase 4, MP4.  
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5.5.4 Definition of MP4 (T12 – T15). Post-ejection. 

This phase starts when the outflow from the ventricles has diminished in the 

outflow vessels. This would mean that the valves do not need to be closed and 

can also be different in the two vessels, the aorta and pulmonary artery. When 

the outflow valves are closed the ventricles are released from pressure work, 

and can continue to relax. The inflow valves are still closed, which means that 

there is no flow in or out from the ventricles. The inflow to the heart, however, is 

still on-going which means that there has to be volume expansion of the atrial 

volumes. This expansion can depend on two possibilities and/or a combination 

thereof. The first possibility is the expansion of the atria volume alone.  

 

The other possibility is that the dynamic and static forces of the inflow will act 

upon the AV-piston and together with the resilient suspension forces, will push 

the still contracted solid ventricular volumes towards the resilient suspension 

area (the reversal velocity curve in TDI). This would suggest that the atrial 

volume can be increased in a very dynamic way, although there is no further 

active movement of the AV-piston towards the apex.  

 

When the tension forces in the ventricular muscle decrease and the opposing 

resilient forces above and below the equatorial plane, together with the dynamic 

and static inflow forces acting onto the AV-piston, are strong enough to release 

the binding forces in the muscle cells, the rapid filling phase can start (MP5). 

This phase usually has a minimum and a maximum velocity, seen as a reversal 

in the velocity curve that may have some clinical significance. These points are 

marked as T13 and T14. These minimum/maximum velocities may also be 

below or above the “zero line” or a combination of these (Figure 5.21). 
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Start point (T12: dark green): This phase starts when the outflow valves are 

about to close and/or when the flow has diminished through the aorta. 

 

End point (T15: dark green): This phase ends when the inflow valves are 

about to open and the AV-piston starts to move towards the base, the start of 

Main Phase MP5. 

 

5.5.5 Definition of MP5 (T15 – T17). Rapid filling. 

During this phase the inflow of blood to the whole heart can continue due to the 

release of the binding forces in the cardiac muscle cells. The remaining external 

tension forces above and below the equatorial plane, together with the dynamic 

and static forces in the cardiac inflow, is now prepare to make an inflow- 

controlled hydraulic return of the AV-piston. Furthermore, the hydraulic return of 

the piston results in the redistribution of blood between the atria and ventricles 

which constitutes the major part of the ventricular filling.  

 

During the rapid filling phase the AV-piston can return as a smaller sized piston 

depending on cardiac inflow. T16 denotes the maximum velocities of the AV-

piston during this phase. At lower heart rates this phase will continue into the 

next phase, the slow filling phase.  

 

Start point (T15: yellow): This phase starts when the inlet valves are about to 

open and the AV-piston starts to move towards the base. 

 

End point (T17: yellow): This phase ends when the AV-piston has slowed 

down, and reached its neutral position: start of Main Phase 6, MP6. 
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5.5.6 Definition of MP6 (T17 – T20). Slow filling. 

During the rapid filling phase (MP5) and the slow filling phase the heart can be 

considered a single volume inside the pericardial sac, consisting of blood and 

muscle cells. The right and left ventricle are separated by a totally relaxed IVS. 

The atrial volumes are separated by the atrial septum and the foramen ovale. 

This means that the entire heart is exposed to the inflow pressures of the vena 

cava inferior and superior, the lung veins and also coronary circulation.  

 

If there are pressure differences between the right and left ventricles, the IVS 

will bulge towards the ventricle with the lowest pressure during the pre-ejection 

phase. IVS will act like a hydraulic-driven diaphragm pump powered by the 

higher pressure in the left ventricle [12]. 

 

During this phase, due to the movements of the IVS, the heart can act as a 

common pump and auto regulate according to the DAPP technology. When no 

further filling into the heart is possible a stagnation of blood in the heart and its 

nearby large vessels would jeopardise the dynamic operating conditions of the 

heart. Various reflexes, such as Bainbridge [72], can then, for example, change 

the heart rate to a level where the heart can continue to act as an inflow 

controlled pump. At low flow and heart rate, this slow filling phase can be 

prolonged. At higher flow and heart rate this phase becomes shorter and 

shorter and finally ceases to exist. During this phase the AV-piston will return to 

its original width depending on inflow and frequency. At high flow and heart rate 

the active, stressed [73], venous volume, has increased by contraction of the 

venous reservoirs.  

 

Under these circumstances the motion of the AV-piston will create high kinetic 

energies to both the inflow and outflow of the heart. The high energies in the 

outflow vessels, generated by the ventricular ejection phase during the first half 

of that phase, facilitate the outflow. 
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The tension forces within ventricular muscles can almost totally be released due 

to the dynamic functions before the outflow valves start to close causing the 

ejection fraction (EF) to increase.  

 

High flow and heart rate also create strong forces to the inflow controlled 

hydraulic return of the AV-piston that more or less forces the AV-piston to its 

most upper position without any visual contribution of the atrial contraction. This 

indicates that the rapid filling phase and atrial contraction phase merge. It has 

also been demonstrated in animal experiments [35, 36], and in a manmade 

pump according to the DAPP-technology [12], that all valves can be open for a 

short time and increase the stroke volume.  

 

Start point (T17: light Blue): This phase ends when the AV-piston has slowed 

down, and reached its neutral position. This applies only at low heart rates. 

