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Summary
Atherosclerotic cardiovascular disease is the leading cause of death worldwide. To decrease
mortality and morbidity in cardiovascular disease, the development of accurate, non‐invasive
methods for early diagnosis of atherosclerotic cardiac and vascular engagement is of considerable
clinical interest. Cardiovascular ultrasound imaging is today the cornerstone in the routine
evaluation of cardiovascular function and recent development has resulted in two new techniques,
tissue velocity imaging (TVI) and speckle tracking, which allow objective quantification of
cardiovascular function. TVI and speckle tracking are the basis for three new approaches to cardiac
and vascular monitoring presented in this thesis: wave intensity wall analysis (WIWA), two‐
dimensional strain imaging in the common carotid artery, and the state diagram of the heart.
WIWA uses longitudinal and radial strain rate as input for calculations of wave intensity in the
arterial wall. In this thesis, WIWA was validated against a commercially available wave intensity
system, showing that speckle tracking‐derived strain variables can be useful in wave intensity
analysis. WIWA was further tested in patients with end stage renal disease and documented high
mortality in cardiovascular disease. The latter study evaluated the effects of a single session of
hemodialysis using WIWA and TVI variables and showed improved systolic function after
hemodialysis. The results also indicated that preload‐adjusted early systolic wave intensity obtained
by the WIWA system may contribute in the assessment of left ventricular contractility in this
patient category. Two‐dimensional strain imaging in the common carotid artery is a new approach
showing great potential to detect age‐dependent differences in mechanical properties of the
common carotid artery. Among the measured strain variables, global circumferential strain had the
best discriminating performance and appeared to be superior to conventional measures of arterial
stiffness such as elastic modulus and β stiffness index. The state diagram is a visualisation tool that
provides a quantitative overview of the temporal interrelationship of mechanical events in the left
and right ventricles. Case examples and a small clinical study showed that state diagrams clearly
visualize cardiac function and can be useful in the detection of non ST‐elevation myocardial
infarction (NSTEMI).
Even though WIWA, two‐dimensional strain imaging in the common carotid artery and the state
diagram show potential to be useful in the evaluation of cardiovascular function, there still remains
a considerable amount of work to be done before they can be used in the daily clinical practice.
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Introduction
Atherosclerotic cardiovascular disease has become the leading cause of death worldwide [1]. In
view of the rapid increase in incidence and prevalence of this disease, its human and economic
impact can be expected to become even more significant. One way to minimize the mortality and
the morbidity of cardiovascular disease is to increase the awareness of the population about
important risk factors such as tobacco [2] and obesity [3]. However, a significant number of
cardiovascular events occur in individuals without any presence of risk factors [4]. Therefore, the
development of accurate, non‐invasive methods for early diagnosis and treatment is of
considerable clinical interest.
Ultrasound is a well‐established technique for imaging of the cardiac and vascular system. Its non‐
invasiveness, high temporal and spatial resolution and mobility make the technique very useful in
the daily clinical practice. Ultrasound in cardiac imaging was applied for the first time in 1953 by
Edler and Hertz [5], who showed that anatomy and motions of the heart were detectable using a
pulse‐echo system. Since then, a remarkable development of clinical ultrasound has taken place
and today it is possible to obtain detailed anatomic images in 3D and parametric images showing
myocardial tissue movements and deformation. Tissue velocity imaging (TVI) and speckle tracking
are two relatively new ultrasound‐based techniques, primarily used for quantification of myocardial
function.

1.1. The heart
The human heart is approximately the size of a fist and is located in the frontal part of the chest
behind the sternum. In a normal person, the heart weighs between 250g and 300g. The heart is
divided into four cardiac chambers, the left and right atrium and the left and right ventricle. The left
ventricle pumps the oxygenated blood through the aortic valve into the systemic circulation to
supply all the organs of the body with blood. When ejected from the heart, the blood flows into the
aorta and is directed further into the arteries. The blood returns from the periphery via the low
pressure venous system to the right atrium. The blood is moved forward through the tricuspid valve
to the right ventricle and is then pumped through the pulmonary valve into the pulmonary arteries
to be oxygenized in the lungs. Back from the lungs, the oxygenated blood re‐enters the heart
through the left atrium. Through the mitral valve, the blood reaches the left ventricle and the pump
cycle continues. Figure 1 illustrates the anatomy of the heart.
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Figure 1.

The anatomy of the heart [6].

The right ventricle of the heart only needs to generate the pressure required to pump the blood
through the lungs. The left ventricle on the other hand is required to generate enough pressure to
pump the blood to every other part of the body. This is why the left ventricle has more cardiac
muscle tissue (myocardium) in its walls. The left ventricle has an approximately parabolic shape and
its walls are referred to as the anteroseptal, the anterior, the lateral (antero‐lateral), the posterior
(infero‐lateral), the inferior, and the septal (infero‐septal) walls. The part of the ventricle that is
located closest to the atrium is known as the base of the ventricle. The lowest end of the heart is
called the apex. The ventricular wall itself consists of three layers, the epicardium (external), the
myocardium (middle) and the endocardium (internal). The myocardium is the cardiac muscle tissue,
responsible for the pumping function of the heart, while the other two layers serve as slippery and
smooth connecting tissue to the surroundings. The myocardial fibres have a helical arrangement
with subepicardial fibres directed in an anti‐clockwise spiral and subendocardial fibres in a
clockwise spiral from apex to base. The subepicardial fibres are predominately longitudinally
oriented, transitioning to a horizontal fibre direction in the midwall, and becoming again
longitudinally oriented in the subendocardial region although in the opposite direction from the
subepicardial fibres. Because of the geometry of the muscle fibres the lengthening and shortening
of the myocardium result in rotational movements [7, 8].
The pumping and regulating function of the heart has been differently described over the years [9‐
13]. In 1986, Lundbäck refined a model of cardiac mechanics [12] described already by Leonardo da
Vinci [14] implying that the heart pumps with forward and backward movements in the longitudinal
direction of a piston‐like unit, referred to as the AV‐piston or the spherical AV‐plane. When the AV‐
plane is drawn towards the apex of the heart, forcing the blood in the ventricles into the pulmonary
and systemic circulation, this will at the same time create an inflow to the atria and its auricles.
During the cardiac cycle, the outer contours of the heart are more or less unchanged, which is
energy‐saving as there is no need for moving surrounding tissue. The regulating function is mostly
performed by the forward and backward movements of the inter‐ventricular septum. This
movement is determined by the pressure differences between the left and right ventricles [12].
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The pumping function of the heart is electrically activated. The electrical activation starts in the
sinus node located in the right atrium, and spreads in the atria. The impulse also reaches the
atrioventricular (AV) node located in the septum between the atria. The cells of the AV node slow
down the conduction before the impulse is transmitted to the ventricles giving the atria time to
finish their contraction. The impulse passes along the bundle of His and through conduction system
fascicles terminating in a set of branching Purkinje fibres which penetrate into the myocardium.
These fibres allow for an almost instantaneous transmission of the cardiac impulse throughout the
ventricular muscle tissue resulting in a more or less synchronous depolarization of the myocardium
and subsequent contraction of the ventricle.
The cardiac cycle is traditionally divided into a systolic phase and a diastolic phase. During systole,
blood is ejected from the ventricles into the pulmonary and systemic circulation and during diastole
the ventricles are refilled with blood. The systolic phase can be further subdivided into isovolumic
contraction and ejection, whereas the diastolic phase can be subdivided into isovolumic relaxation,
early diastolic filling, diastase and late diastolic filling (atrial contraction).
Preload, afterload and contractility determine cardiac performance. Preload can be defined as the
initial stretching of the myocardium prior to contraction. A greater preload on the cardiac muscle
increases its force of contraction. According to the Frank‐Starling law, the more the heart fills with
blood during diastole (within limits), the stronger is the power of the ventricular work during
systole. For a healthy heart, preload may be defined as the ventricular end‐diastolic volume, since
increased volume stretches the myocardium [15]. Afterload is the force that the ventricle must
overcome, in order to eject the blood into the aorta. If the afterload is increased, then the heart has
to generate higher intra‐ventricular pressure to be able to open the aortic valve and to maintain the
blood flow during ventricular ejection [16]. Contractility is the intrinsic ability of the myocardium to
contract, independent of changes in preload, afterload and heart rate. Increased contractility is
associated with increased velocity of the myocardial fibre shortening and a steeper pressure rise
when preload, afterload and heart rate are constant [17].

1.2. The cardiovascular system
The systemic circulation supplies the organs of the body with oxygenated blood and nutrients. The
systemic circulation is composed of distribution vessels (arteries) with elastic properties and low
resistance to blood flow, resistance vessels (arterioles) with less elasticity and high resistance,
exchange vessels (capillary bed) and capacitance vessels (veins and venules) with high distensibility.
The distribution vessels convert the pulsating flow generated by the heart into a more continuous
flow. The resistance vessels regulate the blood pressure and distribute the blood flow to the
organs, while the exchange of gases and metabolites takes place in the exchange vessels. The
capacitance vessels contain about two thirds of the total blood volume, and have the ability to
constrict, thus increasing the inflow to the heart. The blood vessels, with the exception of the
exchange vessels, consist of three layers. The most inner layer is the tunica intima, followed by
tunica media and the tunica adventitia. Tunica media constitutes the smooth muscle layer of the
vessel wall and has the ability to contract and relax resulting in vascular constriction or dilation.
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The blood flow is regulated according to the following equation:

Q=

ΔP
, Q = blood flow, ∆P= difference in pressure, R = peripheral resistance.
R

The peripheral resistance is calculated from:
R=

η×l
, η = viscosity of blood, l = length of lumen segment, r = lumen radius.
r4

1.2.1. The movement of the artery
The longitudinal direction of the artery is defined as the direction of the mean blood flow and the
radial direction is orthogonal to the longitudinal direction. Most methods used for characterization
of artery properties are based upon measurements in the radial direction and relate to
simultaneous assessment of diameter and pressure waveforms. The diameter and pressure
waveforms can be obtained using invasive measurements, but such measurements have limited
clinical usage. Non‐invasively, the diameter waveform can be accurately obtained using ultrasound
[18]. However, the instantaneous measurement of the pressure waveform suffers from accuracy
problems. Several methods for non‐invasive assessment of the pressure waveform have been
developed. The pressure wave form can be obtained from the arterial diameter wave form by using
an exponential relationship between the arterial cross‐section and the pressure [19]. It has also
been claimed that the arterial diameter waveform is similar to the pressure waveform and a direct
transformation between the two could be made with calibration of the peak and bottom values
against systolic and diastolic blood pressure [20]. Radial forces induce a circumferential tension in
the arterial wall. The circumferential movement is further dependent on the radius and on the
thickness of the wall. Figure 2 illustrates how the different directions are defined in ultrasound
images of the artery.

