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Longitudinal motion of the carotid artery wall 
is a novel index of arterial wellbeing. Previous 

studies have focused on the amplitude of 
the motion. In this thesis, tools to measure 
and analyze the whole longitudinal motion 
waveform are presented and validated. The 
results indicate that the measurements with 
these novel tools are repeatable and that the 
small changes within the arterial waveform 

are a more sensitive way to detect early signs 
of arterial stiffness than can be achieved by 

measuring the amplitude of the motion. 
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ABSTRACT 

Longitudinal movement of the common carotid artery wall is a 
novel parameter and postulated to represent an independent 
index of arterial wellbeing. This thesis describes methods to 
accurately measure and characterize the longitudinal motion 
from B-mode ultrasound videos. In addition, multiple local 
arterial stiffness indices computed from the waveform of the 
longitudinal motion have been devised. This thesis focuses on 
exploring the complexity of the longitudinal waveform instead 
of plain motion amplitude measurements that have been 
published previously. 

Two separate study populations were collected, which both 
included 19 healthy subjects. A 2D cross-correlation and 
contrast optimization based motion tracking method was 
developed and used to track the longitudinal and radial motion 
of the carotid wall from imaged ultrasound videos. The 
characterization of the longitudinal motion was conducted with 
principal component analysis and transfer function analysis. 
Applanation tonometry as well as known arterial stiffness 
indices computed from the radial motion of the artery wall were 
used as reference stiffness indices.  

The results revealed that the motion tracking was 
reproducible and three different longitudinal waveforms could 
be observed: antegrade oriented, bidirectional and retrograde 
oriented. There was a clear linear relationship between the 
blood pressure and the longitudinal motion of the carotid wall. 
It was also observed that the longitudinal motion of the inner 
artery wall priors on average at about 19 ms the longitudinal 
motion of the outer wall. In addition, there was a 17 % reduction 
of the longitudinal motion amplitude (on 1 Hz frequency) in the 
outer arterial wall compared to that in the inner wall. The 
strongest correlations to the reference stiffness indices were 
found with those indices describing the complexity of the 
longitudinal waveform, RAlength (i.e. the length of the 
hysteresis curve formed by plotting the diameter change graph 
and the longitudinal motion against each other) and the 2nd 
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principal component, and the correlation between the peak 
velocity and acceleration of the longitudinal motion. The peak 
Spearman correlations were between the RAlength and 
compliance coefficient (r = 0.80, p < 0.001) and the 2nd principal 
component of the outer carotid wall layer and the distensibility 
coefficient (r = 0.63, p < 0.01). The peak-to-peak amplitude of the 
longitudinal motion did not correlate significantly with the 
reference stiffness indices in a healthy population. 

The results indicate that the complexity indices of the 
longitudinal waveform are a good addition to the toolbox for 
measuring the state of the vascular system. The indices are 
repeatable and they display a higher correlation than the 
previously published amplitude indices of longitudinal motion 
with arterial stiffness. It seems that arterial stiffening primarily 
starts to modify the finer details of the longitudinal waveform 
before there is any amplitude reduction in the longitudinal 
motion. 
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1 Introduction 

The primary function of the circulatory system is to convey 
oxygen and nutrients to all of the cells in the body by circulating 
blood first through the lungs and then around the rest of the 
body [1]. The circulatory system has four main components: the 
heart, arteries, veins and micro vessels. Any malfunction in the 
circulatory system can lead to local ischemia and therefore 
damage to those tissues that are located behind the point of 
failure in the cardiovascular system. At present, cardiovascular 
diseases are the leading global cause of death in the world [2-4]. 

There are two main pathogenetic processes affecting arterial 
wellbeing: arteriosclerosis, systemic, age-related arterial 
stiffening of blood vessels [5, 6], and atherosclerosis, a 
progressive nodular disease in which there is an accumulation 
of lipids and eventually calcium and other crystallized materials 
within artery walls [5, 7]. There are reliable methods to diagnose 
advanced vascular diseases such as the presence of 
atherosclerotic plaques. However, the field of cardiovascular 
diseases is currently moving from late state detection and 
treatment to early detection and prevention [8, 9]. New methods 
for population screening, allowing an early detection of arterial 
disease are needed because the development of cardiovascular 
disease begins already in childhood long before there are any 
clinical manifestations [10-14]. In addition, atherosclerosis 
develops in a non-uniform fashion [15, 16] and there are other 
diseases causing arterial stiffening [5, 6]. Therefore, multiple 
different measures are crucial if one wishes to gather a complete 
picture of the cardiovascular status and to detect the early signs 
of the arterial stiffness [17, 18]. Thus, early detection, with 
lifestyle changes, and possibly pharmacological treatment, could 
delay or even prevent the progression of the arterial stiffness 
[19]. 

The longitudinal motion of the common carotid artery wall is 
a newly found characteristic depicting vascular function. Details 



 

5.1.3 Waveform analysis (Study III) ............................................. 56 
5.1.4 Transfer function analysis (Study IV) ................................. 57 
5.1.5 Estimation of carotid blood pressure (Studies II – IV) ......... 61 
5.2 EXPERIMENTS TO VALIDATE THE ANALYSIS ........... 61 
5.2.1 Study populations................................................................. 61 
5.2.2 Data acquisition ................................................................... 62 
5.2.3 Data processing and analysis ............................................... 65 
5.2.4 Statistical analysis ................................................................ 67 
5.3 ETHICAL CONSIDERATIONS ........................................... 69 

6 Results ................................................................................. 71 
6.1 REPEATABILITY OF THE MEASUREMENTS ................. 71 
6.2 VALIDATION OF STIFFNESS INDICES ........................... 73 
6.3 WAVEFORM CHARACTERIZATION .............................. 76 
6.4 TRANSFER FUNCTION ANALYSIS ................................. 80 

7 Discussion .......................................................................... 87 
7.1 MEASURING LONGITUDINAL MOTION ...................... 87 
7.2 NEW STIFFNESS INDICES .................................................. 92 
7.2.1 Amplitude indices ................................................................. 92 
7.2.2 Rate of change indices ........................................................... 94 
7.2.3 Complexity indices ............................................................... 94 
7.2.4 Waveform characterizing indices ......................................... 95 
7.3 TRANSFER FUNCTION ANALYSIS ................................. 98 

8 CONCLUSIONS ............................................................. 103 

Bibliography .............................................................................. 105 
 

Dissertations in Forestry and Natural Sciences No 270                  19 
 

1 Introduction 

The primary function of the circulatory system is to convey 
oxygen and nutrients to all of the cells in the body by circulating 
blood first through the lungs and then around the rest of the 
body [1]. The circulatory system has four main components: the 
heart, arteries, veins and micro vessels. Any malfunction in the 
circulatory system can lead to local ischemia and therefore 
damage to those tissues that are located behind the point of 
failure in the cardiovascular system. At present, cardiovascular 
diseases are the leading global cause of death in the world [2-4]. 

There are two main pathogenetic processes affecting arterial 
wellbeing: arteriosclerosis, systemic, age-related arterial 
stiffening of blood vessels [5, 6], and atherosclerosis, a 
progressive nodular disease in which there is an accumulation 
of lipids and eventually calcium and other crystallized materials 
within artery walls [5, 7]. There are reliable methods to diagnose 
advanced vascular diseases such as the presence of 
atherosclerotic plaques. However, the field of cardiovascular 
diseases is currently moving from late state detection and 
treatment to early detection and prevention [8, 9]. New methods 
for population screening, allowing an early detection of arterial 
disease are needed because the development of cardiovascular 
disease begins already in childhood long before there are any 
clinical manifestations [10-14]. In addition, atherosclerosis 
develops in a non-uniform fashion [15, 16] and there are other 
diseases causing arterial stiffening [5, 6]. Therefore, multiple 
different measures are crucial if one wishes to gather a complete 
picture of the cardiovascular status and to detect the early signs 
of the arterial stiffness [17, 18]. Thus, early detection, with 
lifestyle changes, and possibly pharmacological treatment, could 
delay or even prevent the progression of the arterial stiffness 
[19]. 

The longitudinal motion of the common carotid artery wall is 
a newly found characteristic depicting vascular function. Details 
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of the driving force and the role of different anatomical and 
physiological phenomena affecting the motion are still unclear. 
However, the amplitude of the motion has been shown to 
correlate with the markers of early-stage arteriosclerosis [20, 21] 
and the atherosclerotic plaque burden [22]. Thus, the 
longitudinal motion of the carotid wall is a potential new index 
for assessing arterial wellbeing. 

In this thesis, methods to measure and characterize the 
longitudinal motion of the common carotid artery wall were 
developed and validated in human trials. Whereas other studies 
have focused on the amplitude of the longitudinal motion, this 
thesis emphasizes the benefits of making more comprehensive 
use of the longitudinal motion signal as well as examining the 
rate of change of the motion and the waveform of the motion. 
The purpose of the thesis is to gather detailed information about 
the longitudinal motion waveform and to develop a 
comprehensive toolbox for measuring arteriosclerotic changes in 
the common carotid artery. 
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2 Common carotid artery 

2.1 ARTERIAL ANATOMY 

The common carotid artery is a large elastic artery with an 
internal diameter of approximately 6.7 mm [23]. The left 
common carotid artery starts as one of the branches in the arch 
of aorta; it then runs upwards under the cover of the 
sternocleidomastoid muscle to the upper border of the thyroid 
cartilage where the common carotid artery divides into the 
internal and external carotid arteries [24]. The diameters of the 
internal and external carotid arteries are 6.0 mm and 5.2 mm, 
respectively [23]. In addition, the composition of the artery 
changes from being elastic artery to a more muscular artery after 
the bifurcation [25]. 

The artery wall can be divided into three larger layers that 
can be distinguished from each other, as shown in Figure 2.1. 
The innermost layer is called the intima. The intima layer 
consists of the endothelium; this is one cell layer thick and 
overlying a thin subendothelial surface of connective tissue [25]. 
The middle layer is called media and it consists of smooth 
muscle cells, which regulate the tonus of the vessel, and helps 
the vessel to withstand the pulsatile blood flow and pressure 
[25]. The media layer is connected to the intima layer by internal 
elastic lamina, which is a thin layer containing elastic fibers [26]. 
Finally, the outermost layer is called the adventitia. The 
adventitia layer consists of flexible fibrous connective tissue, 
which helps to prevent rupturing of the artery during body 
movements [26]. The adventitia layer is connected to the media 
layer by a thin layer called the external elastic lamina, which is 
made of condensed sheets of elastic fibers [26]. The elastic fibers 
allow the adventitia layer to move separately from the media 
layer in the longitudinal direction; this seems to be the case as 
the maximum longitudinal shear strain has been reported to 
occur between the media layer and the adventitia layer [27]. The 
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common carotid artery is at the borderline, where the large 
elastic artery type changes into a more muscular artery type [28] 
and thus the media and the adventitia layers are the thickest 
layers [29]. On the other hand, diseases like atherosclerosis can 
affect the thickness of the intima and media layers, especially 
thickening of the intima layer [30]. 

 
  

 

2.2 ARTERIAL PHYSIOLOGY AND BIOMECHANICS 

In Section 2.1, the diameter of the common carotid artery was 
estimated to be 6.7 mm. In reality, the diameter of the artery 
changes cyclically, following the pressure changes inside the 
artery [31, 32]. During diastole, the diameter of the common 
carotid artery can be 5.7 mm [33] and during systole, when the 
brachial blood pressure rises in the healthy population from 80 
mmHg to 130 mmHg [34], the diameter of the artery increases 
by approximately 1 mm. To be more exact, the pulse pressure is 
about 11-14 mmHg higher in the common carotid artery than in 
the brachial artery [35].  

The diameter change in the common carotid artery is not 
parabolic but displays two separate peaks as visualized in 
Figure 2.2. The first peak follows the forward propagating pulse 
pressure, which has originated from the contracting heart. The 
second peak is due wave reflection from the periphery [36]. 