 

End point (T20: light Blue): This phase ends with the next cardiac cycle, when 

a new cardiac cycle is initiated. 
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5.5.7 Summary of defined event markers in the CSD: 

T1 Start of atrial contraction phase  

T2 Sub phase in atrial wave  

T3 Maximum velocity in the atrial contraction  

T4 Sub phase in atrial wave  

T5 End of atrial contraction phase  

   

T6 Maximum velocity in pre-ejection phase  

T7 Trace shift in pre-ejection  

   

T8 Start of ventricular ejection phase  

T9 Sub phase in ventricular ejection phase  

T10 Maximum velocity in ventricular ejection phase  

T11 Sub phase in ventricular ejection  

T12 End of ventricular ejection phase  

   

T13 Trace shift in post-ejection  

T14 Maximum velocities in post-ejection phase  

   

T15 Start of rapid filling phase  

T16 Maximum velocity in rapid filling phase  

T17 End of rapid filling phase  

   

T18 Sub phase in slow filling  

T19 Sub phase in slow filling  

   

T20 Start of the next cardiac cycle  
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5.5.8 Cardiac state index (CSI) 

The cardiac state index (CSI) is a simplified equation using the standard 

deviation combined with the mean value to form this factor. This is the first 

attempt to find a single index of cardiac performance and state in order to 

identify subclinical disease in a population with small myocardial infarctions that 

showed little or no signs of decreased cardiac function using traditional 

echocardiography methods. 

 

The regional and the global mechanical events has been recorded at the 

segmental level of the heart according to the presented cardiac model.  

 

5.5.9 Statistical analysis 

All statistical analyses were performed by using SPSS statistical software. A p 

value of <0.05 was considered significant. The analysis of the ROC, with the 

description AUC, used a confidence interval of 95%. Differences between the 

AUC were tested via the Hanley and McNeil [74] procedure. All data was tested 

for normality so that the correct method was used for each test. Studies 2, 3, 4, 

5 and 6 used the GHLab software to link information automatically via an SQL 

database to avoid errors during manual copying in different statistical 

calculations.  
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5.6 Example of cardiac events in GHLab 

The colour-coded acceleration curve (which is linked to the CSD and GHLab) is 

displayed in the bottom panel of Figure 5.22 and can use the acceleration 

changes and pattern recognition systems: dynamic changes linked to the 

mechanics for identifying the mechanical phases. The acceleration and velocity 

traces shown in the bottom panel come from a TDI measurement. To identify 

events e.g. using the aortic openings, (top panel) or/and M-Mode registration 

this can also simply be added (middle panel) in the GHLab software. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.22. Identification of events correlated to CSD. 
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5.7 Comparison of healthy subject and diseased using CSD 

Figures 5.23, 5.24, 5.25 and 5.26 are examples of how to visualise the cardiac 

function in a healthy subject and a person with ischemic heart disease. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.23. Healthy subject with 

normal transition phases (green). 
Figure 5.24. Ischemic patient with 

prolonged transitions phases (green) 

and decreased AV-piston displacement 

at inferior lateral (black inner trace). 

Figure 5.26. CSD colour coding chart. 

Figure 5.25. Segmental activity over one 

heart cycle in left ventricle. The first lane is 

from upper lane: anterior septal, anterior, 

anterior lateral, inferior, inferior lateral and 

inferior septal. 
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6 RESULTS 

6.1 Paper I (CPT) 

Title 

Impact of tachycardia and sympathetic stimulation by cold pressor test on 

cardiac diastology and arterial function in elderly females. 

 

Background 

It has been suggested that the reason for heart failure in elderly women with 

preserved LVEF may be due to a coupling between the vascular system and 

the ventricular function. This could be due to their hearts having less opportunity 

to increase their SV at increased load (afterload) as during sympathetic 

activation. 

 

Results 

In study I, 28 elderly female patients were enrolled more than one-half of the 

population had been diagnosed with essential arterial hypertension. All 

medications were stopped ≥24 h before the study and blood pressure (BP) in 

this subgroup was within the normal range (brachial SBP and DBP, 132 and 76 

mmHg, respectively) and both BP (P > 0.05) and age (P > 0.05) were similar to 

non-hypertensive patients. In 8 patients (29%), a NH2-terminal pro-brain 

natriuretic peptide level > 220 ng/l was found.  

 

During atrial tachycardia pacing (ATP) stroke volume (SVi, i=indexed) 

decreased significantly (−16 ± 19% from baseline; P = 0.001) due to smaller 

end-diastolic (LVEDV: − 17 ± 19%; P = 0.001) and end-systolic volumes 

(LVESV: − 18 ± 23%; P < 0.01). On the other hand, SVi, LVEDVi, and LVESVi 

demonstrated a significant increase during CPT.  

  

http://www.researchgate.net/publication/235377040_Impact_of_Tachycardia_and_Sympathetic_Stimulation_by_Cold_Pressor_Test_on_Cardiac_Diastology_and_Arterial_Function_in_Elderly_Females
http://www.researchgate.net/publication/235377040_Impact_of_Tachycardia_and_Sympathetic_Stimulation_by_Cold_Pressor_Test_on_Cardiac_Diastology_and_Arterial_Function_in_Elderly_Females
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Early diastolic suction as measured by URMAX was accentuated during ATP 

(+65 ± 104%, P = 0.01) and remained significantly higher compared to baseline 

during CPT (+67 ± 101, P < 0.05). No significant change in MAP during ATP 

was found compared to baseline (0 ± 10%, P = 0.75). However, during CPT, 

MAP was significantly elevated compared to baseline values (+25 ± 17%, P < 

0.001). (Figure 6.1 and 6.2). 

 

Arterial hemodynamics 

During ATP, the LV afterload as measured by effective arterial elastance (EA) 

increased significantly (+22 ± 40%, P < 0.001) and a further EA elevation 

occurred during CPT (+34 ± 25%, P < 0.001). On the other hand, no alterations 

in aortic characteristic impedance (ZC) of arterial compliance (CES) were found 

during ATP (P > 0.05 in both cases), but both did change during CPT (+53 ± 

67%, P < 0.01 and −31% P < 0.05 respectively).  