Figure 2. Definition of radial, longitudinal and circumferential direction in the long‐axis (left)
and short‐axis views (right) of the common carotid artery.

Compared with radial function, the longitudinal movement of the artery has gained little attention
hitherto. The general belief has been that the longitudinal movement of the aortic wall is negligible
and mainly due to respiratory movements of the diaphragm [21]. Limitations of imaging techniques
with too low temporal and spatial resolution were probably one of the reasons for this belief. With
the use of different speckle tracking techniques, a distinct longitudinal movement of the inner layer
‐4‐

of the arterial wall has been observed during the heart cycle [22, 23]. The longitudinal movement
has been shown to correlate with the blood flow next to the wall [24] and has approximately the
same magnitude as the radial movement [25]. There is also a shear strain in the arterial wall
occurring due to the larger movements of the intima‐media compared with those of the adventitia
[26].
When considering movements of the artery, it should be kept in mind that arteries are not
homogenous, cylindrical tubes and the mechanical behaviour can vary in different parts of the
artery.

1.3. Methods for evaluation of cardiac function
Within ultrasound imaging, tissue velocity imaging (TVI) and speckle tracking are the most recent
developments with the ability to quantify myocardial motion and deformation patterns in the
myocardium.

1.3.1. Tissue velocity imaging (TVI)
The Doppler principle states that if an object moves away from a sound source, the reflected
frequency will be lower than the transmitted frequency. Conversely, if the object is moving towards
the sound source the reflected frequency will be higher than the transmitted frequency. The
difference in frequency is known as the Doppler shift and is used in clinical ultrasound for
estimating the velocity of moving tissue or blood cells. The Doppler equation has the following
formula:
Δf =

2v cos(α)
f
c

where ∆f is the Doppler shift, f is frequency of the transmitted ultrasound (1‐15MHz), v is the
velocity of the moving object, α is the angle between the moving object and the ultrasound beam
and c is the speed of sound.
Both tissue and blood are moving in the heart, and motion of the highly reflective slow‐moving
myocardium is differentiated from low reflective blood moving with high velocity by application of
amplitude and frequency filters. Thus, the Doppler technique facilitates a quantitative assessment
of wall motion and velocities from an ultrasound investigation. The first attempt to assess wall
motion dynamics was performed in 1989 using pulsed Doppler acquisition at a single measurement
site [27], and further development resulted in two‐dimensional imaging of myocardial velocities
presented as colour‐coded maps [28]. The development continued with the introduction of the TVI‐
technique [29, 30], which allowed for extraction of velocity profiles in multiple selectable positions
in the heart muscle. The TVI‐derived velocity information could be extracted with high temporal
resolution (> 200 Hz), which was achieved by using a limited number of scan lines (8‐16 scan lines).
The velocity curve is the cornerstone for all further analysis and post‐processing. Displacement is
obtained by integration of the velocity curve. By relating myocardial velocities in two different
locations to the distance between them, a curve reflecting the velocity of myocardial deformation
(strain rate) is generated. When integrating the strain rate curve, information describing the
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magnitude of myocardial deformation (strain) is obtained. All these variables can be colour‐coded
and overlaid on 2D and 3D images (Figure 3), or presented as a function of time from specified
regions in the images.

Figure 3. TVI images with different colour maps. From left: velocity (cm/s), displacement
(mm), strain (%), strain rate (1/s).

The advantage of TVI compared with conventional echocardiography is the possibility to quantify
cardiac function by providing detailed regional information about myocardial velocity, displacement
and strain pattern. The TVI concept has been used for evaluation of cardiac function and reported
in a large number of publications, where quantitative stress‐echocardiography was one of the first
clinically useful applications [31]. Amplitude values of different peaks in tissue Doppler curves have
been studied in various patient populations and reference values have been established [31‐34].
The clinically most useful information in a myocardial velocity curve is the peak systolic velocity
(PSV) and the two diastolic velocities, the first (E’) occuring during early diastolic filling and the
second (A’) during atrial contraction. Beside the main systolic and diastolic events, there are rapid
movements of short duration associated with the pre‐ and postsystolic reshaping of the ventricles
that occurs during the transition between filling and ejection of the ventricles. The isovolumic
contraction velocity (IVCV) is the maximal velocity during the isovolumic contraction period and the
isovolumic relaxation velocity (IVRV) is the maximal velocity during the isovolumic relaxation
period. In the clinical routine, ventricular displacement is most often used for evaluation of the
atrioventricular plane (AV‐plane) movement during ventricular ejection. Movements that occur
during the isovolumic contraction and isovolumic relaxation periods are subsequently excluded.
From the myocardial velocity curve or displacement curve, different time intervals can be defined.
Two commonly used time intervals are the isovolumic contraction time (IVCT) and the isovolumic
relaxation time (IVRT). Prolongation of these time intervals is associated with cardiac dysfunction
[35‐37]. Figure 4 illustrates commonly measured tissue velocity and displacement variables and
isovolumic time intervals obtained in the tissue velocity curve.
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Figure 4. Typical tissue velocity echocardiographically derived velocity and displacement
profiles from the basal lateral wall during one cardiac cycle. IVCT = isovolumic contraction
time, IVCV = isovolumic contraction velocity, PSV = peak systolic velocity, IVRT = isovolumic
relaxation time, IVRV = isovolumic relaxation velocity, E’ = maximal tissue velocity during early
diastolic filling, A’ = maximal tissue velocity during atrial contraction.

TVI‐derived strain and strain rate have been shown to be useful in the detection of cardiac
dysfunction. However, these variables will not be considered in this thesis.

1.3.2. Speckle tracking
The most recent development in ultrasonographic imaging is called speckle tracking. Every
ultrasound image has a characteristic black and white speckle pattern, which is the basis for this
new diagnostic approach. The pattern is a result of interference occurring from the reflected
ultrasound. Constructive interference (waves in phase) is seen as white spots, while destructive
interference (waves out of phase) is seen as black spots. The speckle pattern is relatively stable over
the cardiac cycle and the randomness of the speckle pattern ensures that each region of the
myocardium has a unique speckle pattern, which can be used to differentiate one region from
another (Figure 5).
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Figure 5. Grey‐scale image of the left ventricle. The two enlarged areas from different parts
of the ventricle each show unique speckle patterns, which can be tracked from frame to frame
[38].

By comparing amplitude patterns of speckles in a small region (kernel) with the most similar speckle
pattern within a search region in the succeeding frame, motion and deformation of the myocardial
wall can be obtained in two directions without any angle dependency. Due to rotation, torsion and
deformation, the speckle pattern is not perfectly repeated. This requires a high frame rate to
capture small frame‐to‐frame changes. However, line density needs to be maintained in order to
have a good spatial resolution and therefore the frame rate obtained with speckle tracking is lower
compared with TVI acquisitions.
Several speckle tracking algorithms have been developed and a number of validation studies have
been performed [39‐44]. The technique has successfully been applied in different cardiac
applications [43, 45, 46] and has been shown to be particularly useful in the assessment of regional
short axis rotation patterns [47‐49]. A commercially available technique is the 2D‐strain software
package from GE Vingmed (GE Healthcare, Horten, Norway) [39, 50].

1.4. Methods for evaluation of vascular function
There are several methods available for the assessment of vascular function. The aim of all these
methods is to quantify the degree of arterial stiffness in the systemic circulation.

1.4.1. Arterial stiffness
Arterial stiffness is one of the most important determinants of increased blood and pulse pressure
(systolic blood pressure‐diastolic blood pressure) and thus the cause of cardiovascular events,
including myocardial infarction and left ventricular hyperthrophy [51‐53]. Arterial stiffness
influences the ability to accommodate the blood ejected from the heart. During systole, the blood
pressure rises and the diameter of the arteries increases which, during diastole, decreases again.
The blood volume stored during systole is released during diastole, creating a continuous flow
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towards the periphery of the vascular system. The ability of the arteries to distend in response to a
given pressure is given by the compliance (C):
C=

ΔV
, ∆V = change in volume, ∆P = change in pressure
ΔP

The elastic properties of the arteries have a large impact on the blood pressure and the afterload,
where increased stiffness causes a reduction in distensibility and thereby elevates the systolic blood
pressure and the pulse pressure, and increases the mechanical load on the heart. Additionally,
arterial stiffening increases the speed of the pulse travelling along the arteries and consequently
the return of the wave reflections from the peripheral parts of the vascular system occurs
prematurely. The premature return causes changes in the pressure wave contours and may further
disturb ventricular ejection and coronary perfusion.
Ageing is accompanied by changes in arterial structure and function. Several studies, using various
assessment techniques, have verified an age‐dependent increase of arterial stiffness in proximal,
elastic arteries [54‐56]. The increase in arterial stiffness is considered to be largely a result of
progressive degeneration of elastin fibres in the arterial media layer [57]. The same factors that
underlie age‐associated structural and functional changes in the arteries have shown to be present
in the pathogenesis of cardiovascular disease [58] and, interestingly, several studies published in
recent years have shown that decreased elasticity of the arterial wall may be present even before
the appearance of any clinical symptoms or atherosclerotic plaques [59‐61].