Figure 2.1: Cross-sectional visualization of an artery wall. The three main 
layers intima, media and adventitia are displayed on the right side and the 
separating elastic laminas are displayed on the left side. 
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Every time a blood vessel branches into smaller vessels or tapers 
or stiffens, there are alternation in the resistance to blood flow. 
The resistance change within the arterial tree always creates a 
reflection for the propagating pressure wave. A sum of these 
wave reflections, mainly from the lower body, is visible on the 
diameter curve as a second, smaller peak after the maximum 
systolic diameter [36]. 

As elastic artery stretches and its diameter enlarges, the 
artery buffers the energy of the pulse pressure into the artery 
wall and as the diameter returns to its original position, the 
stored energy is released back to the circulation. This ability of 
storing and releasing the energy from the blood flow is called 
the Windkessel effect [37]. According to Poiseuille’s law, 
resistance is inversely proportional to blood vessel radius to the 
fourth power [38]. Therefore, the smallest arteries and arterioles 
are responsible for the main resistance (i.e. the peripheral 
resistance) against which the heart muscle has to combat. The 
buffering of the pulse pressure energy in large arteries stabilizes 
the pulsatile blood flow and reduces the energy needed by the 
heart muscle to push the blood through the circulatory system 
[37].  If the Windkessel effect is compromised, this elevates the 
pulse pressure, and thus a greater force is needed to drive the 
required blood volume ahead. 

 
Figure 2.2: Illustration of heartbeat-long carotid wall motion waveforms. A, 
diameter change waveform; B, longitudinal waveform of the intima-media 
layer. 
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The endothelium is a key regulator of vascular homeostasis 
[39]. It is an active barrier between the blood and tissue as well 
as a signal transducer in the circulation i.e. it influences the 
vessel wall phenotype [40]. Under normal conditions, 
endothelial regulation maintains the normal vascular tone, 
blood volume flow, limiting vascular inflammation as well as 
the proliferation of smooth muscle cells by sensing 
hemodynamic forces, regulating substances and adjusting 
permeability [40-42]. The vascular homeostasis may become 
disturbed if endothelial function is compromised, for instance 
by attenuated shear stress of the artery wall or by prolonged 
exposure to cardiovascular risk factors [39].  

2.3 ARTERIAL STIFFNESS 

There are multiple causes for arterial stiffening and often the 
diseased stiffening process starts in childhood or in young 
adulthood [12-14]. Arterial stiffness can be either systemic or 
local [43] but in general the stiffness affects to different degrees, 
depending on the different locations in the arterial tree [44-46]. 

Arteriosclerosis is a diffuse, age-related disease and a major 
cause of systemic arterial stiffening and thickening [5, 6]. 
Arteriosclerosis has been demonstrated to increase the risk of 
cardiovascular disease [47-49]. The mechanical properties of an 
artery are primarily set by the media layer [50-52] and 
arteriosclerosis is primarily a disease of the media layer; in this 
layer, there are elevation in the collagen level accompanied by a 
decline in the elastin content as well as changes in the collagen 
type present in the tissue [53].  

Atherosclerosis is one nodular form of arteriosclerosis [5] and 
a major cause of local arterial thickening. The thickening of the 
artery involves pathological changes of the intima layer and is 
commonly a disease of the larger and coronary arteries [5]. The 
genesis of atherosclerosis is a sum of multiple factors. The 
imbalance of high-density (HDL) and low-density lipoproteins 
(LDL) in the blood circulation and structural damage within the 
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endothelium of the artery wall, likely caused by the elevated 
blood pressure level [54, 55], are the main contributors to the 
accumulation of the LDL into the arterial walls [56]. The LDL 
are involved in the transfer of cholesterol from the liver to the 
vessels but when these LDL particles become embedded under 
the endothelium of the artery wall, free oxygen radicals oxidize 
the LDL [57]. This evokes an inflammatory process that leads, 
over the years, though multiple phases, into local plaque 
formation on the inner surface of the artery wall [7]. The 
development of a plaque takes years and due to local artery wall 
enlargement, it can exert minimal or even no effects on the 
blood flow for decades [58]. However, the accumulation of fat 
within the arterial wall locally changes the arterial elasticity 
prior to the visible formation of the plaque.  

There are other forms of arteriosclerosis; for instance 
arterioloclerosis, which is a sclerosis affecting the smaller 
arteries and arterioles [6], Mönckeberg's arteriosclerosis, which 
involves degeneration of smooth muscle cells and mostly affects 
the arteries of the extremities in elderly populations [5], and 
hyaline arteriosclerosis, which is caused by the deposition of 
hyaline in the small arteries and arterioles [59]. 

Some degree of the arterial stiffening and thickening is part 
of inevitable, normal ageing process. It has been evaluated that 
between the years 10 to 50, the intima layer accumulates 
approximately 10 mg of cholesterol per a gram of tissue [5]. In 
addition, by the age of 25 years, approximately 30-50 % of the 
aortic inner surface area is displaying evidence of fatty streaks 
[5]. This diffuse thickening of the intima layer, affecting all 
arteries, must be discriminated from local fibromuscular 
plaques that are a characteristic of atherosclerosis. 

2.4 ADVERSE EFFECTS OF ARTERIAL STIFFNESS 

Arterial stiffness affects the wellbeing of the cardiovascular 
system in multiple ways. The stiffness decreases the compliance 
of the artery wall and hence increases the total impedance of the 
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endothelium of the artery wall, likely caused by the elevated 
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artery, causing a weakening of the performance of the vascular 
system [60] and compromising the Windkessel effect of the 
artery [37].  

Stiffening of the large elastic arteries reduces the natural 
mismatch between the impedances of large elastic arteries and 
muscular arteries. A loss of the impedance mismatch results in a 
loss of wave reflection at the border of the two artery types and 
hence a greater proportion of the pulse pressure energy is 
transferred to the periphery [61, 62]. As the pulse pressure 
becomes increased, due to the compromised Windkessel effect, 
and because a larger proportion of the pressure energy is 
transferred to the periphery due to the loss of impedance 
mismatch, the elevated pulse pressure in periphery is capable of 
damaging the blood vessels of the target organs [63, 64]. In 
addition, the dynamic tone (i.e. endothelial function) in small 
arteries is affected by the pulse pressure [65, 66]. The increased 
pulse pressure might disturb the autoregulation of organs such 
as the brain and the kidneys, which tune the input resistance of 
the blood flow by the pulse pressure and mean arterial pressure 
[64]. 

Due to the reduced compliance, stiff arteries conduct 
pressure waves faster than their more elastic counterparts [67], 
as revealed by the widely used Moens-Korteweg equation, 
which states that arterial stiffness is proportional to pulse wave 
velocity (PWV) to the second power [68]:  

 

PWV = √EY IMT
2𝑟𝑟𝑟𝑟  

 
where r is the radius of the artery, ρ is blood density, EY is 
Young’s elastic modulus and IMT is the thickening of the 
intima-media. The faster pressure wave propagation leads to a 
situation where the pulse pressure, which originates from the 
heart, reflects back to the heart from the periphery during 
systole i.e. the time when the heart muscle is still contracting, 
and thus further elevates the systolic blood pressure [69]. This 
introduces an extra burden on the left ventricle of the heart, 

(2.1) 
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which is the part responsible for pumping the blood around the 
body. This extra burden weakens the cardiac function [70, 71] 
and can cause dilated cardiomyopathy i.e. pathological 
dilatation of the left ventricle [72]. In addition, the shift of the 
arrival time of the pressure wave reflection from diastole to 
systole worsens the perfusion pressure of the coronary arteries 
and weakens the nutrient intake of the heart muscle [62]. 

In complicated atherosclerosis, the plaque may burst or 
rupture, causing occlusion of the artery and trigger ischemia in 
the target organ fed originally by that artery. 

2.5 MEASURING ARTERIAL BIOMECHANICS 

Arterial stiffening is a complex phenomenon and thus multiple 
stiffness measuring modalities are needed to cover all aspects of 
the arterial stiffness. For instance, local arterial stiffness can be 
measured from the diameter change of the artery with 
ultrasound imaging [33]. Systemic arterial stiffness can be 
estimated with PWV measurement [73] or with pulse waveform 
analysis with applanation tonometry [74]. Measurements of the 
endothelial function of arteries [75, 76] and the IMT [77] are 
indices of general arterial wellbeing and have been considered 
as surrogate markers of atherosclerotic disease. 

2.5.1 Diameter change of the artery 
The proportion of blood pressure and diameter change 

reflects local arterial stiffness [78]. When the artery is stiff, a 
larger amount of inner pressure is needed to stretch the artery. 
Therefore, in stiff arteries, a smaller diameter change between 
the diastolic and systolic phases [79, 80]. However, the elevated 
pulse pressure in stiff arteries decreases the effect of diameter 
change reduction and therefore blood pressure information is 
needed as a scaling factor if one wishes to make a more accurate 
estimation of the local arterial stiffness. 

The diameter change of carotid artery can be measured by 
carotid ultrasound imaging and multiple stiffness indices exist 
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for evaluating the local stiffness. The cross-sectional 
distensibility coefficient (DC) represents the strain on the 
arterial wall at a given pulse pressure and is a reflection of the 
mechanical stress of the artery [79]. DC is a significant predictor 
of future cardiovascular diseases and mortality [81] and can be 
calculated as follows [43]: 

 

DC = 𝐷𝐷𝑠𝑠
2 − 𝐷𝐷𝑑𝑑

2

𝐷𝐷𝑠𝑠2 𝑃𝑃𝑃𝑃𝑐𝑐
 

 
where Ds is systolic diameter of the artery, Dd is diastolic 
diameter of the artery and PPc is pulse pressure in carotid artery. 

The cross-sectional compliance coefficient (CC), measures the 
relation between the volume change of the artery and the pulse 
pressure. Commonly in the noninvasive measurements of the 
CC, the compliance is assumed independent of the blood 
pressure and the volume change of the artery is believed to be 
attributable only to the distension of the artery, not to its 
elongation [79]. The CC can be calculated as follows [43]: 

 

CC = 𝜋𝜋(𝐷𝐷𝑠𝑠
2 − 𝐷𝐷𝑑𝑑

2)
4 𝑃𝑃𝑃𝑃𝑐𝑐

 

 
EY is an estimate of the pressure change per square area 

theoretically needed for a 100% increase in artery diameter [82]. 
The formula for EY is presented below. However, calculating of 
EY from IMT assumes that the wall is homogeneous and 
therefore EY values may be underestimated [43]: 

 

EY = 3
DC [1 + 𝐷𝐷𝑠𝑠

2

(𝐷𝐷𝑑𝑑 + 2 IMT)2 − 𝐷𝐷𝑑𝑑
2] 

 
The characteristic impedance of the common carotid artery 

(Z) relates arterial pressure to blood flow velocity in the absence 
of wave reflection [43]. Since in in vivo measurements the wave 
reflection is always present, a mathematical estimation of the Z 
can be calculated: 

(2.2) 

(2.3) 

(2.4) 
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Z = √
EY IMT 𝜌𝜌

𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎
 

 
where Davg is the average diameter of the artery, IMT is intima-
media thickness and ρ is density of the blood, which is 
commonly approximated as 1060 kg/m3 [83].  

In addition to the local stiffness indices, the ultrasound 
measurement of the artery diameter change can also be used for 
a rough estimation of the systemic stiffness. The timing of the 
first and second peaks in the diameter curve reflects systemic 
stiffness. The pressure signal propagates faster in stiff arteries 
[69] and this causes the first peak in the diameter curve to occur 
sooner in the common carotid artery if the ascending aorta and 
distal end of the common carotid artery are stiff. Commonly, a 
greater change is observable in the timing of the second peak: as 
the pressure wave travels faster through the smaller arteries in 
the periphery, the second peak in the carotid diameter curve 
occurs sooner and starts to merge with the first peak [52, 62, 80]. 
This merging of the first and second pressure peak also affects 
the diameter change of the artery: while the stiffness of the 
artery makes it more difficult to move the artery wall, the 
drastically elevated peak blood pressure due to the wave 
reflection can stretch the artery wall significantly.  