 

In order to investigate the arterial hemodynamics in patients with poor SV 

reserve during tachycardia, patients in whom SV decreased were identified 

more than 15% during ATP (SV failure, n = 15) and compared with the 

corresponding group with less pronounced tachycardia-induced SV reduction 

(non-SV failure, n = 13).  

 

At baseline, patients with SV failure during ATP were characterized by greater 

augmentation pressure (AP) (21 ± 8 vs. 14 ± 7 mmHg; P < 0.05) and greater 

augmentation index (AIx) (41 ± 7 vs. 30 ± 10%; P < 0.05).  

On the other hand, the two subgroups did not differ regarding SVi, LVEDVi, and 

LVESVi even when comparing E/A ratio, Em and E/Em.  

 

ATP induced a differential response between subgroups (P <0.05) but not CPT. 

The SV-failure subgroup demonstrated significantly higher levels of LV afterload  

(mean EA across all categories of time, 2.6 ± 0.7 vs. 2.4 ± 0.4 mmHg/ml) and 

greater arterial augmentation (mean AIx, 33.9 ± 7.3 vs. 26.3 ± 7.6%). 

Importantly, HR did not differ during ATP or CPT (P = 0.19 and 0.36, 
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respectively), showing that differences in AIx could not be explained by 

differences in HR.  

 

Moreover, ELV was higher in SV failure subgroup ELV during ATP (4.7 ± 2.0 vs. 

3.2 ± 1.0 mmHg/ml; +35 ± 44 vs. −5 ± 32%; P for interaction = 0.01) but was 

similar at rest and during CPT (between-subgroup, P >0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 6.1. Pulsed Doppler recordings were obtained at the level of LVOT at 

baseline and during cold pressor test (CPT). Manual tracing of the contour of the 

signal was performed offline. 

Figure 6.2. Traces over blood pressure (BP) recordings during the experiment. Dotted 

line represents BP variation during cold pressor test (CPT) test whereas the solid line 

denotes the corresponding BP values at baseline. 
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6.2 Paper II (MAD) 

Title 

Mitral annular displacement by Doppler tissue imaging may identify coronary 

occlusion and predict mortality in patients with non-ST-elevation myocardial 

infarction. 

 

Results 

MAD, GLS, and LVEF were significantly reduced in patients with NSTEMI 

compared with those who has stable angina with significant coronary artery 

disease without signs of myocardial infarction (MAD, 9.6 ± 2.1 vs 12.5 ±1.3 mm; 

GLS, 14.5 ±3.5% vs 20.4 ±2.3%; LVEF, 51.6 ±11.0% vs 57.6 ±7.0%;P <0 .001 

in all three cases).  

 

ROC analyses demonstrated a good predictive ability for GLS (AUC: 0.94; 95% 

CI: 0.90 to 0.90, p<0.001) and MAD (AUC: 0.88; 95% CI: 0.81 to 0.95, p<.001); 

(Figure 6.3). At an optimal cutoff value of 10.9mm, MAD demonstrated a 76% 

sensitivity and 97% specificity for the identification of NSTEMI patients. The 

corresponding values for GLS were 83% and 94% respectively at a cutoff value 

of -18.1%. However, when employing the Hanley & McNeil test no significant 

difference was found between the AUC for these two variables. On the other 

hand, LVEF did not entail any predictive capacity (p>0.05).  

 

During a mean follow-up period of 48.6 ± 12.1 months, 22 patients (13%) died 

(in 14 cases cardiovascular death was documented whereas in the rest the 

cause of death was not known). MAD, GLS, LVEF, and peak Sm were 

significantly lower and WMSI and E/Em ratio higher in those who died than in 

those who survived. In univariate Cox proportional-hazards analysis, age, 

diabetes, hypertension, LVEF, MAD, GLS, WMSI, peak Sm, and E/Em ratio 

were predictors of death. We restricted the multivariate analysis to four 

variables because of few events. LVEF, GLS, WMSI, peak Sm, and E/Em ratio 
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all correlated with MAD and were therefore not included in a multivariate 

regression analysis together with MAD.  

 

In COX proportional-hazards multivariate analysis including age, diabetes, 

MAD, and hypertension. The remained independent predictors of death were 

MAD, diabetes, and age. 

 

Coronary occlusion 

Regarding the ability of the various echocardiographic parameters in identifying 

patients with coronary occlusion, only the echocardiographic studies performed 

prior to the coronary angiography (n=75) were analysed. In this population, 36 

of the 75 patients had coronary occlusions. MAD and GLS were significantly 

lower, and WMSI was significantly higher, in patients with coronary occlusion 

than in those without coronary occlusion. On the other hand, LVEF, peak Sm 

and E/Em ratio did not differ between the two subgroups.  

 

When employing ROC analysis, the level of statistical significance was reached 

only for MAD and GLS. At a cut-off value of 9.5 mm (95% CI: 6.5 to 13.1), MAD 

could identify nine of the 16 patients with occlusion and suggested occlusion in 

five of the patients who did not have any. The corresponding numbers for a 

GLS value of -14.7% (-14.6 to -19.35%) were 10 and 5 patients, respectively. 

No significance difference regarding the performance of these two 

echocardiographic variables was found (p>0.05).  

 

During 48 months of follow-up, 22 patients out of 167 died (13%). MAD, LVEF 

and GLS decreased but WMSI increased among those who died compared to 

those who survived. Multivariate Cox analysis showed that MAD was an 

independent predictor of death (HR = 1.36) and that MAD and GLS were 

reduced and WMSI increased in patients with coronary occlusion compared to 

those without occlusion, while LVEF did not differ.  
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MAD can identify patients with NSTEMI and can predict mortality as well as 

identify coronary occlusion in these patients. MAD and GLS can distinguish 

patients with NSTEMI from the control group.  