1.4.2. Assessment of subclinical atherosclerosis
There are several techniques available for the detection of subclinical changes of the mechanical
properties of the artery. As mentioned earlier, non‐invasive methods are mainly based upon pulse
transit time, analysis of arterial pressure pulse and its wave form or stiffness estimation from
distending pressure and diameter measurements. Pulse wave velocity (PWV) [62] is a measure of
the speed of which the pulse pressure wave travels along the arteries. The pulse pressure wave
travels faster in proportion to the stiffness of the artery. Measurements of PWV can be done by
measuring the pressure at two locations in the arterial system. By relating the delay between the
two wave forms to the measured distance, a value of PWV is obtained. Intima media thickness
(IMT) is defined as the distance between the lumen‐media interface and the media‐adventitia
interface [63], and increased IMT is considered to be a valuable marker of early atherosclerosis.
However, IMT is influenced by sex, age and race, which makes cut‐off values difficult to define.
Local measurements of arterial stiffness can be expressed as distensibility, compliance, elastic
modulus (Ep) or β stiffness index and are based upon measurements of radial movements. Even
though these measurements are widely used, the validity and reproducibility procedures of the
measurements show large differences, and there is, in fact, no golden standard for evaluating
arterial stiffness locally [64, 65]. Much of the recent research has focused on development of
methods to quantify deviations from normality, but there is still no method free of limitations
available today.
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1.4.3. Wave intensity analysis
Wave intensity analysis was introduced as an alternative method in the study of cardiovascular
dynamics [66]. Ventricular ejection generates a wave that propagates throughout the circulation.
The characteristics of the wave are highly dependent on the performance of the ventricle, but also
of the mechanical properties of the arteries as it travels distally. Wave intensity (WI) is defined as
the product of blood pressure (dP) and mean blood velocity (dU) changes (WI = dP * dU). It is a
measure of the energy flux per area unit [W/m2] transported by the waves and provides
information about the ventricular mechanical performance and ventricular‐arterial interaction [66].
A positive value of the wave intensity indicates that the waves travelling towards the periphery of
the vascular bed are dominant, while a negative value of the wave intensity indicates that the
waves originated from the peripheral site are dominant. One advantage of wave intensity analysis
compared with traditional Fourier analysis, is that no assumptions of linearity or periodicity are
made. Further, the results are easy to relate to particular events in the cardiac cycle since all
calculations are performed in the time domain.
Originally, the concept demanded invasive measurement of blood pressure and velocity but further
development resulted in an ultrasound based non‐invasive wave intensity system (the Aloka
system) [67]. The pressure waveform was obtained by measuring the diameter changes of the
artery using an echo‐tracking technique. The maximal and minimal values of the diameter wave
form were then calibrated by systolic and diastolic blood pressure measured with a cuff‐type
manometer applied to the upper arm. The velocity component was obtained from Doppler
measurements, and was corrected for the angle between the ultrasound beam and the flow
velocity vector. The new non‐invasive wave intensity system used a time‐normalized wave intensity
value (WI = dP/dt *dU/dt), which allowed data acquired at different sampling rates to be compared
directly, but resulted in a complex unit [W/s2m2].
The wave intensity curve

In the wave intensity curve, two distinct positive peaks are detectable. The first peak (W1) occurs in
early systole as a result of ventricular contraction. It is a forward compression wave with positive
pressure and velocity changes. Forward in this context means that the wave propagates in the
direction of the mean blood flow, i.e., it is generated from the proximal site. The second positive
peak occurs in late systole as a result of the deceleration of the ventricular contraction. This is a
forward travelling decompression wave with negative pressure and velocity changes. The
magnitude of W1 has been shown to correlate with the maximal LV pressure rise (dP/dtmax) and to
increase with cardiac contractility [68, 69], while the magnitude of W2 correlates with the LV
pressure decay (dP/dtmin) and with the time constant τ of LV pressure decay during isovolumic
relaxation [68, 70]. There are also other peaks visible in the wave intensity curve. However, they are
highly dependent on measuring position and clinical diagnosis [71]. One peak often mentioned in
the literature is the so called negative area (NA), defined as the integrated wave intensity curve
(when it goes below zero) between W1 and W2. NA has been proposed to represent a reflected
wave coming from the periphery [72]. Figure 6 shows an example of a wave intensity curve.
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Figure 6. An example of a wave intensity
curve. The first positive peak corresponds to
W1 and the second positive peak to W2. NA
is the integrated wave intensity curve (when
it goes below zero) between W1 and W2 (the
yellow area).

The input variables in wave intensity calculations, the pressure and velocity changes, are closely
related and a change in pressure must be accompanied by a change in velocity. The water hammer
equations explain the relationship between the pressure changes (dP) and the velocity changes
(dU):
For forward travelling (+) waves originating from the proximal site

dP+ = ρcdU+ , c = local wave speed, ρ = density of the blood
and for backward travelling (‐) waves originating from the distal site
dP− = − ρcdU−
The wave intensity curve shows the sum of forward and backward travelling waves. Their
relationship is displayed in Table 1.
Table 1. Relationship between forward and backward travelling waves.
WI
dP
dU

Forward travelling waves

Backward travelling waves

> 0 positive

< 0 negative

> 0 compression

> 0 acceleration

< 0 decompression

< 0 deceleration

> 0 compression

< 0 deceleration

< 0 decompression

> 0 acceleration

Separation of the wave intensity curve into forward and backward travelling waves can be useful in
cases when forward and backward waves have approximately the same magnitude resulting in zero
net wave intensity or when the arrival time of waves are important. The local wave speed c is
required in order to separate forward and backward waves in the arteries. Several ways to
determine the local wave speed have been reported in the literature [73‐75]. However, the
importance of separating the wave intensity into forward and backward components is debatable.
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During the time period when W1 and W2 occur, the backward components are practically zero. On
the other hand, the local wave speed c is inversely related to the local distensibility and has
therefore a direct clinical value. Stiffer arteries have lower distensibility and higher wave speed.
Clinical applications of wave intensity

Today, wave intensity analysis has a limited usage in the daily clinical practice. The method is
primarily used in different research areas, in order to better understand normal physiology and
pathology. Wave intensity has partly contributed to a better understanding of ventricular relaxation
by enabling the analysis of how the pressure and velocity waves change in end‐systole [66, 70, 76].
When the mechanisms behind these waves were studied, it was concluded that a well‐functioning
heart has the ability to maintain aortic flow in end‐systole, causing a rapid decrease of left
ventricular pressure before the start of isovolumic relaxation, which enhances the cardiac function
[70]. Further, the aortic and microcirculatoric effects on coronary hemodynamics have been
investigated using wave intensity [77]. The latest contribution to the wave intensity research area is
the reservoir‐wave approach [78], which should add incremental value to the quantification of
forward and backward travelling waves. By separating the pressure component into changes
caused purely by waves and changes caused by the compliant structure of the artery, it has been
shown that the wave intensity analysis yields different results when the volume‐related changes
have been accounted for [78].
Wave intensity has also been applied in patients with various cardiovascular diseases. Dilated
cardiomyopathy demonstrates a pronounced impaired systolic function and W1 has been shown to
be decreased in this patient group compared with matched controls. Hypertrophic cardiomyopathy
is, on the other hand, primarily detectable when evaluating diastolic function and the values of W2
have been shown to be decreased in patients suffering from hypertrophic cardiomyopathy [69].
Hypertensive patients (systolic pressure > 135 mmHg or diastolic pressure > 85mmHg) showed no
significant differences in W1 or W2 compared with normal subjects, however, NA was increased in
the hypertension group [69]. The magnitudes of W1 and W2 have been shown to be reduced by
decreased preload [79]. This was not verified when the hemodynamic effects of nitroglycerin were
studied and it was concluded that changes in W1 were not caused by preload changes [80].
Clinical manifestations of cardiac disease are frequently present in patients with end stage renal
disease (ESRD), and cardiovascular disease is the leading cause of mortality in this patient group
[81]. The wave intensity concept has never been applied in this patient group, but would potentially
increase the understanding of ventricular‐arterial interaction and cardiovascular dynamics in a
patient group with high mortality in cardiovascular disease.
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Aims
Ultrasound imaging is today the cornerstone in the routine evaluation of cardiovascular function.
TVI and speckle tracking have the ability to quantify cardiovascular function with high
reproducibility [82, 83] and have positively contributed to the interpretation of ultrasound data,
especially for non‐experienced sonographers [84]. Even though there are several techniques
available for the evaluation of cardiovascular function, there is still much to be done within this
field in order to make early detection of cardiovascular dysfunction easier, faster and more reliable.
The general aim of this thesis was therefore to develop and validate new approaches to monitoring
cardiac and vascular function based on TVI and speckle tracking. In more detail, the specific aims
were:


To test whether speckle tracking‐derived strain data obtained in the vascular wall could be
used as input for wave intensity calculations.



To evaluate the changes in cardiovascular function induced by a single session of hemodialysis
(HD) in patients with end stage renal disease, with its documented high mortality in
cardiovascular disease, by a combined approach employing speckle tracking‐derived wave
intensity and TVI measurements.



To apply speckle tracking‐derived vascular two‐dimensional strain measurements to the
evaluation of vascular elasticity.



To compare the capacity of speckle tracking‐derived two‐dimensional strain measurements in
the detection of age‐dependent differences in vascular elasticity with that of conventionally
used elasticity variables.



To find a new approach to describe the timing of global and regional mechanical myocardial
events during the cardiac cycle, and to test the capacity of the resulting state diagrams of the
heart to discriminate between healthy and diseased subjects.
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Methods and materials
This thesis is based upon three new non‐invasive approaches to cardiac and vascular monitoring,
wave intensity wall analysis (WIWA), two‐dimensional strain imaging in the common carotid artery
and the state diagram of the heart. Their clinical usefulness has been tested in different patient
groups. This chapter starts with an introduction of the approaches used, followed by the
methodology which has been common for all investigations in this thesis.