2.5.2 Applanation tonometry and pulse wave velocity 
In applanation tonometry, the blood pressure signal is measured 
commonly from the radial artery with a pen-like tonometer. 
Then the measured pressure signal is mathematically 
transferred into aortic pressure waveform from which multiple 
arterial wellbeing indices are computed. Although it is not a 
direct pressure measurement from aorta, the estimated aortic 
pressure waveform is accurate in most cases [84]. 

Arterial wellbeing can be estimated from the aortic pressure 
curve [85]. Commonly used indices are aortic augmentation 
(AA), i.e. the pulse pressure in aorta, and augmentation index 
(Aix), which is defined as follows: 

(2.5) 
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where Davg is the average diameter of the artery, IMT is intima-
media thickness and ρ is density of the blood, which is 
commonly approximated as 1060 kg/m3 [83].  

In addition to the local stiffness indices, the ultrasound 
measurement of the artery diameter change can also be used for 
a rough estimation of the systemic stiffness. The timing of the 
first and second peaks in the diameter curve reflects systemic 
stiffness. The pressure signal propagates faster in stiff arteries 
[69] and this causes the first peak in the diameter curve to occur 
sooner in the common carotid artery if the ascending aorta and 
distal end of the common carotid artery are stiff. Commonly, a 
greater change is observable in the timing of the second peak: as 
the pressure wave travels faster through the smaller arteries in 
the periphery, the second peak in the carotid diameter curve 
occurs sooner and starts to merge with the first peak [52, 62, 80]. 
This merging of the first and second pressure peak also affects 
the diameter change of the artery: while the stiffness of the 
artery makes it more difficult to move the artery wall, the 
drastically elevated peak blood pressure due to the wave 
reflection can stretch the artery wall significantly.  

2.5.2 Applanation tonometry and pulse wave velocity 
In applanation tonometry, the blood pressure signal is measured 
commonly from the radial artery with a pen-like tonometer. 
Then the measured pressure signal is mathematically 
transferred into aortic pressure waveform from which multiple 
arterial wellbeing indices are computed. Although it is not a 
direct pressure measurement from aorta, the estimated aortic 
pressure waveform is accurate in most cases [84]. 

Arterial wellbeing can be estimated from the aortic pressure 
curve [85]. Commonly used indices are aortic augmentation 
(AA), i.e. the pulse pressure in aorta, and augmentation index 
(Aix), which is defined as follows: 

(2.5) 
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Aix = SBP − 𝑃𝑃1
SBP − DBP 

 
where SBP is systolic blood pressure in aorta, DBP is diastolic 
blood pressure in aorta, P1 is the primary aortic peak pressure 
before the reflected pressure waveform. Both indices have been 
displayed to increase in patients with hypercholesterolemia [86] 
and to be associated with cardiovascular risk [74, 87]. Aix is 
dependent of heart rate [88, 89] and therefore Aix is often 
adjusted for the heart rate. Commonly the Aix value is corrected 
to show the corresponding Aix value at a heart rate of 75 beats 
per minute (Aix@75) [89]. Aix is also affected by sex, age and 
height [88] and therefore is more of an arterial wellbeing index 
than a stiffness index. 

Applanation tonometry can also be used for defining the 
PWV in arteries. The PWV measures the average arterial 
stiffness in a large segment of the arterial tree [73, 90]. 
Commonly the PWV is measured between the common carotid 
and femoral arteries [43, 91] but also a measurement between 
carotid and radial arteries is used to estimate the stiffness of 
brachial artery or, in general, the muscular artery stiffness [92]. 
The carotid-femoral PWV has been shown to predict 
cardiovascular diseases and mortality in multiple studies [68, 73, 
93]. The carotid-radial PWV has been shown to reflect coronary 
artery disease [94]. In a comparative study, the carotid-radial 
PWV could not predict the cardiovascular outcome of end-stage 
renal disease patients unlike the carotid-femoral PWV [95]. 

2.5.3 Endothelial function of artery 
The gold standard for measuring endothelial function is 
angiography with acetylcholine injection but due to its 
invasiveness and radiation exposure, it cannot be used in 
population screening [96].  The most widely used noninvasive 
method for estimating endothelial function of arteries is flow-
mediated dilatation (FMD) as measured commonly from 
brachial artery with ultrasound imaging. Other arteries could be 
used for the measurement, but brachial artery is easy to 

(2.6) 
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measure. In addition, smaller arteries are technically 
challenging, whereas in larger arteries the vasodilatation might 
be difficult to perceive, even in arteries with normal endothelial 
function [97]. 

In the FMD measurement, blood flow into brachial artery is 
blocked in general for 5 minutes using a cuff [98]. Ultrasound 
imaging is used to image the diameter of the brachial artery 
approximately 5–10 cm above the antecubital fossa for duration 
of 3 minutes [99]. Although the blood pressure and flow 
declines, the diameter of the brachial artery remains almost the 
same or even increases lightly while the cuff is applied. After 
release of the cuff, the local blood flow increases dramatically, 
causing shear stress to the endothelium of the artery wall. The 
self-regulation of the endothelium triggers a cascade of 
responses to the increased shear stress by dilating the artery 
[41]. As a result of these changes in endothelial function, the 
diameter of the brachial artery increases by approximately 0.2-
0.3 mm within a minute and then slowly returns to its initial 
position. The peak FMD can be calculated as: 

 

FMD = 𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐷𝐷𝐵𝐵𝐵𝐵
𝐷𝐷𝐵𝐵𝐵𝐵

 

 
where Dmax is maximum diameter and DBL is mean baseline 
diameter. 

As an arterial wellbeing index, the reduced FMD has been 
shown to be associated with type 2 diabetes [76], body mass 
index and smoking [75]. The disadvantages of the FMD 
measurement is that it is slow compared to many other arterial 
wellbeing indices, inter-observer variation has been an issue and 
the accuracy of the measurement depends on the quality of the 
imaging equipment/software being used [41].  

2.5.4 Intima-media thickness 
The measurement of the combined thickness of the two 
innermost arterial wall layers is commonly made with 
ultrasound imaging from common carotid artery. Normal 
values for IMT in adults are 0.592 ± 0.10 for men and 0.572 ± 0.08 

(2.7) 



30                      Dissertations in Forestry and Natural Sciences No 270 
 

 

Aix = SBP − 𝑃𝑃1
SBP − DBP 

 
where SBP is systolic blood pressure in aorta, DBP is diastolic 
blood pressure in aorta, P1 is the primary aortic peak pressure 
before the reflected pressure waveform. Both indices have been 
displayed to increase in patients with hypercholesterolemia [86] 
and to be associated with cardiovascular risk [74, 87]. Aix is 
dependent of heart rate [88, 89] and therefore Aix is often 
adjusted for the heart rate. Commonly the Aix value is corrected 
to show the corresponding Aix value at a heart rate of 75 beats 
per minute (Aix@75) [89]. Aix is also affected by sex, age and 
height [88] and therefore is more of an arterial wellbeing index 
than a stiffness index. 

Applanation tonometry can also be used for defining the 
PWV in arteries. The PWV measures the average arterial 
stiffness in a large segment of the arterial tree [73, 90]. 
Commonly the PWV is measured between the common carotid 
and femoral arteries [43, 91] but also a measurement between 
carotid and radial arteries is used to estimate the stiffness of 
brachial artery or, in general, the muscular artery stiffness [92]. 
The carotid-femoral PWV has been shown to predict 
cardiovascular diseases and mortality in multiple studies [68, 73, 
93]. The carotid-radial PWV has been shown to reflect coronary 
artery disease [94]. In a comparative study, the carotid-radial 
PWV could not predict the cardiovascular outcome of end-stage 
renal disease patients unlike the carotid-femoral PWV [95]. 

2.5.3 Endothelial function of artery 
The gold standard for measuring endothelial function is 
angiography with acetylcholine injection but due to its 
invasiveness and radiation exposure, it cannot be used in 
population screening [96].  The most widely used noninvasive 
method for estimating endothelial function of arteries is flow-
mediated dilatation (FMD) as measured commonly from 
brachial artery with ultrasound imaging. Other arteries could be 
used for the measurement, but brachial artery is easy to 

(2.6) 

Dissertations in Forestry and Natural Sciences No 270                  31 
 

measure. In addition, smaller arteries are technically 
challenging, whereas in larger arteries the vasodilatation might 
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shown to be associated with type 2 diabetes [76], body mass 
index and smoking [75]. The disadvantages of the FMD 
measurement is that it is slow compared to many other arterial 
wellbeing indices, inter-observer variation has been an issue and 
the accuracy of the measurement depends on the quality of the 
imaging equipment/software being used [41].  
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values for IMT in adults are 0.592 ± 0.10 for men and 0.572 ± 0.08 

(2.7) 
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mm for women [100]. In addition, the IMT increases by about 
5.7 ± 0.4 µm/year with aging [100]. 

IMT is used to evaluate the stage of a nodular atherosclerotic 
disease and therefore is not a direct index of arterial stiffness but 
rather an index of arterial wellbeing [77]. However, the elevated 
IMT does exhibit a high correlation with arterial stiffness and it 
has also been noted to correlate directly to smoking [13], body 
mass index [13], hypercholesterolemia [13, 101], type 2 diabetes 
[102], myocardial ischemia [103] and inversely to the HDL level 
[104]. 

Although IMT is strongly associated with atherosclerosis, 
there are other reasons that can cause thickening of the carotid 
artery wall. For example, local hemodynamics, shear stress and 
elevated blood pressure are known influencers on artery wall 
thickening [105]. However, an IMT value over 0.9 mm in 
common carotid artery is thought to be abnormal and IMT over 
1.3-1.5 mm or IMT 50% greater than the IMT of the surrounding 
artery is considered as evidence of the presence of an 
atherosclerotic plaque [106-108]. 

2.6 LONGITUDINAL MOTION OF THE ARTERY WALL 

2.6.1 Measurement methods 
The longitudinal motion occurring in the carotid artery wall was 
first detected in 1950s when invasively studying dogs’ carotid 
arteries with piezo-electric crystals [109]. In that experiment, the 
amplitude of the longitudinal motion was evaluated to be 
insignificant compared to the diameter change. Five decades 
later, the longitudinal carotid wall motion was evaluated 
noninvasively in human trials and found to have an equal 
magnitude range as the diameter change of the carotid artery 
[110]. 

The tracking of the longitudinal motion of the carotid wall 
with ultrasound imaging is more challenging than the change of 
the artery diameter, due to limited resolution of ultrasound 
imaging in the longitudinal direction. The detailed 
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characteristics of ultrasound imaging will be presented in 
Chapter 3. Despite the measurement challenges, ultrasound 
imaging has quickly become the gold standard for measuring 
the longitudinal carotid wall motion. Multiple methods to 
measure the longitudinal motion with ultrasound imaging have 
been presented in the literature [111-123] and a summary of the 
methods is displayed in Table 2.1. 

The majority of the proposed longitudinal motion tracking 
methods are based on clinical video data of common carotid  
artery. There are a few exceptions e.g. the use of the raw radio 
frequency signals of the ultrasound devices, which provide 
better control of the imaging data and thus superior possibilities 
for motion tracking [117-119, 123]. The ultrasound devices were 
equipped with 4-13 MHz transducers and they were capable of 
imaging frequencies varying from 25 Hz to 192 Hz. In general, 
the imaging has been performed in a breath hold for a duration 
of less than 5 seconds and the tracking of the longitudinal 
motion was performed for the intima-media complex of the 
carotid far wall. The reason for handling the intima and the 
media layers as combined unit is that the intima layer is not 
clearly distinguishable from the media layer in ultrasound 
imaging [124]. In addition, most of the visible longitudinal 
motion is believed to occur between the media and adventitia 
layers [27, 119]. Five of the studies listed in Table 2.1 performed 
the longitudinal motion tracking also for the adventitia layer, in 
order to quantify the longitudinal strain between the arterial 
layers. Only two of the listed studies used surrounding tissues 
as their origin for evaluating the longitudinal motion, others 
used the location of the ultrasound transducer as the origin. 