 

Feasibility and Reproducibility 

The overall feasibility of the echocardiographic parameters was high as LVEF 

was measurable in 96.4% and similar was the ability to obtain mitral annular 

velocities and displacements (95%). Measurements from all six mitral segments 

were available in 143 patients, and in the remaining 24 patients, measurements 

were available from at least four mitral sites, making it possible to calculate an 

average MAD in all patients (100%). WMS was available in (98%), and GLS 

could be obtained in (90%) of all segments.  

 

Intra-class correlation coefficients for inter-observer and intra-observer 

variability of GLS were 0.94 and 0.96, respectively, and for MAD were 0.98 and 

0.95, respectively. Intra-class correlation coefficients for inter-observer and 

intra-observer variability were both 0.93 (P< 0.001 for all). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Figure 6.3. ROC curves with NSTEMI patients and those with diagnoses of 

stable angina with significant coronary disease but without infarctions. 



69 

 

6.3 Paper III (Em) 

Title 

The early diastolic myocardial velocity: a marker of increased risk in patients 

with coronary heart disease. 

 

Results 

One hundred and nineteen patients (119) underwent coronary angiography 

except for 31 patients. One vessel disease was found in 37 patients, while 15 

and 20 patients demonstrated 2 and 3 vessel diseases, respectively. The study 

population was followed up for a mean period of 73 months (range 20 –108 

months). During the follow up cardiovascular (CV) events occurred in 30 

patients (7 cases of cardiovascular death, 13 cases of re-infarction, 4 patients 

with cerebrovascular infarction while new angina or unstable angina occurred in 

21 patients).  

 

Principal component analysis (PCA) was employed and identified 

atrioventricular plane displacement (AVDP), MPI, Em, Sm as well as IVRTm 

(m=myocardial) as the echocardiographic variables with the largest disparity 

between groups I (no CV events) and II (patients with CV events at follow up). 

When further analysis was performed based on PCA findings, the level of 

statistical significance was reached only for the early diastolic myocardial 

velocity (Em) (P<0.05). In multivariate statistical analysis and after adjustment 

for age, sex, total cholesterol, BMI and other baseline characteristics, Em kept 

its independent predictive ability for CV events (HR, 1.18, 95% CI, 1.02–1.36; 

P<0.05). 
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6.4 Paper IV (PSV) 

Title 

Peak systolic velocity using colour-coded tissue Doppler imaging, a strong and 

independent predictor of outcome in acute coronary syndrome patients. 

 

Results 

This study included 227 ACS patients who were collected prospectively from 

2006 to 2008. Clinical data was prospectively gathered and patients were 

followed for 53 (48–58) months. The combined endpoint of death or re-

admission due to ACS or heart failure occurred in 85 (37%) patients. Among 

these patients 42 (19%) died, 48 (21%) were diagnosed with MI and 52% were 

admitted for heart failure.  

 

Patients with an event were older, had more frequently been diagnosed with 

systemic hypertension and heart failure with high NT-proBNP and lower eGFR 

values. Coronary angiography was performed in 192 patients, of which 109 and 

25 underwent percutaneous coronary intervention (PCI) and coronary bypass 

surgery (CABG), respectively. 

 

Patients with a cardiovascular event had lower PSV than those free from events 

(4.4 cm/s compared to 5.3 cm/s). When adjusting for differences in baseline 

characteristics in a Cox regression model, PSV was identified as the sole 

independent predictor of the outcome, (Figure 6.4). In a ROC analysis, the AUC 

value was greater for PSV (0.75) than for EF (0.68), WMS (0.64), 2D-strain 

(0.67) and E/Em (0.70) although the difference did not reach the level of 

statistical significance. Additionally, PSV was shown to be less sensitive to 

image quality. 

In all but 3 (1%) patients the analysis of PSV was possible, whereas EF 

(Simpson’s rule) and WMS could not be assessed in 19 (8%) and 9 (4%) of the 

cases, respectively. 
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On the other hand 2D-strain was not obtainable in 18% of the patients. 

Regarding the interobserver variability between two observers, the CV was 

5.9%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.5 Paper V (pre/post-ejection) 

Title 

The Cardiac State Diagram as a novel approach for the evaluation of 

transition phases of the cardiac cycle in fetal lambs with asphyxia. 

 

Background 

In this study we used an animal model containing six near-term lambs in order 

to investigate the effect of asphyxia on cardiac pre- and post-ejection phases.  

  

Figure 6.4. Event free survival with different cut of peak systolic velocity 

(PSV). 
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The measurements included continuous blood sampling, pressure 

measurement, ECG, and echocardiographic recording. Upon induction of 

asphyxia the various events were registered in approximately 5 minute 

intervals.  

 

Echocardiographic data was exported from EchoPac and imported to GHLab 

and all time related events were identified and linked for further statistical 

analysis. A Matlab (MathWorks, Natick, MA, USA) programme was developed 

in order to find the changes in different blood values correlated to the different 

time events. Earlier studies reported that fetal hypoxia, acidosis and anaerobic 

metabolism are associated with changes in pre systolic ejection (isovolumetric 

contraction). The aim of this study was to find the point in time in the 

echocardiographic registration and the maximum changes (derivatives) in 

lactate and the pH value simultaneous (Figure 6.5 and 6.6).  

 

The analysis was done in GHLab where the state diagram could be generated 

and saved for statistical analysis. Figure 6.7 shows the pre-systolic percentage 

change in all studies. It should be remembered that most have different starting 

levels of lactate/pH so some relative changes will appear different. 

 

Results 

Our results revealed that in all the examined fetal lambs a significant 

prolongation of the pre- and post-ejection phases occurred at the time when the 

most pronounced changes in lactate concentration and pH were recorded. The 

mean percentage increase in duration of the pre- and post-ejection phases was 

50% (p= 0.001) and 38% (p = 0.049), respectively.  