3.1. Wave intensity wall analysis
The new wave intensity concept, WIWA, is a modification of the original invasive wave intensity
analysis method [66] and the further developed non‐invasive ultrasound based wave intensity
system [67]. The novelty of WIWA is that the measurements of the input variables to the wave
intensity calculations are obtained in the vascular wall using a speckle tracking‐based ultrasound
system. Within wave intensity analysis, arterial waves are defined as sequential infinitesimal
changes of blood pressure and velocity. WIWA approximates these changes by measurements of
strain rate in the radial and the longitudinal direction; the pressure component (dP/dt) is
approximated by strain rate in the radial direction and the flow velocity changes (dU/dt) by strain
rate in the longitudinal direction. Positive strain corresponds to lengthening or stretching, and
negative strain to shortening or compression relative to the original length. Thus, the radial
component is sign‐reversed in the WIWA calculations. Wave intensity measured in the arterial wall
is defined as:
WIWIWA = − strain rateradial × strain ratelongitudinal
Figure 7 shows the ROI placed in the far wall of the common carotid artery (CCA) and the input
variables, longitudinal and radial strain rate, to the WIWA system.
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Figure 7. Measurements of the input variables to WIWA. a) An ROI placed in the far wall of
the artery. The ROI was placed to cover the whole wall to obtain better tracking. However, the
“true” ROI consists of a considerably smaller area, i.e. the four coloured dots (yellow, blue,
green, pink) seen in the middle of the image of the artery. b) Longitudinal strain rate. c) Radial
strain rate (not sign‐reversed).

As in other wave intensity measurements, the result of the WIWA is presented as a curve
containing the two positive peaks, W1 and W2, and, in some patients, a small NA. Figure 8 illustrates
an example of a wave intensity curve generated using WIWA.

Figure 8. Wave intensity curve from WIWA. W1 is
the first peak occurring in early systole and W2 is
the second peak occurring in late systole. NA is not
visible in this example.
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3.2. Two‐dimensional strain imaging in the common carotid artery
Two‐dimensional strain imaging in the common carotid artery has a close relationship with WIWA
by also using speckle tracking for quantification of cardiovascular function. The idea is to create a
tool for the characterization of arterial stiffness with high accuracy, which can be easily applied in
the clinical setting. From short‐axis images of the CCA, strain variables are extracted as surrogate
variables of pressure (diameter) waveforms. The strain variables (strain and strain rate) can be
assessed in radial or circumferential direction, both globally and regionally. Figure 9 illustrates
circumferential strain and strain rate curves, where the dotted line corresponds to global values
(mean of whole circular ROI) and the yellow line to the yellow dot placed in the far wall of the CCA.

Figure 9. a) ROI corresponding to the cross‐sectional area of the CCA short‐axis image. The
large, yellow dot in the far wall corresponds to the position of the regional measurements. b‐c)
Typical circumferential strain and strain rate curves from CCA. Global measurements are
represented by white, dotted curves, whereas regional measurements by yellow curves.

3.3. State diagram
The state diagram of the heart has been proposed as a new visualization tool for cardiac time
intervals. The basic idea is to present comparative data of systolic and diastolic performance giving
a more complete overview of the timing of cardiac events. The state diagram is generated from
time intervals identified in tissue velocity curves at six positions in the left ventricle and one
position in the right ventricle. ROIs are placed at basal segments in apical images of the heart, in
order to represent the longitudinal movements of the AV‐plane. From each tissue velocity, regional
information can be extracted and by calculating mean time intervals for the left and right ventricles,
a fairly good indication of the global cardiac function is obtained.
The cardiac cycle is divided into six main phases: Pre‐Ejection, Ventricular Ejection, Post‐Ejection,
Rapid Filling, Slow Filling and Atrial Contraction. Ventricular Ejection is subdivided into an early, a
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mid and a late phase whereas Atrial Contraction and Rapid Filling are subdivided into two phases:
an early phase and a late phase. Figure 10 displays the division of phases in the typical myocardial
velocity curve.

Figure 10. Definition of cardiac phases in the myocardial velocity curve.

The visual interpretation of the state diagram (Figure 11) can be rather complicated for an
untrained eye, and should not be confused with the bull’s eye plot, which in contrast provides a
two‐dimensional map of the entire surface of the left ventricle. One heartbeat corresponds to all
360° in the state diagram, starting with Pre‐Ejection and ending with Atrial Contraction. The
outermost circular segment in the state diagram corresponds to the antero‐septal wall, followed by
the anterior, the antero‐lateral, the infero‐lateral, the inferior, the infero‐septum (LV) and the
medial (RV) walls. The aim of the colour coding is to clearly visualize when one state of the heart’s
cycle goes into the next one. If there is any time delay between the walls, the phases are shifted
clockwise or anti‐clockwise in the state diagram, relative to the antero‐septal wall. The calculation
of the time shift between the walls is derived from the time between the R‐wave in the ECG‐curve
and the start of Pre‐Ejection.
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Figure 11. Visual interpretation of the state diagram.

3.4. Studied populations
In total, 99 patients have been studied. The studied population in Study 1 consisted of 10
apparently healthy individuals and 10 patients with established coronary disease with significant
stenosis (> 50%) in at least one major epicardial artery. In Study 2, 45 patients treated with chronic
HD were studied before and after HD. None of the patients showed signs of severe vascular heart
disease, congestive heart failure, pericardial disease or acute myocardial ischaemia. The causes of
renal disease were diabetes (11 patients), chronic glomerulonephritis (7 patients), focal segmental
glomeruloscleros (1 patient), obstructive nephropathy (6 patients), nephrolithiasis (4 patients),
chronic pyelonephritis (3 patients), nephrosclerosis (9 patients), polycystic kidney disease (3
patients) and SLE (1 patient). Antihypertensive medications were being used by 37 patients (82 %)
and angiotensin‐converting enzyme inhibitors and angiotensin receptor antagonists, alone or in
combination, were being used by 25 patients (56 %). Thirteen patients (29 %) were being treated
with beta‐adrenergic blockers, 9 patients (20 %) with calcium antagonists and 24 patients (53 %)
with furosemide. On the day of the study, no medication was taken until after all investigations
were finished.
In Study 3, the studied subjects consisted of 10 younger and 10 older apparently healthy
individuals. Inclusion criterion for the younger group was an age of < 30 years (the “Controls” in
Table 2) and for the older group age > 50 years (the “Patients” in Table 2). The two age groups did
not differ in BMI and arterial blood pressure, and had normal cardiac function with the exception of
a slightly reduced E/A ratio reflecting an age‐dependent diastolic disturbance in the older group.
The studied subjects in Study 4 were 7 patients with non ST‐elevation myocardial infarction
‐ 19 ‐

(NSTEMI) and 7 controls, individually matched according to age and sex. In Studies 1, 3, and 4, the
studied population was recruited in Sweden, and in Study 2, in Brazil. The healthy individuals in
Studies 1 and 3 had normal resting ECG and normal findings on the echocardiograpic examination.
None of them were on medical treatment or had any history of cardiovascular disease. The control
group in Study 4 had no symptoms of ischaemic heart disease at the time for the investigation
but some of them were on medical treatment for different affections. The numbers of participants,
sex, age and patient characteristics in each study are summarized in Table 2. All studies were
approved by the local ethics committee and all participants gave their informed consent to
participate.
Table 2. Characteristics of the studied population.
Study Volunteers (F/M)
Age (mean)

Patient characteristics

Patients

Controls

Patients

Controls

1

10 (‐/10)

10 (3/7)

66

43

Established coronary disease

2

45 (17/28) ‐

54

‐

Treated with chronic HD

3

10 (4/6)

10 (4/6)

55

27

“Patients” > 50 years, “Controls” < 30 years

4

7 (1/6)

7 (1/6)

58

59

NSTEMI

3.5. Vascular imaging
3.5.1. Ultrasonographic equipment and image acquisition
Vascular images were acquired in order to perform wave intensity or strain measurements in the
CCA. All studied individuals were examined at rest, lying in supine position.
The vascular imaging equipment from Aloka Ltd is the only commercially available system for non‐
invasive wave intensity measurements and was used in Study 1 for validation of the new WIWA
concept. The system contained a colour Doppler system (SSD‐5500, Aloka, Tokyo, Japan) with a 7.5
MHz linear array probe, an echo‐tracking subsystem and a personal computer. The data were
updated with a frequency of 1 kHz and the steering angle of the ultrasound beam never exceeded ±
20° for any recording. Cine loops of the left and right CCA were acquired, approximately 2 cm from
the bifurcation. After the examination, blood pressure was measured with a cuff‐type manometer
applied to the upper arm (Riester, Germany). The diameter signal was then calibrated to the blood
pressure. The wave intensity measurements were averaged over a minimum of four heartbeats.
Two different GE systems (GE Vingmed Ultrasound, Horten, Norway), Vingmed System Vivid 7
(Study 1) and Vivid i system (Studies 2 and 3), with 10 MHz linear transducers were used for
acquisition of two‐dimensional grey‐scale harmonic cine loops of the short‐axis and long‐axis view
of the CCA, approximately 2 cm from the bifurcation. In Study 1, long‐axis images of both left and
right CCA were acquired with an average frame rate (FR) of 42 frames/s, in Study 2, long‐axis
images of the left CCA (FR = 75 frames/s) were acquired before and after HD and Study 3 used
short‐axis and long‐axis images of the right CCA (FR = 78 frames/s). Offline analysis was performed
with a commercially available speckle tracking algorithm (2D‐strain, EchoPac Dimension, GE
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Vingmed Ultrasound). Matlab 7.0.1 and R2006B were used for post‐processing of the ultrasound
data extracted from EchoPac Dimension. For WIWA calculations (Studies 1 and 2), the ROI were
placed in the far wall of the artery and the initial ROI‐size was approximately 5 mm2 (ROI length was
3.1 mm and ROI width was 1.6 mm), see Figure 7. The ROI‐size varied slightly during the sequence
due to the tracking algorithm. The obtained strain data were exported to Matlab for WIWA
calculations. In Study 3, an ROI corresponding to the cross‐sectional area of the CCA wall was
created with an initial ROI width of approximately 1.6 mm (Figure 9). Long‐axis images were used
for calculations of Ep and β stiffness index.