The published motion tracking algorithms are mainly based 
on 2D cross-correlation, details of which will be described in 
Section 5.1.1. The major differences of the used algorithms are 
the size and the amount of the motion-tracked structures (i.e. 
regions of interest, ROIs) as well as the method used for 
updating the motion-tracked structures, i.e. the reference 
ultrasound images for the 2D cross-correlation analysis; as they 
are subject to variations in the function of time [125, 126]. 
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mm for women [100]. In addition, the IMT increases by about 
5.7 ± 0.4 µm/year with aging [100]. 

IMT is used to evaluate the stage of a nodular atherosclerotic 
disease and therefore is not a direct index of arterial stiffness but 
rather an index of arterial wellbeing [77]. However, the elevated 
IMT does exhibit a high correlation with arterial stiffness and it 
has also been noted to correlate directly to smoking [13], body 
mass index [13], hypercholesterolemia [13, 101], type 2 diabetes 
[102], myocardial ischemia [103] and inversely to the HDL level 
[104]. 

Although IMT is strongly associated with atherosclerosis, 
there are other reasons that can cause thickening of the carotid 
artery wall. For example, local hemodynamics, shear stress and 
elevated blood pressure are known influencers on artery wall 
thickening [105]. However, an IMT value over 0.9 mm in 
common carotid artery is thought to be abnormal and IMT over 
1.3-1.5 mm or IMT 50% greater than the IMT of the surrounding 
artery is considered as evidence of the presence of an 
atherosclerotic plaque [106-108]. 

2.6 LONGITUDINAL MOTION OF THE ARTERY WALL 

2.6.1 Measurement methods 
The longitudinal motion occurring in the carotid artery wall was 
first detected in 1950s when invasively studying dogs’ carotid 
arteries with piezo-electric crystals [109]. In that experiment, the 
amplitude of the longitudinal motion was evaluated to be 
insignificant compared to the diameter change. Five decades 
later, the longitudinal carotid wall motion was evaluated 
noninvasively in human trials and found to have an equal 
magnitude range as the diameter change of the carotid artery 
[110]. 

The tracking of the longitudinal motion of the carotid wall 
with ultrasound imaging is more challenging than the change of 
the artery diameter, due to limited resolution of ultrasound 
imaging in the longitudinal direction. The detailed 
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characteristics of ultrasound imaging will be presented in 
Chapter 3. Despite the measurement challenges, ultrasound 
imaging has quickly become the gold standard for measuring 
the longitudinal carotid wall motion. Multiple methods to 
measure the longitudinal motion with ultrasound imaging have 
been presented in the literature [111-123] and a summary of the 
methods is displayed in Table 2.1. 

The majority of the proposed longitudinal motion tracking 
methods are based on clinical video data of common carotid  
artery. There are a few exceptions e.g. the use of the raw radio 
frequency signals of the ultrasound devices, which provide 
better control of the imaging data and thus superior possibilities 
for motion tracking [117-119, 123]. The ultrasound devices were 
equipped with 4-13 MHz transducers and they were capable of 
imaging frequencies varying from 25 Hz to 192 Hz. In general, 
the imaging has been performed in a breath hold for a duration 
of less than 5 seconds and the tracking of the longitudinal 
motion was performed for the intima-media complex of the 
carotid far wall. The reason for handling the intima and the 
media layers as combined unit is that the intima layer is not 
clearly distinguishable from the media layer in ultrasound 
imaging [124]. In addition, most of the visible longitudinal 
motion is believed to occur between the media and adventitia 
layers [27, 119]. Five of the studies listed in Table 2.1 performed 
the longitudinal motion tracking also for the adventitia layer, in 
order to quantify the longitudinal strain between the arterial 
layers. Only two of the listed studies used surrounding tissues 
as their origin for evaluating the longitudinal motion, others 
used the location of the ultrasound transducer as the origin. 

The published motion tracking algorithms are mainly based 
on 2D cross-correlation, details of which will be described in 
Section 5.1.1. The major differences of the used algorithms are 
the size and the amount of the motion-tracked structures (i.e. 
regions of interest, ROIs) as well as the method used for 
updating the motion-tracked structures, i.e. the reference 
ultrasound images for the 2D cross-correlation analysis; as they 
are subject to variations in the function of time [125, 126]. 
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Commonly, one ROI from each motion tracked arterial layer is 
selected, but the amount of structures from a single layer is 
known to vary up to five [127]. The size of the motion-tracked 
ROI can be as small as a single “point” used in optical flow [123] 
and in vector velocity imaging [127], which are methods capable 
of describing the vector field generated by the spatio-temporal 
image brightness variations between subsequent frames. More 
commonly, the motion-tracked ROI size being used varies from 
0.1 × 0.1 mm2 with the so-called echo tracking method to 3.2 x2.5 
mm2 area with the speckle tracking method. More discussion on 
speckles is provided in Section 3.6. The update procedure of the 
reference ROI is based on previous motion-tracked video 
frames. Some algorithms do not update the reference ROI at all 
[115]. Others use a previous unfiltered video frame or multiple 
subsequent video frames with different filtering techniques to 
form the new reference ROI [113, 114, 121, 122].  

All the presented algorithms, except one recent real-time 
application [123], are based on offline analysis of the gathered 
ultrasound data. 

2.6.2 Waveform and driving force 
The longitudinal motion of the common carotid wall has been 
reported to be bidirectional: First, the intima-media complex 
moves along the direction of the blood flow (antegrade 
direction) and this is then followed by backward motion, i.e. 
retrograde motion [128, 129]. A visualization of a typical 
longitudinal motion waveform reported in the literature is 
presented in Figure 2.2. In addition, other types of longitudinal 
motion patterns have been reported, where the main motion is 
in the retrograde direction [129-131]. 

The driving force for the longitudinal motion in the common 
carotid artery is unclear. The blood pressure has been shown to 
correlate with the longitudinal motion of the carotid wall [130, 
132] and it has been speculated that the friction of the blood 
flow as well as the diameter change causing longitudinal shear 
or the physical motion of the contracting heart, or a combination 
of these phenomena, could drive the longitudinal motion [129, 
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Commonly, one ROI from each motion tracked arterial layer is 
selected, but the amount of structures from a single layer is 
known to vary up to five [127]. The size of the motion-tracked 
ROI can be as small as a single “point” used in optical flow [123] 
and in vector velocity imaging [127], which are methods capable 
of describing the vector field generated by the spatio-temporal 
image brightness variations between subsequent frames. More 
commonly, the motion-tracked ROI size being used varies from 
0.1 × 0.1 mm2 with the so-called echo tracking method to 3.2 x2.5 
mm2 area with the speckle tracking method. More discussion on 
speckles is provided in Section 3.6. The update procedure of the 
reference ROI is based on previous motion-tracked video 
frames. Some algorithms do not update the reference ROI at all 
[115]. Others use a previous unfiltered video frame or multiple 
subsequent video frames with different filtering techniques to 
form the new reference ROI [113, 114, 121, 122].  

All the presented algorithms, except one recent real-time 
application [123], are based on offline analysis of the gathered 
ultrasound data. 

2.6.2 Waveform and driving force 
The longitudinal motion of the common carotid wall has been 
reported to be bidirectional: First, the intima-media complex 
moves along the direction of the blood flow (antegrade 
direction) and this is then followed by backward motion, i.e. 
retrograde motion [128, 129]. A visualization of a typical 
longitudinal motion waveform reported in the literature is 
presented in Figure 2.2. In addition, other types of longitudinal 
motion patterns have been reported, where the main motion is 
in the retrograde direction [129-131]. 

The driving force for the longitudinal motion in the common 
carotid artery is unclear. The blood pressure has been shown to 
correlate with the longitudinal motion of the carotid wall [130, 
132] and it has been speculated that the friction of the blood 
flow as well as the diameter change causing longitudinal shear 
or the physical motion of the contracting heart, or a combination 
of these phenomena, could drive the longitudinal motion [129, 
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133]. In addition, breathing [112] and arterial stiffness [20, 21] 
have been observed to influence the longitudinal motion 
waveform, as has the presence of atherosclerotic plaques, as 
these can alter the direction of the longitudinal motion in the 
artery wall [22, 134, 135].  

The fact that retrograde oriented longitudinal motion 
waveforms exist, emphasizes the plausible effect of the physical 
motion of the heart or the larger diameter change prior the 
carotid bifurcation as a driving force. Nevertheless, in a smaller 
study, no significant correlation was found between the 
amplitude of the longitudinal motion and the physical motion of 
the ascending aorta [128]. However, in the same study, a 
preliminary connection was found between the cyclic rotation of 
the left ventricle and the longitudinal motion of carotid artery.  

In a study conducted in pigs, catecholamines were observed 
to exert an effect on the amplitude and waveform of the 
longitudinal motion [136]. With very simplified generalization, 
both the - and -receptor activations have an effect on the 
vasculature and the heart: -receptor activation evokes 
vasoconstriction, 1 increases heart rate as well as cardiac 
muscle contractility and therefore cardiac output and 2 causes 
vasodilatation [136]. In the study, epinephrine (agonist at -, 1- 
and 2-adrenergic receptors) was intravenously administered at 
rate 200 g/h, which was raised to 400 g/h after a plateau in 
blood pressure and heart rate had been reached. During 
continuous epinephrine infusion, a higher bolus (0.1 mg) of 
norepinephrine (-agonist) was given and longitudinal motion 
of the carotid wall was imaged. Ten minutes after the bolus, a 
constant infusion (25 mg/h) of metoprolol (-blocker) was 
initiated. After total -blockade, another 0.1 mg bolus of 
norepinephrine was delivered. The low constant infusion of 
epinephrine was reported to cause a decrease in pulse pressure, 
due to the greater affinity of epinephrine for 2-receptors 
(causing vasodilatation) than for -receptors (causing 
vasoconstriction). The reduction of pulse pressure was 
associated with a decrease in the longitudinal motion 
amplitude. More interestingly, norepinephrine was observed to 
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double the longitudinal amplitude, even during β-blockade, and 
hence Ahlgren et al. concluded that longitudinal motion was 
strongly related to -adrenoceptor activation [136]. The study 
also claimed that in addition to the motion amplitude change, 
the high levels of norepinephrine and epinephrine in the 
circulatory system changed the longitudinal waveform such that 
it became multiphasic. 

The same group has also stated in another recent small study 
on pigs that there seemed to be no significant correlation 
between the viscous drag of the blood flow and the longitudinal 
motion of the artery wall [137]. However, there are opposite 
findings from an experiment conducted in humans; it was 
claimed that the timing of the blood flow velocity graph 
matched with the antegrade longitudinal motion of the intima-
media complex [128].  

Overall, it seems that there are multiple components, 
physical, humeral and structural, affecting the longitudinal 
artery wall kinetics. The roles of these factors are still largely 
unknown. 

2.6.3 Relation to arterial stiffness 
Despite the lack of deeper understanding of the origin of the 
longitudinal artery wall motion, multiple studies have linked 
the longitudinal motion, and especially the amplitude of the 
motion, with different indices describing cardiovascular health: 
Diabetic patients have been reported to display reduced 
longitudinal motion amplitudes [21]. The reduced longitudinal 
motion has also been associated with the carotid plaque burden 
[22] as well as with coronary heart disease and with 
cardiovascular disease [138]. In addition, a link between major 
adverse cardiac events in mid- and high-risk patients and 
reduced amplitude of the longitudinal motion of the carotid 
wall was reported in a one-year follow-up study [139]. 
Cardiovascular risk factors such as ageing and high blood 
pressure have been associated with a reduction in the extent of 
the longitudinal motion [132]. The longitudinal motion of the 
common carotid artery wall is independent on the carotid IMT 
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133]. In addition, breathing [112] and arterial stiffness [20, 21] 
have been observed to influence the longitudinal motion 
waveform, as has the presence of atherosclerotic plaques, as 
these can alter the direction of the longitudinal motion in the 
artery wall [22, 134, 135].  