 

Conclusion 

The prolongation of the pre- and post-ejection phases in fetal lambs with 

asphyxia is associated with the lactate and pH concentration. Furthermore, 

cardiac state diagram seems to have the potential to be a comprehensible tool 

for illustrating this phenomenon. 
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Figure 6.6. Pre-ejection phase during the experiment. Blue line indicates mean 

values of pre-systolic time and red line indicates the synchronised point at maximum 

of derivate. 

Figure 6.5. Level of lactate and pH during the experiment. Red line indicates the 

synchronised timing point at maximum derivate of the two traces simultaneously. 

Blue trace = lactate and red trace = pH. 
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6.6 Paper VI (CSI) 

Title 

The Cardiac State Index, a new timing-based diagnostic method for 

identifying patients with acute coronary syndrome. 

 

Background 

49 NSTEMI patients and 21 controls were enrolled in order to determine 

whether it was possible to differentiate these patients using traditional 

echocardiographic registrations and the newly designed cardiac state index 

(CSI), which in this case measured the difference in the various local segments 

in the left ventricle. This difference can be described as an abnormality in the 

heart's mechanical times at the local level (dispersion). Comparisons were 

made between the different variables such as PSV, EF, WMSI, AVPD and CSI.   

Figure 6.7. The pre-ejection changes in percent from mean value to derivate shift. 
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The study suggests a new index, CSI, which is the standard deviation of the 

individual segments, multiplied by the average value of the MPI [70, 75-78]. If 

the MPI value is low, in a healthy population with a high spread of the local 

segments, then the CSI value typically rises, and vice versa.  

 

The study also shows that the local-spread standard deviation contains more 

information than the global parameters that are normally measured in the 

investigation. All patients included in the study had no known heart disease. 

 

Results 

The traditional echo parameters showed a lower sensitivity for distinguishing 

between ACS patients and healthy individuals. In a ROC analysis, the AUC 

value was significantly greater for CSI (0.87) than for EF (0.74), WMSI (0.66), 

PSV (0.61) and AVPD (0.70). When compared with the CSI, WMSI had a p-

value of 0.008, EF visual a p-value of 0.0076, PSV a p-value of 0.002 and 

AVPD a p-value of 0.027. All the aforementioned parameters with the exception 

of EF had a significantly lower predictive ability as compared to CSI when 

comparing the different AUC. 

 

CSI was also less sensitive to image quality, with fewer values missing due to 

poor image quality. The presentation of the CSI value is made with the help of 

the Cardiac State Diagram of the heart's different mechanical time events, 

which also provides a schematic of the timing of the different phases in the 

cardiac cycle, both at the global and segmental level (Figure 6.8 and 6.9) [79].  

 

Tables 6.1 and 6.2 set out clinical results from the different patients. From this 

method, we can calculate this index, based on the MPI at the global level and 

its segmental variations. 
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Figure 6.8. Normal subject. Segmental activity over one heart cycle in left ventricle. Red 

boxes indicate pre- and post-ejection times. The first lane is from upper lane: anterior septal, 

anterior, anterior lateral, inferior, inferior lateral and inferior septal. 

Figure 6.9. Ischemic patient. Segmental activity over one heart cycle in left ventricle. Red 

boxes indicate pre- and post-ejection times. The first lane is from upper lane: anterior septal, 

anterior, anterior lateral, inferior, inferior lateral and inferior septal.  

Table 6.1. Echocardiographic measurements. 
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Table 6.2. AUC for all the echocardiographic parameters and p-values when compared 

to the AUC of CSI. 
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7 DISCUSSION 

Previous versions of the CSD [80-84], have been manually prepared with much 

time consuming effort and subjective decisions to find the right time event 

markers. Earlier CSD in development were further hampered by difficulties in 

distinguishing a local from a global mechanical event and with several disruptive 

factors such as corrupt signals and misleading motion artefacts that also 

jeopardized the possibility of finding global and local hydromechanical events. A 

very common misleading movement artefact is the heart’s fully normal motion is 

in at least four axes of motion.  

 

The motion/velocity changes that at first glance may be assumed to be artefacts 

can also be true changes. This depends on the heart muscle cells being 

elastically tied together resulting in malfunctions of the heart muscle cells at the 

investigated point/area. Through their elastic links to the rest of the heart 

muscle cells that can overrule, mask, delay or bring forward event markers that 

might not be representative of the setup of the CSD at the investigated 

point/area. In order to improve, speed up, and make the method more objective 

a platform called GHLab had to be setup.  

 

This platform uses the CSD for evaluation of both local and global events and is 

intended to be used for automatic analyses of cardiac phases. To further 

improve the evaluation the platform can be linked to rule-based system, pattern 

recognition and reference databases. With this platform, based on the DAPP-

technology, it was possible to link the heart’s hydromechanical events together 

with global and regional timing events, and simultaneously make it possible to 

differentiate local and global events from each other.  
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In most studies a colour-coded tissue imaging technique (TDI/Strain) has been 

used, and has quantified the various mechanical events that are linked to 

cardiac mechanics. To detect the cardiac rapid dynamic changes requires high 

temporal resolution especially in the pre- and post-ejection phases. The 

problem with all these methods is that they today require manual involvement 

(time consuming and user-dependent) by selecting different areas in the images 

for analysis. These methods are treated differently among manufacturers of 

echocardiography systems, which also makes it difficult to compare values from 

different studies and to use common standards. Different filter settings 

(manufacture/device dependent) can also be manually set, which affect the 

results. Regarding the use of deformation technology (strain), good image 

quality is always required and it must be possible to detect most myocardial 

segments, which is not always the case.  