3.5.2. Wave intensity variables (Studies 1 and 2)
The two positive peaks, W1 and W2, occurring in early and late systole were measured in Studies 1
and 2. In Study 1, the following variables were also measured: NA, the time intervals between the
R‐wave in the ECG curve and W1 (R‐W1) and between W1 and W2 (W1‐W2), whereas in Study 2 the
wave intensity indexes were adjusted for preload differences by dividing W1 and W2 with the end‐
diastolic volume. In some individuals, the placement of the ROI had to be repeated several times in
order to simultaneously obtain good tracking in the radial and longitudinal directions.

3.5.3. Short‐axis speckle tracking variables and established measures of arterial
stiffness (Study 3)
Circumferential peak systolic strain (%), as well as early and late systolic strain rate (strain per time
unit, 1/s) variables, were measured as an average over the whole ROI giving respective “global”
strain and strain rate values. The early systolic strain rate value was defined as the first peak in the
strain rate curve that occurred after the QRS‐complex in the ECG curve. The late systolic strain rate
value was defined as the first peak in the strain rate curve that occurred after the T‐wave in the ECG
curve and was sign‐reversed compared with the early systolic strain rate value. Early systolic strain
rate is a result of the blood pressure rise associated with ventricular ejection, and late systolic strain
rate occurs during the pressure decrease associated with ventricular relaxation. The EchoPac
software is limited to performing only “global” measurements circumferentially, therefore radial
peak systolic strain, as well as early and late systolic strain rate, were measured at a point (20x20
pixels) located in the far wall of the vessel (Figure 9, the large yellow dot), where also
corresponding circumferential variables were determined. During systole, circumferential strain
assumes positive values due to stretching, or expansion of the vessel wall, whereas radial strain
becomes negative as a result of the compression of the vessel wall.
Elastic modulus (Ep) and β stiffness index are conventional measures of arterial stiffness that relate
changes in arterial pressure to changes in arterial diameter. Increases in Ep and β stiffness index
correspond to increased arterial stiffness. For calculation of Ep and β stiffness index, the lumen
diameter was measured in the long‐axis view of the CCA as the distance between the leading edge
of the lumen‐intima echo of the near wall and the leading edge of the intima‐lumen echo of the far
wall [63]. Blood pressure was measured after the vascular ultrasound examination using an
automatic blood pressure device (Riester, Germany).
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Ep [85] and β stiffness index [86] were calculated as:

Ep =

β=

(Psyst − Pdiast )
(D syst − D diast ) / D diast
ln(Psyst / Pdiast )

(D syst − D diast ) / D diast

where Ddiast and Dsyst were the minimal diastolic and maximal systolic lumen diameters, and Psyst and
Pdiast were the systolic and diastolic pressures. Ep was presented in kilopascals (kPa).

3.6. Echocardiography
3.6.1. Echocardiography equipment and image acquisition
All individuals were examined at rest, lying in the left lateral position. Two different ultrasound
systems were used for cardiac imaging; Vivid i system (GE Vingmed Ultrasound, Horten, Norway)
was used in Studies 2 and 3 and Vingmed System Vivid 7 (GE Vingmed Ultrasound, Horten, Norway)
in Study 4 with a standard 2D transducer (M3S) and a 3D matrix transducer (3V) for triplane
imaging. The commercially available software EchoPac Dimension from GE Vingmed Ultrasound
(Horten, Norway) was used for off‐line analysis of the recorded ultrasound images. Matlab 7.0.1
and R2006B were used for post‐processing of ultrasound data extracted from EchoPac Dimension.
LV ejection‐fraction (LVEF) and measurements of end‐diastolic volumes were obtained with the
biplane Simpson’s method and LV stroke volume (LVSV) by subtracting the end‐systolic volume
from the end‐diastolic volume (Studies 2‐4). The E/A ratio was obtained by dividing mitral flow peak
early diastolic velocity (E) by mitral flow peak late diastolic velocity (A) (Study 3). The wall motion
score index (WMSI) was calculated from 16 segments in the left ventricle, where each of the
segments was assigned a score based on myocardial thickening. A normally contracting segment (or
hyperkinetic segment) was assigned a score of 1; hypokinesis, 2; akinesis, 3; dyskinesis, 4; and
aneurysmal, 5. WMSI was calculated by dividing the sum of scores by the number of segments
visualized and, in this thesis, was performed by an experienced stress echo reader. The E/E’ ratio
was obtained by dividing the flow velocity (E) over the mitral valve by the mean tissue velocity (E’)
in the septal and lateral corner of the mitral annulus (Study 4).
Using TVI, the LV longitudinal function was assessed from apical two chamber (Study 4), apical
three chamber (Study 4) and apical four chamber (Studies 2‐4) views and RV longitudinal function
from the apical four chamber view (Study 4). Optimal image quality and frame rate were considered
during every imaging sequence. The frame rate of the tissue Doppler data was 145 frames/s in
Study 2, > 98 frames/s in Study 3, and > 100 frames/s in Study 4. A minimum of three consecutive
heartbeats was digitally stored.
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3.6.2. Tissue Doppler variables (Studies 2‐4)
The ROI was placed at a measuring position located at the basal segment of each wall. In Study 2,
the LV longitudinal function was assessed from the apical views in which segments of the septal and
the lateral walls were analyzed. In the extracted myocardial velocity curve, isovolumic contraction
velocity (IVCV), peak systolic velocity (PSV), isovolumic relaxation velocity (IVRV), peak early
diastolic velocity (E’) and peak late diastolic velocity (A’) were identified.
The IVCT and the IVRT were measured as previously described [87]. IVCT was defined as the time
period between the zero crossing for the ascending limb of the positive IVCV and the zero crossing
for the ascending limb of the myocardial velocity curve at the beginning of ventricular ejection
when the myocardial velocity curve showed biphasic movement. In cases with negative single‐
phased movement during IVC, the beginning of ICVT was defined as the time for IVCV, and the end
as the zero crossing, whereas in cases with positive single‐phased movement during ICVT, the
beginning was defined as the zero crossing and the end as the time of the second inflection point.
IVRT was defined as the time period between the zero crossing for the descending limb of the
velocity curve at the end of ventricular ejection and the zero crossing for the descending limb of the
velocity curve at the beginning of ventricular filling (E’). In cases with positive or negative single‐
phased movement during IVRT, its beginning and end were defined in analogy with the single‐
phased movement during IVCT. In Study 4, these time intervals were chosen to be called Pre‐
Ejection and Post‐Ejection.
In Studies 2 and 3, the myocardial displacement was obtained by temporal integration of the
myocardial velocity curve during ventricular ejection. Movements occurring during the IVC and IVR
periods were subsequently excluded.
In Study 4, the identification of cardiac time intervals according to the set criteria (see Section 3.3
State diagram), was performed in the antero‐septal, the anterior, the antero‐lateral, the infero‐
lateral, the inferior, the infero‐septum (LV) and the medial (RV) walls.

3.7. Statistical analysis
SPSS 16.0 and 14.0 were used for the statistical analysis performed in the studies. A p‐value < 0.05
was considered significant. All variables were tested for normality using the Kolmogorov‐Smirnov
test.
In Study 1, correlation analyses of the input variables in the two wave intensity systems were
performed; the sign reversed radial strain was correlated with the blood pressure normalized
diameter changes, and the longitudinal strain with blood velocity. A correlation analysis of the wave
intensity amplitude and time indexes measured with both systems was also performed.
In Study 2, three variables were not normally distributed, viz. preload‐adjusted W1, W2 and preload‐
adjusted W2, and hence, the Wilcoxon’s signed rank test was used to compare the differences in
these variables before and after HD. The remaining WIWA and TVI variables were tested used
paired t‐tests. The correlation between TVI variables and WIWA variables were tested using the
Pearson (normally distributed variables) or Spearman (at least one variable not normally
distributed) correlation coefficient. Systolic TVI variables (IVCV, IVCT and PSV) were correlated with
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W1 and preload‐adjusted W1 and early diastolic TVI variables (IVRV, IVRT and E’) with W2 and
preload‐adjusted W2. Both the variables’ percentage change of HD, and the absolute values of the
variables in each condition (before or after HD), were considered.
In Study 3, unpaired t‐tests were performed in order to test age‐dependent differences between
the younger and the older groups. Principal component analysis was used to test which variables
that significantly contributed to the separation of the groups, enabling a reduction of the number of
measured variables. The intra‐ and inter‐observer variability of the strain measurements were
assessed by calculating coefficients of variation (CV).
In Study 4, paired t‐tests were performed to test the difference in percentage duration of each
phase in the global state diagram between the NSTEMI and control groups. In total, twenty phases
were tested. Paired t‐tests were also used to test the differences in LVEF, WMSI and E/E’ ratio
between the groups.