The fact that retrograde oriented longitudinal motion 
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norepinephrine was delivered. The low constant infusion of 
epinephrine was reported to cause a decrease in pulse pressure, 
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double the longitudinal amplitude, even during β-blockade, and 
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[20, 131]. In addition, the retrograde amplitude of the 
longitudinal motion has been found to have a better 
discrimination power than the IMT to separate healthy 
individuals from cardiovascular risk patients [131]. 

In addition to the amplitude measurements, the acceleration 
of the longitudinal motion has been investigated; this parameter 
displays a strong and graded association between the peak 
acceleration of the longitudinal wall motion and the severity of 
the carotid stenosis [140]. 

2.6.4 Mathematical modelling 
Under certain mathematical circumstances and assumptions, 
e.g. that blood behaves as a Newtonian fluid, the pulsatile blood 
flow through arteries can be modelled by the Navier–Stokes 
equations and Womersley equations. Fluid-structure 
interactions are always present in vivo and hence the resulting 
shear stress and motion of the artery wall are nowadays 
commonly modelled as well. Previously the arterial motion was 
only modelled as a diameter change but the latest arterial 
modelling studies have also considered the longitudinal motion 
such as in the Koiter shell model [134, 141, 142]. 

Mathematical modelling is a tool with which to evaluate 
theories and therefore a way to understand underlying 
causalities between signals and moreover a tool to predict future 
outcomes. Currently the modelling of the longitudinal motion is 
in its early developmental stage, but already it has achieved a 
good agreement with results from in vivo studies [134, 141, 142]. 
The reduction of the longitudinal motion amplitude in 
atherosclerotic arteries is visible through modelling [134] and 
thus in agreement with measured data [22]. With computational 
modelling, new information has been gained from stenotic 
coronary arteries: unlike the diameter change of the artery, the 
longitudinal motion of the inner artery wall has been 
demonstrated to be highly dependent on the geometry of the 
stenotic lesion [134]. 
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3 Ultrasound imaging 

The human ear can hear sound waves that have a frequency of 
20-20,000 Hz. Waves that have higher frequencies are called 
ultrasound. Typically, frequencies from 3 to 20 MHz are used in 
clinical imaging devices [143]. 

The B-mode is the most used image modality in ultrasound 
imaging. In B-mode imaging, an anatomical, cross-sectional 2D 
image is formed based on the echoes reflecting from the tissue 
borders. Often the sound velocity is assumed to be constant 
(1540 m/s) in all soft tissues. When the sound propagation 
velocity and the time difference between the sounds being 
emitted and reflected are known, the point of reflection can be 
easily calculated. 

Ultrasound imaging is fast, cheap and a widely available 
method with which to investigate superficial vessels. Other 
beneficial properties of ultrasound imaging are its good spatial 
and temporal resolution in superficial targets like the common 
carotid artery as well as its safety [144]. Thermal and cavitation 
effect produced by the clinical ultrasound imaging devices are 
insignificant [145] and the patient is not exposed to ionizing 
radiation in contrast to the situation with X-ray imaging. 

3.1 TRANSDUCERS 

Ultrasound transducers transform the electrical signal of the 
ultrasound device into a pressure wave using piezoelectric 
crystals (i.e. elements), and vice versa. The transducers are 
formed by coupling multiple independently acting elements 
together with varying configurations [146]. Modern transducers 
have a large bandwidth, in order to transfer and receive pulses 
of different frequencies. The large bandwidth is necessary for 
good axial resolution [146]. 
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There are three different basic shapes that are used in 2D 
transducers: linear, sector and curved. In linear transducers, the 
elements are placed on the same plane in a row. This setup 
allows to the creation of a rectangular ultrasound field. The 
width of the image and the number of scan lines are constant at 
all tissue levels. This is an advantage when imaging targets in 
the near field [146]. In a sector transducer, the elements are 
placed tightly together and by the use of an acoustical lens 
located after the piezo elements, they form a fan-like ultrasound 
field that is narrow in the near field and widens as a function of 
distance. [146] Sector transducers are good for imaging through 
tight spaces but they have a poor near field resolution. Curved 
transducers are a mix of the two above-mentioned transducer 
types. The shape of the ultrasound field is fan-like, offering a 
wide field of view of the sector transducer. However, the piezo 
elements are widely positioned, as in linear transducers but on a 
curved surface, thus offering better near field resolution than 
can be acquired with a sector transducer. In general, linear 
transducers are used on superficial targets, sector transducers 
can be used, for example, to image between the ribs and curved 
transducers are used in greater imaging depths and for a larger 
field of view of the abdominal region [146]. 

3.2 FOCUSING 

Each piezo element in an ultrasound transducer forms an 
individual ultrasound wave. These ultrasound waves are 
focused by two techniques. 1) The physical shape of the 
transducer either focuses (linear transducer) or defocuses 
(curved transducer) the pulses. 2) The ultrasound beams can 
also be focused by control pulses from the ultrasound device 
[146]. By controlling the timing of each piezo element with a 
precise protocol, the ultrasound beams can be made to form a 
field, which theoretically focuses on a single point [147]. The 
primary focus zone is where the scanline density of the 
ultrasound field is highest. For example, if the focus point is on 
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the central axis of the transducer, the generated ultrasound 
waves from the middle of the transducer reach the desired focus 
depth first. The ultrasound waves from the edge of the 
transducer have to travel a longer distance to the focal point, 
and hence by adjusting the delay of transferring and receiving 
ultrasound waves from the center of the transducer towards the 
edges, this results in focused ultrasound scanlines at the desired 
focusing point. The delay is chosen in a manner that the sum of 
the waves’ travel time and the delay imposed on the electrical 
echo signal are the same for each piezo element [146]. If one 
wishes to estimate the echo time, the ultrasound velocity is 
assumed to be constant in soft tissues, which in reality is not 
exactly true [147]. In practice, all the focusing is conducted semi-
automatically by the clinical ultrasound device and the user 
only needs to choose the focusing depth or depths, in addition 
examining multiple focusing depths is also possible if one has 
access to different transfer and receive patterns. 

The focusing area can be extended in the axial direction (the 
direction along the ultrasound beam) by non-uniform excitation 
of the piezo elements, i.e. using lower amplitudes in the edge of 
the transducer than those in the middle. With this approach, the 
focusing area extends in the axial direction, but also a 
broadening of the ultrasound field will occur, which is 
unsatisfactory for lateral resolution and thus choosing the size of 
the focus zone always involves a compromise [146]. 

3.3 SLICE THICKNESS 

In the above sections, the ultrasound beams were addressed in 
the axial and lateral directions. However, since the ultrasound 
imaging is based on echoes from the tissue borders (i.e. sites 
where acoustical impedance varies) and the echoes as well as 
the transferred ultrasound waves are all three dimensional (3D), 
the elevation direction (i.e. the direction perpendicular to the 
axial and lateral directions) must be considered. 
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The transferred 3D ultrasound beam causes echoes from 
targets situated close, but actually out of the intended scan 
plane. These redundant echoes result in the introduction of 
acoustical noise in the image and therefore limit the penetration 
of the beam and reduce contrast in the final images [146]. The 
slice thickness is not infinitely thin but defined by these echoes 
from the elevation plane; at any given plane, the slice thickness 
is equal to the width of the beam in the elevation direction. The 
width of the beam in the elevation direction is always narrowest 
at the focus depth [146]. The slice thickness can be improved by 
the use of multi-row arrays. In multi-row arrays, the piezo 
elements are aligned in a matrix form; the simple single row 
alignment is expanded for instance into a five row 
configuration. Similar focusing techniques as in the lateral 
direction can be used in the elevation direction, in order to 
reduce the beam width and thus the slice thickness [146]. 

In general, it is recommended to keep the slice thickness as 
narrow as possible. However, as this increases the resolution in 
the elevation direction, it also makes the ultrasound 
measurement more difficult. In small imaging targets, the small 
slice thickness easily causes the region of interest to move out of 
the imaging plane, if the imaging projection is even slightly non-
optimal. 

3.4 SPATIAL RESOLUTION 

The wavelength of the ultrasound imaging (sound propagation 
velocity per frequency of the ultrasound) determines the 
theoretical axial resolution: the higher the sound frequency the 
better the axial resolution. The depth of imaging does not affect 
the axial resolution, as the frequency of the ultrasound is 
constant at all depths [146]. The pitfall of increasing the 
ultrasound frequency is the higher ultrasound absorption of the 
tissue and thus deeper tissues cannot be imaged if one utilizes 
higher frequencies [147]. 
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The lateral resolution is defined by the number of scan lines 
and the geometry of the ultrasound transducer, or in other 
words, by the proportion of the width of the ultrasound field 
and the number of consecutive piezo elements detecting the 
echo [147]. In practice, the lateral resolution can be improved by 
focusing the ultrasound beam and increasing the bandwidth as 
well as the central frequency of the transmitted pulse [147]. 
Unlike the axial resolution, beyond the focus point the lateral 
resolution decreases as a function of depth as every ultrasound 
beam diverges at greater depth [147]. Therefore, the transducer 
type and the focus point being used is crucial when lateral 
resolution is important. 

3.5 TEMPORAL RESOLUTION 

In traditional ultrasound imaging, the number of transmit 
events equals to the number of scan lines to be formed and this 
results in frame rates up to 30-60 Hz [146]. However, with 
modern ultrasound imaging devices, multiple focused coded 
beams along different directions can be sent simultaneously. 
This process is more efficient than the traditional method and 
increases the frame rate (i.e. the temporal resolution) of imaging 
[148]. The maximum frame rate is ultimately defined by physics, 
as the sound propagation velocity limits how fast the data can 
be gathered from the medium, but in practice, the limit is set by 
the performance of the ultrasound device [147]. There are 
multiple image plane and quality adjustments that affect the 
frame rate and usually manufacturers have allowed the user to 
manipulate the settings and hence decide between image quality 
and frame rate. 

Both the depth and the width of the image plane affect the 
frame rate as a larger image plane contains a larger amount of 
data. If the lateral and axial resolutions are kept constant, the 
data amount to be processed by the ultrasound device increases 
linearly with the image plane size and therefore the frame rate 
drops accordingly [146]. In 2D cardiac imaging, frame rates over 
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260 Hz can be achieved by narrowing the field of view and 
reducing line density i.e. lateral resolution [149]. 

Another key modulator of the frame rate is the complex use 
of the transducer elements. The use of multiple focuses 
simultaneously is an example of this kind of imaging protocol. 
In addition, increasing the focus depth reduces the frame rate. 
Harmonic imaging is another imaging protocol reducing the 
frame rate; in this approach, the transducer processes the 
harmonics of the received wave reflections. In addition, the 
simultaneous use of different ultrasound imaging modalities, 
i.e. B-mode and Doppler imaging, also reduces the frame rate, as 
the transducer is actually measuring the two modalities in turn. 

In general, the more post-processing and the more complex 
use of the transducer elements that is applied, the larger the 
negative effect on the temporal resolution. Ultrasound imaging 
is always an optimization problem, balancing between the 
spatial and temporal resolutions. 

3.6 SPECKLE 

There are some problems encountered in medical imaging with 
ultrasound; the echo amplitudes and distributions are random 
from surfaces that are too rough or detailed for the ultrasound 
wavelength in use [146]. Due the random scatter distribution of 
the detailed surfaces, the final B-mode images suffer from 
random brightness fluctuations called ‘speckles’, and these can 
be more dominant than the acquisition noises from other 
sources [146, 147]. The speckles are attributable to interferences 
between the transduced and reflected wave: the frequency of the 
waves are the same but the phase difference causes alternating 
amplification and abatement of the signal between the 
transducer and the point of reflection [150]. Overall, speckles 
reduce the image quality and create a “pixelated” effect. 