 

The number of patients in studies has been low, and larger validation studies 

are warranted in order to find reference values and cut-off values to separate 

different pathological conditions of the heart from healthy subjects. One 

particular goal within the development of the CSD is to create a “Dynamic 

Factor”, (DF) automatically detected from the CSD, which can provide an 

overall assessment and discrimination of healthy individuals from diseased, and 

specifically identify early stages of cardiac disease. The DF could thus be used 

for clinical decision support in, for example, emergency departments, to more 

quickly distinguish between diseased and healthy patients. Due to the amount 

of work and time required, this thesis did not reach its ultimate goal of 

developing the DF.  

 

The results of this thesis have created the basis for a future CSD platform to be 

used for automatic analysis of cardiac phases using rule-based systems, 

pattern recognition and reference databases. This will improve the CSD method 

and make it possible to reach the final goal of creating the DF and improving 

access to cardiac mechanics in the future, and ultimately the ability to use the 

CSD as a robust and feasible clinical decision making tool.  
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7.1 PAPER I (CPT) 

Heart failure in elderly women with preserved LVEF (HFpEF) may be due to 

impaired atrioventricular (AV) coupling between the vascular system and 

ventricular function. In patients with HFpEF the LV is usually normal in size and 

has a normal LVEF. HFpEF patients are normally elderly, female, and 

hypertensive with an increased body mass index [85, 86]. 

 

It has been shown that more than 70% of HFpEF patients demonstrate 

abnormal diastolic dysfunction [87]. While a growing evidence base suggests 

that altered AV coupling contributes to HFpEF, the dominant explanatory model 

is based on the impairment of diastolic heart function. The aim of this study was 

to investigate whether increased arterial load during sympathetic stress can 

reduce acute stroke volume reserve, and whether this occurs in parallel with an 

impaired LV diastolic function. 

 

Our findings demonstrated that the tachycardia and sympathetic stress in older 

women creates a greater vascular reactivity and stroke volume reduction when 

at the same time, there is a pronounced vascular stiffness. 

 

7.2 PAPER II (MAD) 

In this study, we demonstrate using the AV-piston’s movement that it is possible 

to distinguish patients with acute NSTEMI from patients with stable angina and 

confirmed coronary artery disease but without acute infarction. Among the other 

echocardiographic parameters measured in this study (i.e. GLS, WMSI and 

LVEF) our results reveal that GLS performed superiorly in the differentiation of 

these two patient categories. Finally we demonstrate that AV-piston movement 

is correlated to impaired myocardial function, LVEF and lower velocities. AV-

piston movement is an easy and rapid way to measure heart function and can 

be employed in most patients.   
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Measurement of MAD or GLS will reflect the AV-piston’s movement due to 

reduced function caused by occlusion of the coronary arteries and the systolic 

function of the heart. Normally MRI technology is used for assessment, but this 

technology is expensive and time consuming and is not possible for all patients. 

In conclusion, MAD and GLS could distinguish between patients with NSTEMI, 

with significant coronary artery disease, and those without infarctions [88, 89]. 

 

7.3 PAPER III (Em) 

This study demonstrated that diastolic myocardial velocity constitutes a simple 

and rapid method for identifying patients with an increased risk of new 

cardiovascular events. The findings of Paper III are in agreement with 

numerous previous studies showing that myocardial velocities, both systolic and 

diastolic, contain prognostic information regarding cardiovascular events. In 

summary, in patients with previous myocardial infarction, diastolic velocity (Em) 

was a marker for increased risk of experiencing further cardiovascular events 

such as myocardial infarction, stroke, unstable angina pectoris and death [90, 

91].  

 

Considering that the quantification of myocardial velocities is a simple and 

highly reproducible method [92], the use of Em analysis might be of interest in 

the setting of cardiovascular risk assessment. Further, larger studies are 

warranted in order to address the utility of Em in that setting. 
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7.4 PAPER IV (PSV) 

Study IV demonstrated that peak systolic myocardial velocity (PSV) is a robust 

measurement as can be measured in most patients compared to other 

echocardiographic parameters [93-95]. The outcome of the study showed that 

PSV has the largest AUC (0.75) compare to the other parameters, but it did not 

reach statistical significance. Analysis of PSV was performed in the basal 

segments of the anterior, lateral, inferior and septal wall. Our findings 

demonstrate that PSV of lower than 4.5 cm/s was associated with a 40% 

reduction in survival over a 5 year period. Although, all four basal segments at 

4- and 2 chamber views were analysed, it was shown that the prognostic 

information obtained was sufficient when analysis was performed using the 4 

chamber view alone. 

 

In Study IV additional echocardiographic indices such as LVEF, WMSI, E/Em 

and global myocardial 2D strain were analysed. Importantly, PSV was found to 

entail the highest predictive ability compared to the other analysed indices 

although there was no significant difference between these variables and PSV.  

 

Compared to the aforementioned measurements, which were affected by image 

quality to a greater degree, PSV could be obtained in the vast majority of the 

patients except in 3 cases. Analysis of LVEF or WMS was somehow less robust 

and even worse in case of 2D strain was the number of patient 18% that could 

not be analysed.  

 

In summary, PSV was shown to be a robust and reliable measurement entailing 

a strong and independent capacity for the identification of patients with acute 

coronary syndrome (ACS) as compared to traditional echocardiographic 

parameters. 
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7.5 PAPER V (Pre/post-ejection) 

The purpose of this study was to determine whether the transition phases (MP2, 

MP4) are influenced by introducing asphyxia in an animal model. In addition to 

standardised echocardiographic recordings, blood samples were taken to 

quantify asphyxia using lactate and pH.  