3.8. Summary of the methodology for each study
Study 1: Validation of wave intensity wall analysis (WIWA)

In this study, WIWA was validated against a commercially available wave intensity system, the
Aloka system. First, a comparison between the input variables from the two systems was
performed. The longitudinal strain and sign reversed radial strain, measured with the speckle
tracking algorithm, were individually compared with blood velocity and blood pressure normalized
diameter changes acquired by the Aloka system. Further, the calculated amplitude values and time
indexes of the two systems were compared.
Study 2: Cardiovascular function in patients with end stage renal disease

This study evaluated the effects of a single session of HD on cardiovascular function. The patients in
this study were treated with HD three times per week. Duration of maintenance HD varied from 1
to 98 months (average 23, SD 24.3). HD was performed using cellulose acetate dialysers with a
dialysate flow of 500 ml/min. Bicarbonate‐buffered dialysate, with calcium 1.25 mmol/l, potassium
2 mmol/l, sodium 140 mmol/l and bicarbonate 35 mmol/l, was used. The changes in TVI and WIWA
variables before and after HD, as well as the correlation between TVI and WIWA, were evaluated.
Study 3: Two‐dimensional strain imaging in the CCA

This study tested whether speckle tracking‐derived strain information could be used in the
detection of age‐dependent differences in mechanical properties, and compared the discriminating
performance of two‐dimensional strain with that of conventional measures such as Ep and β
stiffness index. Strain and strain variables, and the conventional measures of arterial stiffness, were
obtained in ten young healthy individuals (< 30 years) and ten older healthy individuals (> 50 years).
The variables were compared between the groups and PCA and its regression extension was used
to identify the variables that best separated the two age groups. The reproducibility of the strain
measurements was tested in the younger age group.
Study 4: State diagram

This study presented a new imaging tool for cardiac time intervals, the state diagram of the heart.
The feasibility of the state diagram method was tested in a sample of seven patients with NSTEMI,
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which was individually matched according to age and sex to a control group. The differences in
percentage duration of each phase of the left and right ventricles, twenty phases in total, were
compared for the control group and for the NSTEMI group. Conventional echocardiography
variables such as LVEF, WMSI and E/E’ were also measured in the NSTEMI and control groups, in
order to test their discriminating capacity. Additionally, four case examples (normal, athlete,
ischaemia, dyssynchrony) were presented.
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Results
This chapter presents an overview of the results. All details are found in the papers attached.
Study 1: Validation of wave intensity wall analysis (WIWA)

The validation study demonstrated good visual agreement between the two systems with W1 and
W2 clearly detectable in early systole and late systole, respectively. The correlation analysis
between the input variables for wave intensity analysis performed by the WIWA system and the
Aloka system demonstrated good correlation between radial strain and pressure. The correlation
between longitudinal strain and blood velocity was also significant, but less so. Table 3 displays the
correlation analysis for the input variables of the two systems.
Table 3. Correlation between the input variables of the WIWA and Aloka systems (p < 0.001).
WIWA ‐ Aloka
Correlation WIWA ‐ Aloka
Correlation

Radial strain ‐ pressure

coefficient Longitudinal strain – flow velocity

coefficient

Healthy subgroup, left CCA

r = 0.794

Healthy subgroup, left CCA

r = 0.477

Healthy subgroup, right CCA

r = 0.752

Healthy subgroup, right CCA

r = 0.512

Diseased subgroup, left CCA

r = 0.706

Diseased subgroup, left CCA

r = 0.539

Diseased subgroup, right CCA

r = 0.715

Diseased subgroup, right CCA

r = 0.546

The time interval between the R‐wave in the ECG curve and W1, R‐W1, measured by the WIWA and
Aloka systems correlated for the group as a whole (r = 0.589, p = 0.006) and the healthy subgroup
(r = 0.412, p = 0.008) but not for diseased subgroup. The time intervals between the two peaks in
the wave intensity curve, W1‐W2, correlated for the total group (r = 0.595, p < 0.001) and for the
diseased subgroup (r = 0.797, p < 0.001) but not for the healthy subgroup. The relation of the
amplitude values, W1 and W2, between the two methods showed no significant correlation, neither
for the total group nor the two subgroups.
Study 2: Cardiovascular function in patients with end stage renal disease

Ventricular contraction and contractility were improved after a single session of HD with increased
PSV (p < 0.01) and IVCV (p < 0.001). The displacement of the AV‐plane was decreased after HD
(p < 0.001). For the measured myocardial diastolic variables, E’ was significantly decreased
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(p < 0.001), and IVRT was significantly prolonged (p < 0.01), after HD. The results regarding the TVI
variables were consistent, both when analysing the lateral and septal walls separately and as an
average of both walls, but the velocities were generally higher in the lateral wall compared with the
septal wall. The ventricular‐arterial interaction evaluated with the WIWA system showed increased
W1 (p < 0.05) and decreased W2 (p < 0.05) after HD, and are thus results that point in the same
direction as the TVI measurements. Wave intensity indexes adjusted for differences in preload may
contribute in the assessment of true LV contractility and relaxation, and preload‐adjusted W1
showed to be increased after HD (p < 0.01), while preload‐adjusted W2 showed no significant
change. The results of the present study suggest that the load dependency of the measured
diastolic variables seems to be more pronounced, most likely as a result of the influence of passive
hemodynamic forces during diastole compared with the systolic variables, which are more
dependent on active forces. Figure 12 summarizes the changes in WIWA variables and the mean
values of TVI variables induced by a single session of HD. E’ and A’ are presented as absolute values.

Figure 12. Summary of the measured WIWA and TVI variables before and after HD. * p < 0.05,
** p < 0.01, *** p < 0.001 vs. before HD. W1 = Wave intensity forward compression wave, W2 =
Wave intensity forward decompression wave, IVCV = isovolumic contraction velocity, PSV =
peak systolic velocity, IVRV = isovolumic relaxation velocity, E’ = maximal tissue velocity during
early diastolic filling, A’ = maximal tissue velocity during atrial contraction, DISP =
displacement of the AV‐plane, IVCT = isovolumic contraction time, IVRT = isovolumic relaxation
time.

Only a few correlations between the WIWA and TVI variables were found, viz., the percentage
change of W1 and IVCV (r = 0.46, p < 0.01), the percentage change of preload‐adjusted W1 and IVCV
(r = 0.36, p < 0.05), preload‐adjusted W1 and IVCT (r = ‐0.26, p < 0.05). This can mainly be explained
by the fact that wave intensity and TVI variables represent different events in the cardiovascular
circulation.
Study 3: Two‐dimensional strain imaging in the CCA

Global and regional circumferential systolic strain and strain rate values were significantly higher
(p < 0.001, p < 0.01 for regional late systolic strain rate) in the younger individuals whereas the
values of conventional stiffness variables, Ep and β stiffness index, in the same group were lower
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(p < 0.05). Among the radial variables, only early systolic strain rate differed significantly between
the two age groups (p < 0.05). Figure 13 summarizes the measurements of the strain‐based and
conventional stiffness variables (the absolute values).

Figure 13. Discrimination of the two age groups by arterial stiffness variables. * p < 0.05,
** p < 0.01, *** p < 0.001 vs. the age group < 30 years.

Among all strain and conventional stiffness variables, principal component analysis and its
regression extension identified global variables obtained in the circumferential direction to be
superior in the detection of age‐dependent differences in mechanical properties in the CCA.
Circumferential global strain had the best discriminating capacity, followed by circumferential
global early systolic strain rate and global late systolic strain rate. Also circumferential, regional
variables showed clinical strength but not to the same extent as the global ones. Ep, β stiffness
index and radial strain variables did not significantly contribute in the separation of the two age
groups. The intra‐ and inter‐observer variability of the two‐dimensional strain measurements in
CCA were generally lower for the global strain and strain rate values measured in the
circumferential direction (CV range 4.6%‐9.9%) compared with the regional strain and strain rate
values in the same direction (CV range 5.1%‐8.4%). The variability of the radial measurements was
consistently considerably higher (CV 17.1%‐361.3%).
Study 4: State diagram