Since the speckles are artifacts and not real anatomical 
structures, multiple methods for speckle reduction have been 
developed, in general by mathematical filtering [151-154]. 
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However, the speckles are useful for motion tracking purposes 
since they are not completely random artifacts but their location 
is based on real anatomy. Therefore, in ultrasound imaging, the 
motion tracking is often referred to as speckle tracking. In 
addition, if successful motion tracking is desired, the speckle 
reduction algorithms of the ultrasound device are set to a 
minimum. 

3.7 ULTRASOUND OF COMMON CAROTID ARTERY 

The common carotid artery is a superficial vessel and thus 
higher sound frequencies can be used for better axial resolution. 
Importantly, the lateral resolution of the ultrasound is crucial 
when studying the longitudinal motion of the carotid wall. 
Therefore, an appropriate depth of the focus point is important 
if one wishes to increase the lateral resolution, as it is the finer 
details within the artery wall that allow the accurate motion 
(speckle) tracking along the vessel wall.  

The intima layer has higher acoustical impedance compared 
to the blood and thus great numbers of the sound waves 
travelling from the blood to the intima reflect back on the intima 
surface. This provides good contrast between the lumen of the 
vessel and the intima layer in the ultrasound image; the lumen 
does not cause wave reflection and thus appears black in the 
ultrasound image and the intima layer shines bright white, as 
illustrated in Figure 3.1. The fine details of the media layer are 
harder to distinguish as it tends to be shadowed by the more 
reflective intima layer. The media layer appears to be a thin 
black layer between the bright intima and adventitia layers. The 
adventitia consists of fibrous tissue, which causes a large 
amount of sound reflection. With respect to the longitudinal 
motion analysis of the carotid wall, the ultrasound imaging is a 
good modality; the three arterial layers are clearly visible, there 
are a significant amount of speckles on the artery layers to 
visualize the longitudinal motion, both the spatial and the 
temporal resolution of the ultrasound imaging are good, the 
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motion tracking is often referred to as speckle tracking. In 
addition, if successful motion tracking is desired, the speckle 
reduction algorithms of the ultrasound device are set to a 
minimum. 
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imaging is noninvasive and non-harmful. In addition, 
ultrasound imaging is fast, cheap and a widely available 
technique.  

  

 
Figure 3.1: Ultrasound image of a common carotid artery. The white ticks 
on top and on left border of the image are placed 5 mm apart from another. 
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4 Aims 

This thesis focuses on the development of methods to study the 
longitudinal motion of the common carotid artery wall and its 
relation to arterial stiffening. More specifically, the investigation 
of the longitudinal motion was divided into four sub-studies: 

 
I. To propose a contrast optimized motion-tracking 

technique to measure the longitudinal arterial wall 
motion and to compute several novel, potential 
stiffness indices. The repeatability of the proposed 
method was also tested. 

 
II. To validate the developed method by comparing the 

longitudinal measurements against more widely used 
arterial stiffness indices. 

 
III. To devise more detailed characterization methods for 

the complex waveform of the longitudinal motion. 
 
IV. To examine the kinetic energy transfer from the blood 

pressure to the inner wall layers and from there to the 
outermost wall layer.  
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5 Materials and Methods 

5.1 METHODS TO ANALYZE LONGITUDINAL MOTION 

5.1.1 Tracking method (Study I) 
The speckle tracking algorithm used in the longitudinal motion 
analysis has been developed in Matlab (Versions 2007b and 
2014b, The MathWorks Inc., Natick, MA, USA) working 
environment and it can be applied on B-mode DICOM 
ultrasound videos to track the 2D motion of the arterial wall. 
The algorithm is based on the use of robust 2D cross-correlation 
and an adaptive contrast optimization technique. To improve 
the tracking accuracy, the matrix size of the original video frame 
was interpolated to be fourfold in Studies I and II and due to 
increased computing power, to be ninefold in Studies III and IV. 
This artificially improves the resolution of the ultrasound video 
and creates a larger amount of pixels to be available for the 2D 
cross-correlation analysis. 

The interpolation was made by using a bicubic algorithm, 
which uses 16 pieces of information to create new intermediate 
pixels, virtually increasing the resolution. Four of these data 
points are the original intensity values of the surrounding pixels 
(I(x,y), where x = [0,1] and y = [0,1]), four are the partial 
derivatives of the surrounding pixels’ intensities along the x-axis 
(Ix(x,y), where x = [0,1] and y = [0,1]), four are the partial 
derivatives of the surrounding pixels’ intensities along the y-
axis (Iy(x,y), where x = [0,1] and y = [0,1]) and four are the cross-
derivatives of the surrounding pixels’ intensities (Ixy(x,y), where 
x = [0,1] and y = [0,1]). The used data points are of the form: 

 

𝑰𝑰(𝑥𝑥, 𝑦𝑦) =∑∑𝒂𝒂(𝑖𝑖, 𝑗𝑗)𝑥𝑥𝑖𝑖𝑦𝑦𝑗𝑗
3

𝑗𝑗=0

3

𝑖𝑖=0
 (5.1) 
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𝑰𝑰𝒙𝒙(𝑥𝑥, 𝑦𝑦) =∑∑𝒂𝒂(𝑖𝑖, 𝑗𝑗)𝑖𝑖𝑥𝑥𝑖𝑖−1𝑦𝑦𝑗𝑗
3

𝑗𝑗=0

3

𝑖𝑖=0
 

𝑰𝑰𝒚𝒚(𝑥𝑥, 𝑦𝑦) =∑∑𝒂𝒂(𝑖𝑖, 𝑗𝑗)𝑥𝑥𝑖𝑖𝑗𝑗𝑦𝑦𝑗𝑗−1
3

𝑗𝑗=0

3

𝑖𝑖=0
 

𝑰𝑰𝒙𝒙𝒚𝒚(𝑥𝑥, 𝑦𝑦) =∑∑𝒂𝒂(𝑖𝑖, 𝑗𝑗)𝑖𝑖𝑥𝑥𝑖𝑖−𝑖𝑖𝑗𝑗𝑦𝑦𝑗𝑗−1
3

𝑗𝑗=0

3

𝑖𝑖=0
 

 
where x and y are the coordinates of the surrounding pixels (i.e. 
[0,1]) and a(i,j) is a matrix of size 4 × 4, containing unknown 
weighting factors. The known sixteen data points are used to 
determine the unknown weighting factors used in creating the 
interpolated image. In other words, we have 16 unknowns and 
16 linear equations and thus the weighting factors can be 
calculated. 

Once the weighting factors have been defined, the intensity 
values of the interpolated image’s pixels can be calculated using 
the same Formulas 5.1 – 5.4. However, in this scenario, the 
matrix a is known and the matrixes I, Ix, Iy and Ixy are unknown. 

From the interpolated images, the motion tracking was made 
with 2D cross-correlation. In 2D cross-correlation, a group of 
selected pixel values from the image (a region of interest, ROI) is 
compared to the pixel values of the next video frame. The 
tracking target is assumed to move as a whole to where the best 
matching pixel values are found in the subsequent video frame. 
After the inter-frame motion estimation, the ROI data is updated 
to the current content of the ROI area and the updated ROI data 
is used for the motion estimation of the next frame. The 
procedure is automatically continued throughout a cardiac 
cycle, then checked and approved by the user. Consecutive 
heartbeat-long motion traces are parsed together with linear 
detrending.  

In order to save computing time, the 2D cross-correlation and 
the interpolation are only computed for a subset of the next 
video frame (template). The preselected subset requires 
assumptions of the velocity of the motion of the selected target. 
In the case of the arterial wall motion, the small amplitude and 

(5.2) 

(5.3) 

(5.4) 
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relatively slow radial and longitudinal motions of the wall 
makes it possible to use a rather small image subset for the 
motion-tracking.  

In the 2D cross-correlation, the un-normalized correlation 
matrix is defined as follows: 

 

𝑪𝑪(𝑥𝑥, 𝑦𝑦) = ∑ ∑ 𝑰𝑰(𝑚𝑚, 𝑛𝑛)𝑹𝑹∗(𝑚𝑚 − 𝑥𝑥, 𝑛𝑛 − 𝑦𝑦)
𝑁𝑁−1

𝑛𝑛 = 0

𝑀𝑀−1

𝑚𝑚 = 0
 

 
where R is P × Q ROI matrix, I is M × N image matrix, C is M+P-
1 × N+Q-1 correlation matrix and the asterisk denotes complex 
conjugate. The coordinates of the maxima within the correlation 
matrix reveals where the ROI should be positioned on the image 
in order to achieve the highest correlation between the two. 

In order to improve the motion-tracking accuracy and to 
reduce noise from the image, an adaptive contrast optimization 
technique was applied. In the contrast optimization algorithm, 
the intensity values of the whole ultrasound video frame i+1 are 
changed based on the intensity values in ROI i, where i indicates 

 

 
Figure 5.1: Example of the contrast optimization technique. A, an 
ultrasound image of common carotid artery; B, a contrast optimized 
ultrasound image; C, 8-bit histogram of the original image; D, 8-bit 
histogram of the optimized image. 
 

(5.5) 
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the current frame. This is achieved by obtaining the minimum 
and maximum intensity values inside the ROI i and by 
stretching the histograms of the ROI i and image i+1 
accordingly. In addition, the optimization algorithm cuts out 1% 
of the lowest and highest intensity values so that single bright 
(or dark) pixels should not affect the contrast optimization. This 
procedure intentionally over- and under-exposes the 
surrounding areas of the ROI since most of the time, the 
intensity values in the full video frame are in the wider 
spectrum rather than inside the ROI. See Figure 5.1 for an 
illustration of the technique. 

5.1.2 Indices of longitudinal motion (Studies I and II) 
The developed motion-tracking software automatically 
computes multiple indices describing the longitudinal motion of 
the artery wall. There are indices describing the peak-to-peak 
(ampl), antegrade (ante) and retrograde (retro) amplitude of the 
longitudinal motion, see Figure 5.2. In addition, there is an 
index reflecting the main direction of the longitudinal motion 
i.e. the average deviation (dev) of the longitudinal motion 
during a heartbeat, see Figure 5.2. Additionally, there are rate of 
change indices describing the maximum velocity (V) and 
acceleration (A) occurring in the longitudinal motion graphs, see 
Figure 5.3. The rate of change indices contain the magnitude and 
the direction information of the changes: a negative sign 
indicates a change in motion, which has been directed against 
the blood flow (retrograde direction), and positive sign indicates 
a change in motion in the opposite direction (antegrade 
direction). In addition, there are the absolute values of the same 
indices. All these indices are computed separately for the 
longitudinal motion of the intima-media complex (IO), the 
longitudinal motion of the adventitia layer (AO) and the 
longitudinal motion between the intima-media complex and 
adventitia layer (IA), respectively. 