 

The study showed that there is a correlation between these phases and the 

measured metabolic values. The results demonstrated a significant increase in 

the duration of the pre- and post-ejection phases (MP2, MP4) during asphyxia 

induction. At times of substantial oxygen deficiency, glucose cannot be used for 

ATP production by mitochondrial oxidation. Instead, glycolytic breakdown of 

glucose results in the accumulation of pyruvate which subsequently becomes 

metabolised into lactate [96-101]. 

 

When lacking oxygen, the tissues cannot remove lactate at a sufficient rate, 

causing lactate levels to rise in the blood. This increased concentration of 

lactate in the blood can be measured through blood samples, as in this study. 

 

The influence of the angle of incidence on temporal resolution is negligible. On 

the other hand, and due to suboptimal insonation angle against the AV-piston’s 

movement myocardial velocities were not analysed during these transition 

phases. Non-invasive methods to determine possible anaerobically induced 

changes in cardia mechanics can be of great interest in fetal monitoring, such 

as when assessing the risk of pregnancy, and do not require ECG 

synchronisation. 
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7.6 PAPER VI (CSI) 

In Study VI, 49 patients admitted for NSTEMI, as well as 21 healthy individuals 

without previously diagnosed heart disease referred to angiography, were 

enrolled. We sought to investigate the diagnostic potential of the analysis of the 

heart's pre- and post-ejection phases [102-104] in distinguishing acute ischemic 

changes. The study also recorded the usual echocardiographic parameters. 

Analysis of PSV, LVEF, WMSI and AVPD was also performed.  

 

The results showed that measuring the segmental time changes (CSI) provided 

significantly better diagnostic information compared to the traditional 

echocardiographic parameters. When comparing CSI to the traditional LVEF 

parameter, the AUC was higher for CSI (0.87) as compared to 0.74 for LVEF, 

although the difference did not reach the level of statistical significance, p < 

0.076. 

 

This indicates that these phases are sensitive to disturbances in the mechanics, 

such as impaired systolic function. Upon further analysis (post hoc), in 

comparison with the low-pressure parts of the heart, the atrial and the pre-

ejection phase in combination with standard deviation increased the AUC 

values up to 0.95. The analysis was performed on all six basal segments of the 

left ventricle with a greater adjusted ROI, optimised for time recording and not 

velocity amplitude [105]. 
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7.7 LIMITATIONS 

In order to obtain accurate recordings it is necessary to understand the heart's 

rapid mechanical dynamical changes during the cardiac cycle, which requires a 

high temporal resolution of the echocardiographic measurement. In Studies V 

and VI the frame rate was low because of the standardised clinical protocol, and 

may affect the results. In the analysis of TDI, for example, the position and size 

may have varied because there were no standard settings for these setup. The 

quality also depends on the transducer position and of course the user's skill. 

The machine manufacturers also have different solutions (algorithms) for 

displaying results and this may have an influence when comparing studies 

between different centres. When using TDI or strain methods, this will be 

affected by filter settings that also can vary between the manufacturers. 

 

Naturally, for practical reasons, flow recordings were not performed at the same 

heart cycle, which implies that a small variation in heart rate could occur 

between the analyses of these measurements, but care was taken that the 

heart rate should show the least possible variation (less than 3-5 beats per 

minutes). Cases of more pronounced discrepancy in heart rates among the 

analysed images, especially in the setting of CSD, were excluded from the 

analysis. The use of 3D transducers minimises (tri-plane) the influence of heart 

rate variation between the various recordings required for CSD analysis. 

 

Currently 3D echocardiography provides images, albeit at relatively low frame 

rate, for the analysis of the rapid electromechanical events, limiting the 

aforementioned advantage of 3D modality in that setting. Importantly, as 

demonstrated in Study VI, the fact that recordings were performed in different 

heart cycles and used for the analysis of CSD had a very limited influence on 

the robustness of our finding, when those were compared with analysis where 

synchronization was performed with the recordings of several heartbeats.  
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Another important issue to be considered is the internal time delay between the 

ECG recordings accompanying the echocardiographic images. It has been 

shown that the time difference between the corresponding recordings might 

vary between 5 and 90 ms [106, 107] due to the processing of the ECG signal 

in order to suppress interference. This time delay also varies according to 

different manufacturers, and calibration of machine settings is required before 

use of the equipment. Care must be taken when manually exporting the images 

to, for example, text files, which could also cause some delays. 

 

No large scale studies were performed in this thesis, however, the size of the 

patient population was relatively large for the purposes of the different studies. 

Future larger studies in different patient populations are needed in order to 

assess the possible diagnostic utility of the currently investigated indices. 

Patients with arrhythmias were not included in most studies because of the 

difficulty in obtaining satisfactory images which affects the results of readings.  

 

In Paper I, the patients included in the study already had a permanent 

pacemaker in situ (a design of the study). One question is whether the right 

atrium influences the cardiac output during ATP stimulation. More than 50% of 

elderly females in this group had hypertension and did not participate in this 

test. Patients could be more prone to lusitropy stimulation (ATP) because the 

heart was not heavily loaded. 

 

In Paper II, not all patients could be recorded by echocardiography directly after 

confirmed NSTMEI (for all patients, (75 immediately, 92 average 1.7 days ) 

which is necessary in order to obtain an accurate picture of the heart's function, 

as the systolic function will be affected within a few hours. In addition, the 

heart’s helical myocardium and rotation may complicate the interpretation and 

identification of the location of the occlusion. Measurements should also be 

taken directly by, for example, the emergency department. When recording 

MAD using, for example, TDI methods, all neighbouring segments and global 

movements of the heart can affect the true value of the MAD.  



88 

In Paper III, the echocardiographic examination was performed a long time 

after the diagnosis of MI, up to 12 months. The velocity measurement could 

have a significant impact on the results from patient to patient due to this time 

delay. The velocities were averaged over all segments, which could minimise 

the segmental difference of the delay. The group is rather small and specialised 

(all diagnosed with MI) and therefore the results could not be generalised. 