There were significant differences in percentage duration between the control group and the
NSTEMI group in eight of the twenty total phases in the state diagram. Most pronounced were the
differences in Pre‐Ejection (p = 0.001 for the left ventricle, p = 0.041 for the right ventricle) and
Post‐Ejection (p = 0.029 for the left ventricle, p = 0.002 for the right ventricle), which were
prolonged in both ventricles for the NSTEMI group compared with the normal group. The
conventional echocardiographic measurements (LVEF, WMSI and E/E’) showed no significant
difference between the two groups. Further, the state diagram clearly visualized that the pumping
function in the normal subject, the athlete, the ischemic subject and the dyssynchronic subject was
very different, where the first two subjects had a short transition time between pumping and filling
of the ventricles (Pre‐Ejection and Post‐Ejection) and a long time for coronary perfusion (Rapid and
Slow Filling) compared with the other two subjects.
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Discussion
5.1. Wave intensity wall analysis
Wave intensity is the flux of energy per area unit [W/m2] carried by the wave as it propagates along
the arteries, and is defined as the product of ∆P and ∆U. The wave intensity does not comprise the
total power of ventricular work, only a small proportion of the power generated. To be able to
easily compare data acquired at different sample rates, wave intensity was normalized with respect
to time (WI= dP/dt * dU/dt) but with this new definition, the physical meaning of wave intensity as
a measure was lost. Our WIWA system measures sign‐reversed radial strain rate instead of dP/dt,
and longitudinal strain rate instead of dU/dt giving the newly‐defined wave intensity the unit 1/s2.
As for the time‐normalized wave intensity, this definition has no obvious physical meaning but the
same properties as for the original wave intensity were maintained by having WI > 0 for
simultaneous increases or decreases in longitudinal strain and sign‐reversed radial strain, and
WI < 0 for non‐simultaneous changes. Based on a study [20] showing a linear diameter‐pressure
relationship, the commercially available non‐invasive wave intensity system (the Aloka system) [67]
calibrates the maximum and the minimum diameter values to systolic and diastolic pressure in
order to obtain a pressure wave form. The results of Study 1 showed that there is no direct
transformation from strain to diameter (pressure) or flow velocity. There are physiological,
methodological and technical explanations for that. Firstly, different arterial variables were
measured; in the blood pool and in the arterial wall. The relation between these variables in
different individuals is not fully known. Secondly, the respective variables were not measured
during the same heart beat and no correction for respiratory influence was performed. The
problems associated with the speckle tracking algorithm are addressed in Section 5.3.
Since the wave intensity concept was introduced in 1990, a large number of studies have been
carried out, primarily in order to better understand physiological events in the cardiovascular
system. The wave intensity approach has been applied in the aorta [66], the coronaries [77] and in
other large arteries [88]. The wave intensity pattern in the aorta is similar to the one seen in the
carotid, brachial and radial arteries [88] by having two positive peaks, the first (W1) occurring in
early systole and the second (W2) in late systole. Evidence has shown a smaller reflected wave to
originate from the peripheral site as a result of impedance mismatch in the small arteries and
arterioles. The reflected wave is visible in mid systole between the two positive wave intensity
peaks, and it has been proposed that the timing of the that wave can be defined as the time
interval between the onset of W1 and the onset of the NA (the backward wave) [72]. In cases of
arterial stiffness or normal ageing, the reflected wave should consequently arrive earlier and would
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display increased amplitude. However, published data on reflected waves measured with wave
intensity do not seem to be congruent with the theoretic expectations. For example, the magnitude
of NA measured in the CCA has been shown to be independent of age in both normal and
hypertensive subjects [69].
Although W1 and W2 are clearly detectable in the WIWA curve, the effect of reflected waves
returning from the periphery is scarcely visible, and when they are, the magnitudes are not reliably
measurable due to very small values. Evidence has been provided showing arterial bifurcations to
be well‐matched for waves generated by the heart, i.e they do not give rise to any wave reflections
[89]. But if the bifurcations are well‐matched for waves from the heart they will automatically
become poorly matched for waves coming from the distal site. This phenomenon is known as wave
trapping. Waves generated from the heart travel along well‐matched bifurcations to the periphery
where they are reflected backwards as they reach the smaller arteries and arterioles. The backward
travelling waves reach the same bifurcations, but since they are poorly matched for waves
travelling in the “wrong” direction, the reflections travel back towards the distal site. These re‐
reflected waves will again be reflected, and so it will continue. The wave trapping phenomenon
consequently makes the use of NA as a potential marker of arterial stiffness more or less
impossible, and can partly explain the confusing results in studies about wave reflections in the
arterial system, not only noticed with wave intensity measurements [90]. It may also explain why
no clear wave reflections are detectable in the WIWA measurements.
With these insights regarding wave reflections, the importance of W1 and W2 increases. But despite
all efforts in trying to understand and explain how and why wave intensity patterns change during
different conditions, its clinical usefulness for diagnosis and prognosis is still limited, and the main
contribution of the concept is primarily a better understanding of cardiovascular hemodynamics
and physiology. One reason for this may be that the waves are influenced by many different factors
and, hence, it is difficult to distinguish the origin for a particular change in the wave intensity
pattern. For example, the WIWA measurements are influenced by cardiac contraction and
contractility, the amount of blood in the arteries, the degree of arterial stiffness etc. In Study 2,
WIWA was tested in a clinical situation. The results of this study were encouraging in that the
changes seen in wave intensity pattern were physiologically explainable, and similar to the results
of the TVI measurements. But, besides providing the pleasure of “being able to measure” wave
intensity, the obtained results also call for new efforts in order to find the role for WIWA in the
clinical practice.
A potential clinical application of WIWA could be to apply preload‐adjusted W1 in the assessment of
LV contractility. An ideal index of contractility is sensitive to the intropic state of the heart, but
insensitive to loading conditions, heart rate, and cardiac size. Contractility measures used today are,
for example, the maximum value of the derivative of the LV pressure (LV dP/dtmax) and the end‐
systolic elastance, which is defined as the linear slope of the end‐systolic pressure‐volume relation.
The LV dP/dtmax tends to be more load dependent [91, 92] than the linear slope of the end‐systolic
pressure‐volume relation that is close to an “ideal” measure of LV contractility [17, 93]. Both these
measurements demand invasive registrations and are therefore seldom used in clinical studies.
Invasive wave intensity measurements have shown a strong relationship between preload‐adjusted
W1 and end‐systolic elastance [79]. Study 2 gave an indication of the potential use of preload‐
adjusted W1 obtained from the WIWA system in the assessment of the cardiac contractility.
However, further evaluation of preload‐adjusted W1 as a measure of cardiac contractility is
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required, in which a correlation analysis of WIWA and end‐systolic elastance, and the
determination of the optimal preload‐adjustment method, must be included.
Another interesting idea for the development of the wave intensity concept into a technique with
potential usefulness in the detection of local arterial stiffness would be to combine the data
registered by the Aloka and WIWA systems. By relating the changes in pressure and flow velocity to
the changes in strain measured in the arterial wall, a transfer function of wave intensity from blood
to wall may be obtained. When comparing the duration of W1 registered by the Aloka system with
the duration of W1 registered using WIWA, one could expect that large differences in time
correspond to more elastic arteries.

5.2. Two‐dimensional strain imaging
Two‐dimensional strain imaging in the CCA is partly based on the same principle as that for WIWA
by using speckle tracking‐based data obtained in the arterial wall. However, it has several
advantages over the WIWA concept. Firstly, the method is easy to apply in the clinical setting with
short acquisition time and short post‐processing. The analysis can be performed at any workstation
with EchoPac, without any extraction of data to other programs. Additionally, the speckle tracking
algorithm appears to perform very well in the circumferential direction in the short‐axis view of the
artery. Secondly, the results provided are easy to interpret. Even though the two age groups in
Study 3 did not differ in BMI or arterial blood pressure, and had normal cardiac function with the
exception of slightly reduced E/A ratio in the older group, they displayed significant differences in
circumferential strain and strain rate, indicating that this method is sensitive in the detection of
pure mechanical wall property changes. Third, the method adds incremental value in the detection
of age‐dependent differences compared with established methods for detection of arterial stiffness
such as Ep and β stiffness index.
A future application would be to investigate if this approach can be used for identification of
rupture‐prone vulnerable plaques. The detection of these plaques is one of the major future
challenges in cardiovascular research. Intravascular ultrasound elastography [94] has shown
potential to detect vulnerable plaques but have some limitations in being invasive, expensive and
can only be applied to patients that already undergo surgical intervention. At the time being, there
is no standardized non‐invasive method for identifying vulnerable plaques, but the commonly used
plaque classification is based on evaluation of the echolucency of the plaque in the grey‐scale
image. The CCA is well suitable for non‐invasive evaluations since it is superficially located and
therefore easy to image with high quality. Additionally, it has consistently been shown that
atherosclerotic abnormalities detectable in the CCA are related to atherosclerosis in the coronary
arteries, the aorta and other large arteries [95‐98]. The two‐dimensional strain imaging approach
offers the possibility of a direct measurement of the vascular elastic properties in different parts of
the plaque area and in the adjacent vascular sectors. This, in turn, may lead to improved
assessment of plaque vulnerability and optimally to a more efficient anti‐atherosclerotic treatment
and thereby also to the prevention of cerebral vascular events. An additional step would be to
combine the strain information from long‐axis and short‐axis images to enable the assessment of a
full 3D strain tensor of the artery, which potentially would further refine the diagnostic
characterisation of vulnerable plaques.
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5.3. Limitations of arterial measurements
The speckle tracking‐based input data to WIWA and to short‐axis measurements in the CCA are
extracted from 2D‐strain software from GE Vingmed [39]. Applications based on a commercially
available speckle tracking system are usually associated with some problems. For example, the user
has normally only limited access to the full technical details of how the strain data are obtained and
how the tracking of speckles is performed, or to what extent the in‐build spline functions and the
temporal and the spatial filtering affect the strain and strain rate curves. Additionally, the 2D‐strain
software uses different algorithms to obtain estimates of strain variables in the radial and
longitudinal directions, which further complicates the interpretation of the obtained strain data.
The estimation of longitudinal strain (corresponding to circumferential strain in short‐axis images of
the artery) is based on the Lagrangian formula [99] and strain rate is its first derivative. Radial strain
is obtained by integrating the radial strain rate curve, which is based on velocities of all tracking
points. These different ways to perform strain calculations would, according to GE Vingmed, result
in better tracking in the longitudinal than in the radial direction.
It is a well‐known fact that the major limitation of speckle tracking‐based estimation of velocity
values is that lateral estimations, i.e. estimations in the longitudinal direction of the artery, are
intrinsically noisier than axial estimations, i.e. estimations in the radial direction of the artery, due
to lower spatial resolution in the lateral direction of the image [100]. As a result, the lateral strain
rate values will be noisier as well. The results in Study 1 showed a stronger correlation between
pressure‐radial strain compared with that between blood velocity‐longitudinal strain. Accordingly, it
appears that the better longitudinal tracking provided by the 2D‐strain software can not fully
compensate for the lower spatial resolution in the lateral direction.
The speckle tracking technique has been applied and validated foremost in heart applications [43,
45, 46] and the accuracy of speckle tracking‐based measurements in the arteries is not fully
understood. So far, radial and circumferential function has been the main focus in arterial speckle
tracking‐based research, and estimates of motion and strain in these directions have shown good
accuracy in different experimental setups [101‐104]. The first studies on longitudinal movement
were performed relatively recently and it was shown that longitudinal motion could be assessed
using speckle tracking [22, 26]. The feasibility of simultaneous assessment of radial and longitudinal
strain was tested in an in‐silico model of the carotid artery [102], showing better accuracy for radial
than longitudinal strain estimates. The latter findings partly confirm the results showing higher
correlation coefficients of pressure‐radial strain compared with that of blood velocity‐longitudinal
strain as seen in Study 1. The above‐mentioned studies clearly show encouraging results regarding
the possibility to perform strain measurements of the artery. However, it should be kept in mind
that each study uses unique tracking algorithms and this does not necessarily mean that the speckle
tracking algorithm currently provided by GE Vingmed has the same accuracy and quality in the
assessment of arterial strain patterns.
Some changes of the WIWA system have been addressed since the validation study (Study 1) was
performed. The placement of the ROI in the artery is now performed differently. In Study 1, the size
of the ROI placed in the arterial wall was approximately 5 mm2 (ROI length = 3.1 mm and ROI
width = 1.6 mm). In Study 2, the ROI was placed to cover the whole far wall of the artery (see Figure
7) but data were extracted from four adjacent points giving a “true” ROI of the same size as in Study
1. This change in processing appears to give a better tracking of the speckles frame‐to‐frame. In
Study 1, a low frame rate (average 42 frames/s) was pointed out as one of the major limitations of
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the WIWA method. With recent updates in the software, and changes of acquisition settings, the
frame rate for long‐axis (Study 2) and short‐axis (Study 3) images has increased to around 80
frames/s. Due to the differences in axial and lateral resolution the speckle tracking technique is
angle dependant to some degree, and an increase in frame rate results in reduced lateral resolution
and consequently, an increased angle dependency of the speckle tracking technique. However, with
increasing computational power of the ultrasound equipment, it can be expected that cine loops
with high frame rate and preserved lateral resolution will be generated with the speckle tracking
technique in the near future.
Performing WIWA can be very time‐consuming. In some individuals, the tracking works well
instantly, but in others, the placement of the ROI has to be repeated several times in order to
simultaneously obtain good tracking in the radial and longitudinal direction. We have tried to verify
in which images optimal tracking can be obtained by comparing gain settings, acquisition angle or
speckle pattern, but no conclusion can been drawn as yet. This problem essentially vanished with
the introduction of two‐dimensional strain imaging in the short‐axis view of the CCA, where the
tracking works more or less perfectly at once, resulting in stable strain curves with little noise. The
low intra‐ and inter‐observer variability for circumferential global and regional measurements in
Study 3 confirms the good quality of the extracted strain data. However, the good quality seems to
be limited to circumferential short‐axis measurements since the radial short‐axis measurements
showed a relatively high intra‐ and inter‐observer variability. When extrapolating these findings to
WIWA, the high radial variability would question the accuracy of the WIWA measurements. In the
intra‐ and inter‐observer variability study, the ROI was placed once in the images, with few further
adjustments (if no bad tracking was apparent). As mentioned before, the tracking in the WIWA
measurements is a problem, and presumably, if more effort had been put into the placement of the
ROI in the short‐axis as well, the radial variability would have been lower. On the other hand, the
way the intra‐ and inter‐observer variability study was performed closely matches the reality of the
clinical routine where there is no time for long post‐processing.