Two indices were created to utilize every time point of the 
heartbeat-long longitudinal motion graphs to describe the 
complexity of the longitudinal motion. The first one is called 
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RAlength, which is the length of the curve that plotting the 
diameter change graph against the longitudinal motion graph 
forms, see Figure 5.2. The figure represents the dyssynchrony 
and hysteresis between the diameter change curve and the 
longitudinal motion of the carotid wall [110] and thus the 
amplitude of the motion in both directions has an effect on the 
value of the RAlength. The second index Polydeg describes the 
complexity of the longitudinal motion waveform; the higher the 
value of Polydeg, the more complex is the motion waveform. 
Polydeg is the degree of the polynomial function needed to fit 
the function to the measured data points of the longitudinal 
motion of the intima-media complex. The criterion for 
acceptable fit was set to r > 0.95, where r is Pearson’s correlation 
coefficient. 
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Figure 5.2: Illustration of the indices derived from the carotid longitudinal 
movement of the intima-media complex. A, longitudinal movement during a 
heartbeat; B, diameter during a heartbeat; C, diameter curve plotted against 
longitudinal movement curve. IOante, amplitude towards antegrade direction; 
IOretro, amplitude towards retrograde direction; IOampl, peak-to-peak amplitude; 
IOdev, average; deviation from the initial position; RAlength, the length of the 
hysteresis curve. 
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Figure 5.3: Rate of change of the carotid longitudinal movement of the 
intima-media complex. A, longitudinal movement of the artery; B, velocity 
of the longitudinal movement; C, acceleration of the longitudinal 
movement. 
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Figure 5.3: Rate of change of the carotid longitudinal movement of the 
intima-media complex. A, longitudinal movement of the artery; B, velocity 
of the longitudinal movement; C, acceleration of the longitudinal 
movement. 
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5.1.3 Waveform analysis (Study III) 
The principal component analysis (PCA) is a widely used 
method for compressing information and for making predictive 
models in large correlated data sets. The analysis works by 
creating a new set of linearly uncorrelated indices called 
principal components (PCs). The PCs are obtained by 
orthogonal transformation of the data, i.e. by projecting the data 
in a new coordinate system defined by eigenvectors and 
eigenvalues of a data correlation matrix. The first PC is defined 
to contain most of the variance present in the original data. 

If one assumes that matrix X is size M × N and contains M 
observations i.e. time points of the motion traces from N 
subjects, then the PCA can be made in the following steps. First, 
the size M × M correlation matrix R is formed as: 

 

𝑹𝑹 = 1
𝑀𝑀 𝑿𝑿𝑿𝑿𝑇𝑇 

 
where T designates the matrix transposition. Eigen 
decomposition is used to solve the eigenvalues and their 
corresponding eigenvectors of the correlation matrix. 
Eigenvalues are the roots of the characteristic polynomial p: 
 

𝑝𝑝(𝜆𝜆) = det (𝑹𝑹 − 𝜆𝜆𝑰𝑰) 
 
where λ is the eigenvalue, I is M × M identity matrix and det 
designates determinant. Eigenvectors can be calculated by 
solving the linear equation: 
 

(𝑹𝑹 − 𝜆𝜆𝑣𝑣𝑰𝑰)𝑯𝑯 = 0 
 
where H is eigenspace, a matrix containing the eigenvectors: H = 
[v1, v2, …, vM] є ℝM × M and λv is a vector containing all the 
eigenvalues. Finally, the PC values can be calculated by sorting 
the eigenvalues and the corresponding eigenvectors in the 
eigenspace in descending order, thus the eigenvector explaining 
most of the variance of the original data is on top, and by 
multiplying the eigenspace with the data matrix X: 

(5.6) 

(5.7) 

(5.8) 
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𝑷𝑷𝑷𝑷 = 𝑯𝑯𝑇𝑇𝑿𝑿 

 
where PC is a matrix containing M pieces of principal 
components (rows) for N subjects (columns). 

The eigenvectors are orthogonal and thus independent from 
each other’s. The eigenvector corresponding to the largest 
eigenvalue and its equivalent PC values represent the most of 
the variance within the large data set, i.e. highlight the main 
features of the data. The sum of the eigenvalues is one and the 
proportion of the data variance represented by a certain 
eigenvector and its corresponding PC values can be calculated 
by dividing the corresponding eigenvalue by the sum of all the 
eigenvalues. 

5.1.4 Transfer function analysis (Study IV) 
The Fourier transform is a continuous function used widely in 
signal processing for different frequency analysis applications. 
The Fourier theorem states that any given periodic signal can be 
expressed as a linear combination of sine waves and that the 
Fourier transform can identify the amplitude and the phase of 
the sine waves. The continuous Fourier transform is defined as: 

 

ℱ{𝑓𝑓(𝑥𝑥)} = ∫ 𝑓𝑓(𝑥𝑥)𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑥𝑥
∞

−∞
 

 
where ω is an angular frequency (ω = 2πf, where f is frequency 
in Hz). When observing a specific angular frequency ω, the 
corresponding amplitude of the function f(x) is 
 

𝐴𝐴(𝜔𝜔) = |ℱ{𝑓𝑓(𝑥𝑥)}| 
 
and the corresponding phase is 
 

𝜙𝜙(𝜔𝜔) = arg(ℱ{𝑓𝑓(𝑥𝑥)}) 
 

(5.9) 

(5.10) 

(5.11) 

(5.12) 
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where arg is a function operating on complex numbers, giving 
the angle between the positive real axis and the line from origin 
to the complex value. 

In signal analysis where signals are commonly discrete, a 
discrete version of the Fourier transform is used: 

 

𝐹𝐹[𝑛𝑛] = ∑ 𝑓𝑓[𝑘𝑘]𝑒𝑒−𝑖𝑖
2𝜋𝜋
𝑁𝑁 𝑛𝑛𝑛𝑛

𝑁𝑁−1

𝑛𝑛=0
 

 
The corresponding inverse transforms for the continuous and 

discrete signals are, respectively: 
 

𝑓𝑓(𝑥𝑥) = 1
2𝜋𝜋 ∫ ℱ{𝑓𝑓(𝑥𝑥)}𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑

∞

−∞
 

 
and 

 

𝑓𝑓[𝑘𝑘] = 1
𝑁𝑁∑ 𝐹𝐹[𝑛𝑛]𝑒𝑒𝑖𝑖

2𝜋𝜋
𝑁𝑁 𝑛𝑛𝑛𝑛

𝑁𝑁−1

𝑛𝑛=0
 

 
To form an accurate power spectrum from a discrete signal, 

the original signal must be prepared properly. First, the linear 
trend of the signal is removed and the signal is zero averaged 
because without zero averaging an additional, artificial power 
disturbs the lower frequencies of the signal spectrum. After the 
trend removal and the zero averaging the signal must be 
windowed to force the signal to be periodic (i.e. constraining the 
start and the end of the signal to zero). Windowing is always 
applied because using no window function is the same as using 
a rectangular window. Despite its good frequency resolution, 
the rectangular window is often avoided since it causes spectral 
leakage. 

In this thesis, the Hanning window was used due to its 
widespread popularity in signal processing. For example, the 
Hanning window is one of the recommended windows in the 

(5.13) 

(5.14) 

(5.15) 
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popular Welch’s method of estimating the transfer function 
between two signals [155]. The Hanning window is defined as: 

 

𝑤𝑤(𝑛𝑛) = 0.5 − 0.5 cos ( 2𝜋𝜋𝑛𝑛
𝐿𝐿 − 1) 

 
where L is the number of data points within the discrete signal. 

When the discrete signal has been windowed, a Fourier 
transform is applied, transforming the time domain signal into a 
frequency domain. For the use of a transfer function analysis, 
power spectrums are computed separately to the input and 
output signals. In addition, a cross-power spectrum is needed: 

 

𝑃𝑃𝑋𝑋𝑋𝑋(𝑓𝑓) = 𝑋𝑋(𝑓𝑓)𝑋𝑋∗(𝑓𝑓)
𝐿𝐿𝐹𝐹𝑠𝑠𝑈𝑈 ,  

 

𝑃𝑃𝑌𝑌𝑌𝑌(𝑓𝑓) = 𝑌𝑌(𝑓𝑓)𝑌𝑌∗(𝑓𝑓)
𝐿𝐿𝐹𝐹𝑠𝑠𝑈𝑈 , 

 

𝑃𝑃𝑋𝑋𝑌𝑌(𝑓𝑓) = 𝑋𝑋(𝑓𝑓)𝑌𝑌∗(𝑓𝑓)
𝐿𝐿𝐹𝐹𝑠𝑠𝑈𝑈  

 
where PXX is the power spectrum of the input signal, PYY is the 
power spectrum of the output signal and PXY is the cross-power 
spectrum. X is the Fourier transform of the windowed input 
signal as Y is the Fourier transform of the windowed output 
signal. The asterisk designates a complex conjugate (i.e. a sign 
change of the imaginary part of the complex number). L is the 
length of the time series signal, Fs is the sampling frequency and 
U is the power of the used window function. The power of the 
window function can be computed as:  
 

𝑈𝑈 = 1
𝐿𝐿 ∑ 𝑤𝑤(𝑛𝑛)2

𝐿𝐿

𝑛𝑛=1
 

 
Compensation for the power of the used window function is 
needed to scale the spectrum values thus the total power equals 

(5.16) 

(5.17) 

(5.18) 

(5.19) 

(5.20) 
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the variance of the original signal in the time domain. The 
power of the Hanning window is 0.375.  

The time invariant transfer function is defined as a quotient 
of the cross spectrum of the input and output signals (PXY) and 
the power spectrum of the input signal (PXX): 

 

𝑇𝑇𝑇𝑇(𝑓𝑓) = 𝑃𝑃𝑋𝑋𝑋𝑋(𝑓𝑓)
𝑃𝑃𝑋𝑋𝑋𝑋(𝑓𝑓)

 

 
This gives the transfer function in a complex frequency space. 

By using Formulas 5.11 and 5.12, the complex values can be 
transformed into the amplitude and phase values. Commonly a 
Bode plot is used to describe the transfer functions. In the Bode 
plot, the amplitude part and the phase part are displayed in 
separate graphs and the amplitude is presented in decibels (dB) 
and the phase in degrees. The transformation from the absolute 
values to the decibel values can be made with the following 
formula: 

 
𝑇𝑇𝑇𝑇(𝑑𝑑𝑑𝑑) = 10 log10 𝑇𝑇𝑇𝑇(𝑓𝑓) 

 
A coherence function is used to find the linear relationship 

between the input and the output signals of the transfer function 
analysis. The magnitude-squared coherence between input and 
output signals can be computed as: 

 

𝐶𝐶𝑋𝑋𝑋𝑋(𝑓𝑓) =
|𝑃𝑃𝑋𝑋𝑋𝑋(𝑓𝑓)|2

𝑃𝑃𝑋𝑋𝑋𝑋(𝑓𝑓)𝑃𝑃𝑋𝑋𝑋𝑋(𝑓𝑓)
 

 
The values of coherence function CXY are always between 0 and 1 
with one referring to a direct, linear relationship between the 
input and the output signals and 0 representing zero linearity 
between the input and the output. Even though the coherence of 
the input and the output signals is zero, there still might be a 
nonlinear relationship between the two signals. Nevertheless, if 
the coherence between the signals is zero, the corresponding 
transfer function is useless, since it only represents the linear 
relationship between the input and the output. 

(5.21) 

(5.22) 

(5.23) 
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5.1.5 Estimation of carotid blood pressure (Studies II – IV) 
The carotid blood pressure level differs from the brachial blood 
pressure level and the waveform resembles more the aortic 
waveform than brachial waveform [156]. Therefore, it is better to 
use carotid blood pressures rather than brachial pressures when 
observing the effect of blood pressure on carotid artery wall. 
Applanation tonometry can be used to estimate noninvasively 
the systolic and diastolic carotid blood pressure levels: the 
estimation requires an applanation tonometry measurement on 
the carotid artery to acquire the carotid pressure waveform and 
a reference blood pressure measurement from brachial artery 
[79]. The brachial blood pressures can be changed into carotid 
blood pressures by a build-in transfer function of the 
applanation tonometer [79]. 

Furthermore, the computed carotid systolic and diastolic 
blood pressure levels can be used for continuous estimation of 
the carotid blood pressure waveform. For this purpose, the 
diameter change of the common carotid artery is traced with 
ultrasound and linearly transformed into a blood pressure 
signal by changing the average systolic diameter into the carotid 
systolic pressure and the average diastolic diameter into the 
carotid diastolic pressure. The linear relationship between the 
blood pressure and the diameter change in the common carotid 
artery has been validated previously [32, 157-159].  