Mortality was recorded in only 16 patients during the follow up and thus the 

results will be limited. This measurement procedure is simple and easy to 

identify from the measured curves, however, and according to other studies, 

contains a low variability. 

 

In Paper IV, the major limitation was that only one person performed all 

echocardiographic analyses. The number of patients in the study was limited to 

only 50, which may influence the results, and the population needs to be larger 

to be more significant and confirm the findings about the usefulness of PSV. 

 

In Paper V, the animal study was performed under anaesthesia which is not a 

normal state for the animal. Additionally the compression of the cord was not 

performed in a standardised way over time, and this could have influenced the 

results. The duration of the pre- and post-ejection phases are afterload- and 

preload-dependent and are also affected during this procedure. The 

temperature of the fetus was somewhat changed over the experiment, which 

would also affect the results. The frame rate (> 200 FPS) [60] also needs to be 

very high to accurately detect the duration of these phases but care should be 

taken about the lateral resolution. The venous filling on the right side that was 

affected by, at least, asphyxia could might also have an influence of the 

phases.  
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In Paper VI, the number of patients was low (70) which could affect the 

significance of results. This was also a special group of patients, and the results 

cannot be generalised over a large population.  

 

Some influence of the delays in the ECG compared to the ultrasound image 

could affect the results. The post hoc analysis shows very promising results 

when considering the influence of the pre-ejection phase. These observations 

need to be verified in a larger population. 
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8 CONCLUSIONS 

As shown in the studies within this thesis, the different components in the CSD 

are highly sensitive to subclinical disease and superior in this respect to the 

established methods of measuring cardiac function. As an example, the most 

established measurement of left ventricular (LV) function is the ejection fraction 

(EF). In these studies, most patients had normal EF, although CSD could 

demonstrate pathological values where pathology could be confirmed using 

other diagnostic tests such as, for example, angiography. 

 

Measuring cardiac time events, using the DAPP-technology, has the potential to 

be a very robust method to diagnose the cardiac mechanical condition. 

Quantitative echocardiographic parameters obtained from colour-coded Doppler 

imaging (TDI) is a robust method, and less sensitive to poor image quality. Time 

events are in general relatively independent of image quality, as opposed to 

measuring cardiac function using 2D deformation analysis, EF or WMSI. 

Detecting the local segmental timing variations in the heart have demonstrated 

that there is the potential to distinguish diseased from healthy patients with a 

largely negative prediction value. 

 

The CSD method also seems to be much more user independent in comparison 

to standard methods. Furthermore, it does not require high image quality and 

has been demonstrated as highly sensitive in patients arriving at the emergency 

department with a suspected ACS. In combination with NT-proBNP, the method 

can increase the negative predictive value. 

 

Measurement of PSV and Em with TDI is also a simply and robust method, 

relatively insensitive to image quality, and could provide additional diagnostic 

information in, for example, ACS patients. 
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The studies in this thesis show great potential to further develop a dynamic 

factor (DF), highly sensitive to cardiac dynamics. The dynamic factor could 

further be linked to reference databases to increase the sensitivity of diagnostic 

tests and to provide a better understanding of the cardiac pumping and 

regulating functions. 

 

This requires more clinical studies of functional parameters concerning the 

cardiac mechanics according to the DAPP-technology. In order to obtain clinical 

cut-off values, larger studies with different groups of patients must be initiated. 

 

The Cardiac State Diagram (CSD) is a promising comprehensive quantitative 

method with an easily understandable graphical presentation, with great 

potential for early detection of cardiac disease.  
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9.2  Other related projects 

Risk Analysis 

 

Another sub-work within KTH/STH has been to analyse existing and new ways 

of working from a patient safety perspective, the new risks that are introduced, 

and how these can be minimised, and relating this to current risks as well as the 

value that the new approach requires.  

 

The risk analysis has been based on methodologies/models used in CE 

marking, FDA approval, or similar. The different areas analysed were within 

pathology, a multi-disciplinary team (MDT), and expert consultation on 

echocardiography. 

 

Interactive real-time collaboration within echocardiography 

 

Another section has examined using an existing, commercially available, 

communication software (RGS) to connect local hospitals and create an 

opportunity for interactive collaboration in real time. As a pilot test one hospital 

has participated in performing expert consultations in real time.  

 

Another purpose of this project was to create more cost-effective and interactive 

workflows through cooperation between local hospitals and university hospitals. 

 

These were Vinnova-funded projects with the RxEye. The projects were carried 

out over two years. 
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Paper I  

 

To investigate the impact of sympathetic stimulation of the heart’s stroke 

volume in elderly females through a cold pressor test (CPT). 
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Paper II  

 

To evaluate whether the Mitral Annular Displacement (MAD) measured 

by colour-coded tissue Doppler imaging technique can identify coronary 

occlusion and predict mortality in patients with non-ST elevation 

myocardial infarction. 

 

 

  



104 

Paper III  

 

To determine whether the early diastolic myocardial velocity (Em) 

measured by colour-coded tissue Doppler imaging technique is a marker 

of increased risk in patients with coronary heart disease. 
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Paper IV  

 

To investigate whether the peak systolic velocity (PSV) measured by 

colour-coded tissue Doppler imaging technique could be a strong and 

independent predictor of outcome in acute coronary syndrome patients. 
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Paper V 

 

To study the transition phases, (pre/post-ejection), and the effects, in an 

animal model for the introducing asphyxia. This information also constitutes 

the basis for an automated analysis of cardiac mechanical time phases. 
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Paper VI  

 

To develop a new timing index, the Cardiac State Index (CSI), based on the 

cardiac mechanics using colour-coded tissue Doppler imaging technique. 

These methods have the potential for use in clinical echocardiography 

support. 

 

 