5.4. State diagram
The quantitative analysis of cardiac function using ultrasound techniques available today does not
allow for simultaneous analysis in different projections. The state diagram is a useful tool for visual
and quantitative analysis of the timing of mechanical events in the heart. It provides an
understanding of the temporal interrelationship within the left ventricle and between the ventricles
allowing for a rapid approach for the assessment of myocardial abnormalities.
For many years, cardiac time intervals have been described as a measurement of cardiac
performance and as a tool for understanding and illustrating mechanical events in the heart.
Prolongation, shortening and delay of the different time intervals have been evaluated as markers
of cardiac dysfunction [105, 106]. Normally, the heart cycle is divided into time intervals separated
by the opening and closing of the valves. These global events can be detected by conventional
ultrasound registrations of blood flow through the aortic and mitral valves using pulsed or
continuous Doppler, or by M‐mode images of the aortic and mitral valves. TVI provides information
of regional myocardial function. The timing of regional events differs from the timing of global
events due to regional differences in activation and relaxation of heart motion and shape [107].
Further, the regional myocardial velocity can either be an active movement contributing to global
function or passive, i.e., as a result of movements occurring at other sites in the heart. There is also
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a time delay between mechanical events, seen as myocardial movements, and their hydraulic
consequences, i.e., the opening or closure of the mitral and aortic valves and the flow over the
valves. Several studies have attempted to identify global events in myocardial movement curves
but have come to different conclusions [87, 108‐110]. A recently performed study [108] clearly
emphasizes this issue by investigating the moment of aortic valve closure in the tissue velocity
curve based on four different suggestions found in the literature. High frame rate B‐mode images
were compared with simultaneously recorded apical TVI images resulting in aortic valve closure
positioned at the first negative peak after ventricular ejection. The discrepancy in the definition of
global events in the myocardial movement curves can partly be explained by the different views of
when the valves are considered to be open or closed. But despite the different thoughts regarding
this issue, the pre‐ and post‐ejection phases are important considerations when evaluating cardiac
function, and prolongation of these time intervals are associated with ventricular dysfunction [35‐
37].
In the state diagram, the Pre‐Ejection and Post‐Ejection phases are defined exactly like the
isovolumic phases previously suggested [87]. However, these phases can not be considered to be
truly isovolumic since they include volume redistributions between the atria, the ventricles and the
systemic circulation, a view which was partly confirmed in the study mentioned above [108]. The
names IVCT and IVRT become consequently misleading and are the reason why these time intervals
were called Pre‐Ejection and Post‐Ejection in Study 4. Pre‐Ejection is initiated with the beginning of
the closure of the tricuspid and mitral valves, i.e. the generation of muscle tension and blood
volume redistributions. The phase ends with a powerful tension increase that initiates the opening
of the pulmonic and aortic valves. The flow through the valves does not occur at this moment,
instead occurring in early Ventricular Ejection. Post‐Ejection starts when the pulmonic and aortic
valves are about to close, just before a backflow into the ventricles is generated. The forces of the
backflow overcome the tension in the muscles and the ventricular volumes increase. This phase
ends when the rapid relaxation starts and the tricuspid and mitral valves are about to open, i.e., the
muscle tension decreases, enabling the return of the AV‐plane. Consequently, the flow over the
tricuspid and mitral valves occurs first in early Rapid Filling.
The phases Ventricular Ejection, Rapid Filling and Atrial Contraction were divided into sub‐phases,
in order to improve the diagnostic power of the state diagram. The duration of early Ventricular
Ejection gives information about the pressure condition in the circulation. A short acceleration
phase may be associated with low systemic pressures in analogy with the shape of the flow profiles
seen in the pulmonalis and aorta. Mid Ventricular Ejection may be dependent on the preload in the
ventricle. High preload and large stroke volumes would prolong mid Ventricular Ejection but the
duration is also influenced by the muscle power of the myocardium. Late Ventricular Ejection is
closely related to the appearance of mid Ventricular Ejection. Previous studies have shown that
degeneration of the elastic properties of the ventricles provokes a restrictive ventricular filling
pattern characterized by a shortened early diastolic mitral flow deceleration time [111]. This time
corresponds to early Rapid Filling in the state diagram. The division of arterial contraction into sub‐
phases would provide information about ventricular filling pressures. Exactly how the phase
durations change during different conditions needs to be extensively evaluated in future studies.
The reproducibility of the state diagram has not been evaluated. In velocity curves with relatively
good quality, the division of the cardiac phases is easy to perform in most subjects. The only
exception would be the division of the sub‐phases in Ventricular Ejection, which sometimes can be
a matter of confusion.
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The state diagram in its present form does not take into account the differences in heart rate
between subjects. A true direct comparison of subjects, or evaluation of individual changes in
cardiac function after interventions, is therefore difficult. Table 4 summarizes the heart rate
dependency of the phases in the state diagram based on data from normal, young adult subjects
during supine bicycle tests [112, 113]. The duration (ms) of the diastase, or the Slow Filling,
demonstrates the most significant change, having a non‐linear dependency on heart rate with the
largest changes at a heart rate of < 80 beats/minute [113]. The heart rate dependency of the other
phases shows a slight linear decrease in duration; Ventricular Ejection having the highest changes
and Pre‐ and Post‐Ejection the lowest. Worth noticing is that the percentage duration of Pre‐
Ejection and Post‐Ejection during changes in heart rate remains more or less constant (|β| < 0.01).
Table 4. Heart rate dependency of the phases in the state diagram. β is the gradient of the linear
regression line.
Phase
Duration
β
Percentage duration β

Pre‐Ejection

Linear decrease

‐0.4

Constant

‐0.001

Ventricular Ejection

Linear decrease

‐1.3

Linear increase

0.16

Post‐Ejection

Linear decrease

‐0.4

Constant

‐0.009

Rapid diastolic filling

Linear decrease

‐0.6

Linear increase

0.08

Slow filling

Non‐linear decrease ‐

Linear decrease

‐0.16

Atrial contraction

Linear decrease

Linear decrease

‐0.07

1.0

As can be seen in Table 4, the heart rate dependency of the phases in the state diagram shows a
quite complex pattern. The data presented are only valid for normal, young adult subjects and how
the interrelationship of the phases changes during cardiac dysfunction and normal ageing is not
fully known at present. Therefore, a correct normalization of the phases in the state diagram
according to heart rate is more or less impossible to perform. Besides, to normalize the state
diagram is perhaps not the optimal solution. The state diagram is normally based on data acquired
at rest and consequently gives the “baseline” performance of the heart.
Once a state diagram is generated, other information related to the cardiac function may be added
to get a more complete overview of the cardiac performance. The longitudinal displacement of the
AV‐plane and the forward and backward movements of the septum, representing the pumping and
regulating function respectively, are important considerations.
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Conclusions


Speckle tracking‐derived strain data can be useful as input for wave intensity calculations,
where the correlation between radial strain and pressure (diameter) was stronger compared
with that of longitudinal strain and velocity.



When applied in patients with end stage renal disease, the speckle tracking‐derived wave
intensity, the WIWA, indicates, similar to the results of the TVI measurements, that a single
session of hemodialysis improves systolic function.



Preload‐adjusted W1 obtained by the WIWA system has the potential to be useful in the
assessment of true cardiac contractility.



Two‐dimensional short‐axis strain imaging is sensitive in the assessment of vascular elasticity
in the carotid artery and appears to be superior to conventional measures in the detection of
age‐dependent differences in arterial wall properties with global circumferential peak systolic
strain being the most sensitive variable, followed by global circumferential early systolic strain
rate and global circumferential late systolic strain rate.



The state diagram has the potential to be an efficient tool in the visualization of normal and
disturbed cardiac performance and was shown to be useful in the clinical setting of non ST‐
elevation myocardial infarction (NSTEMI).



WIWA, two‐dimensional strain imaging in the common carotid artery and the state diagram
show potential to be useful in the evaluation of cardiovascular function but their clinical value
needs to be further evaluated.
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