5.2 EXPERIMENTS TO VALIDATE THE ANALYSIS 

5.2.1 Study populations 
This thesis consist data from two different experimental setups 
using different study populations. See Table 5.1 for a description 
of the study populations. All subjects were healthy, non-
smoking volunteers and recruited from the Kuopio area in 
Finland. One subject was omitted from the studies because of 
the finding of a left bundle branch block. None of the remaining 
participants had any history of heart or cardiovascular diseases. 
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The first setup (Studies I and II) was intended for developing 
the motion-tracking algorithm to observe the longitudinal 
motion of the carotid wall and for validating the method against 
known arterial stiffness measurements. The second setup 
(Studies III and IV) was for characterizing the waveform of the 
longitudinal motion and for studying the linear relationship 
between the longitudinal motion of the intima-media complex 
and the adventitia layer using transfer function analysis. 

The age variation in the first study population was 
intentionally large to test the operation of the algorithm in 
multiple age groups and to ensure that there was stiffness 
variation for the side-by-side comparison with previously 
known stiffness indices. 

 
Table 5.1: Description of the study population included in Studies I-IV. 

 Study I & II Study III & IV 
Number of subjects 

(after exclusions) 
19 20 (19) 

Gender (females/males) 11/8 10/9 
Age range (years) 24-73 19-49 

 

5.2.2 Data acquisition 
In both studies, the data acquisition was conducted in a similar 
manner. The volunteers were instructed not to drink coffee 2h 
before the measurements and the measurement itself was 
standardized. First, the height and weight of the volunteer were 
asked. Then, the volunteer was placed in the supine position 
and three ECG-electrodes were attached to the volunteer’s chest 
representing V5 lead and the cuff of an automatic blood 
pressure monitor (Omron, M4-I, Matsusaka, Kyoto, Japan) was 
placed on the left upper arm. The ECG was measured 
continuously throughout the measurement protocol. After a 
minimum of 10 minutes rest, the diastolic and systolic blood 
pressures were measured from the left brachial artery. The 
ultrasound imaging of the left common carotid artery was 
performed immediately after the blood pressure measurement. 
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After the ultrasound acquisition the blood pressure values were 
measured again and an average of the two blood pressure 
measurements was calculated. The scheme of the measurements 
is presented in Figure 5.4. 

The 5-seconds ultrasound imaging for Studies I and II was 
obtained with a clinical ultrasound device (Acuson Sequoia 512, 
Siemens, Mountain View, CA, USA) equipped with 14 MHz 
linear transducer (Acuson 15L8-S, Siemens, Mountain View, CA, 
USA). The 5-minute imaging for Studies III and IV was acquired 
with a Philips EPIQ 7 clinical ultrasound device, equipped with 
an 18 MHz linear transducer (Philips, L18-5, Best, The 
Netherlands). A longitudinal view of the left common carotid 
artery was acquired, approximately 1 cm to caudal direction 
from the carotid bifurcation. The imaging parameters are 
presented in Table 5.2. Due to the restrictions of the Philips 
EPIQ 7 ultrasound imaging device, the 5–minute imaging for 
Studies III and IV was done in 30 separate 10-second-long parts, 
which were collected consecutively. The typical delay between 
the clips was under half a second. The long acquisition was 
intended to allow the completion of the transfer function 
analysis.  

Applanation tonometery measurement (SphygmoCor version 
9; AtCor Medical Inc., Itasca, IL, USA) was utilized at the end of 
the protocol, using a pen-like pressure probe (SPT-301B; Millar 
Instruments, Houston, TX, USA). The pulse wave analysis was 
performed on both radial and carotid arteries.  

With the first study population, all the above-mentioned 
measurements were repeated on the subsequent day. The 
repetition was made in order to test the repeatability and the 
reproducibility of the measurements, by analyzing the same 
video twice and by analyzing videos collected on subsequent 
days, respectively. 
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Table 5.2: Used ultrasound devices and imaging parameters in Studies I-IV. 
 Study I & II Study III & IV 

Ultrasound device Acuson 
Sequoia 512 

Philips 
EPIQ 7 

Ultrasound transducer  Acuson 15L8-S Philips L18-5 
Length of ultrasound video 5 s 30 × 10 s 

Image acquisition rate 25 Hz 85 Hz 
Repeated measurement on the 

following day 
Yes No 

 
 
 
 
 

 
Figure 5.4: Representation of the study protocol being used. The preparation 
phase includes the attachment of the ECG electrodes on the chest of the 
volunteer and the installment of the cuff of the blood pressure meter on the 
left upper arm of the volunteer. 

Preparation

10-min rest

1st blood pressure measurement

Ultrasound imaging

2nd blood pressure measurement

Applanation tonometry
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5.2.3 Data processing and analysis 
The collected ultrasound videos were analyzed offline by the 
developed motion tracking method. The motion tracking of the 
longitudinal motion was performed separately on the intima-
media complex, on the adventitia layer and on the surrounding 
tissues, which was used as a reference point for the longitudinal 
motion. The typical ROI locations are displayed in Figure 5.5. 
The average ROI sizes were (width × height) 2.76 × 0.50 mm2  

(intima-media complex), 3.02 × 0.46 mm2 (adventitia layer) and 
4.85 × 1.56 mm2 (surrounding tissues) in Studies I and II as well 
as 2.58 × 0.33 mm2, 2.58 × 0.30 mm2 and 2.58 × 1.15 mm2, 
respectively, in Studies III and IV. In order to reduce artefacts 
caused by the movement of the ultrasound transducer, the 
motion of the surrounding tissues was subtracted from the 
longitudinal traces of the intima-media complex and the 
adventitia layer. In addition, the longitudinal motion between 
the intima-media and the adventitia was computed.  

The ECG-signal was measured simultaneously with the 
ultrasound imaging and the R-peaks of the ECG were 
automatically recognized using Matlab code. The information 

 
Figure 5.5: Ultrasound image of the common carotid artery. The typical 
locations of the regions of interest (ROI) used in the longitudinal motion-
tracking are 1 cm before carotid bifurcation. Solid line, intima-media ROI; 
dashed line, adventitia ROI; dotted line, surrounding tissue ROI. 

1 cm
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from the R-peaks was used to chop the ultrasound video into 
heartbeat-long sequences on which the motion tracking was 
performed. In Studies I-III, the heartbeat-long motion traces 
were used to form an average heartbeat-long motion traces for 
every individual. In Study IV, the heartbeat-long motion traces 
were edited together to form continuous motion traces for the 
transfer function analysis. The longitudinal stiffness indices, 
presented in Section 5.1.2, were computed from the heartbeat-
long average graphs. 

For the validation of the created stiffness indices, reference 
stiffness indices were used. DC, CC, EY and Z were computed 
from the diameter curve, which was estimated using the same 
motion tracking method alongside the longitudinal motion. In 
addition, from the results of applanation tonometry, AA, Aix, 
Aix@75 and PWV could be defined. The carotid blood pressure 
values needed in the stiffness index calculations were estimated 
from the applanation tonometry. 

The waveform characterization was made with the PCA. The 
PC values were computed for every time point of every 
recorded motion curve: the diameter change curve, the 
longitudinal motion of the intima-media complex, the 
longitudinal motion of the adventitia layer and the longitudinal 
motion between the intima-media complex and the adventitia 
layer. Only the two first minutes of the gathered 5-minute-long 
data were used for the PCA. More specifically, the 2-minute-
long data was cut in half and both minute-long ultrasound 
videos were used to form robust heartbeat-long averaged 
longitudinal wall motion traces. The average longitudinal 
motion graph of the intima-media complex and the adventitia 
layer, defined from the first minute of the video, was used as a 
primary data in the study and the second minute was only used 
in the repeatability analysis. 

The whole 5-minute-long ultrasound videos were used in the 
transfer function analysis. The transfer function analysis was 
used to characterize how the energy from the blood pressure 
becomes transformed into the longitudinal wall motion of the 
common carotid artery, by estimating the carotid blood pressure 
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as presented in Section 5.1.5 and by the use of the presented 
transfer function analysis. In addition, the linear relationship 
between the longitudinal motion of the intima-media complex 
and adventitia layer was described using the transfer function 
analysis. To estimate the impact of the main direction of the 
longitudinal motion on the transfer function, additional quartile 
transfer functions between the carotid blood pressure and the 
longitudinal motion of the common carotid artery wall were 
computed. In this analysis, the study population was divided 
into quartiles according to the main direction of the longitudinal 
motion. The motion direction was evaluated from the measured 
IOdev value. The upper and lower quartiles of the study 
population were used to form two separate quartile transfer 
functions: one representing the population with antegrade 
oriented longitudinal waveform and the other representing the 
population with the retrograde oriented longitudinal waveform. 

In addition, for the transfer function analysis, a specific 
heartbeat band was defined in order to have a single subject 
specific amplitude and a phase value from the transfer 
functions. These values were used in a correlation analysis to 
study the connections between the amplitude and phase parts of 
the transfer functions with the arterial stiffness indices. The 
heartbeat band was 0.5 Hz wide and centered on the peak of the 
power spectrum of the measured subject specific blood pressure 
data. The width of the band was selected based on the average 
heart rates within the study population; the bandwidth 0.5 Hz, 
centered on each subject’s peak on the power spectrum and it 
covered the frequencies where other subjects’ peaks were in 
their power spectrums. When computing the average amplitude 
and phase values within the 0.5 Hz wide heartbeat band, the 
amplitude and phase values were neglected from those 
frequencies where the coherence of the transfer function was 
below 0.5. 

5.2.4 Statistical analysis 
Due to skewed distributions of some of the measured indices, a 
Spearman’s rank correlation coefficient was used. Using a rank 
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correlation coefficient also confers the benefit that a linear 
relationship between two indices does not need to be expected. 
The relationship between the two correlates can be for example 
sigmoidal but the Spearman’s rank correlation coefficient can 
still detect the conformity between the two correlates.  

For studying the repeatability of the measured indices, a 
Pearson’s correlation coefficient, a Cronbach’s alpha and a 
coefficient of variation of repeated measurements (CV) were 
utilized. Here, Pearson’s correlation coefficient was used instead 
of Spearman’s rank correlation coefficient since a linear 
relationship must be assumed between two repeated 
measurements of the same index. The coefficient of variation of 
repeated measurements is defined as: 

 

CV(%) = 100 SD
Mean 

 
where SD is the standard deviation between the repeated 
measurements and Mean is the average of the repeated 
measurements. The Cronbach’s alpha is defined as: 
 

α = 𝐿𝐿
𝐿𝐿 − 1(1 −

∑ 𝜎𝜎𝑌𝑌𝑌𝑌2𝐿𝐿
𝑌𝑌=1
𝜎𝜎𝑋𝑋2

) 

 
where L is the number of measurements that are repeated, σYi2 is 
the variance of the i:th measurement for the current sample and 
σX2 is the variance of all measurements. In general, Cronbach’s 
alpha values over 0.8 are considered suitable for individual 
diagnostics [160]. 

The risk level was chosen thus a p-value lower than 0.05 was 
considered as statistically significant. The p-value 0.05 means 
that there is only a 5 % probability to obtain the same result by 
change. 

(5.24) 

(5.25) 
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5.3 ETHICAL CONSIDERATIONS 

All the studies in this thesis were non-invasive and pain free. 
The studies were conducted according to the Declaration of 
Helsinki (1969, latest revision in 2013) and approved by the 
Ethics Committee of the Kuopio University Hospital. A written 
informed consent was obtained from all the subjects. 
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6 Results 

6.1 REPEATABILITY OF THE MEASUREMENTS 

The in-house-build algorithm for tracking the longitudinal 
motion of the common carotid artery was tested with 19 healthy 
volunteers. Fourteen indices describing the longitudinal motion 
amplitude and twelve additional indices describing the rate of 
change of the longitudinal motion were devised in this thesis. 
The median and interquartile range (IQR) values of the study 
population is displayed in Tables 6.1 and 6.2.  

 
Table 6.1: Median, interquartile range (IQR), repeatability and 
reproducibility values of the longitudinal motion indices of the common 
carotid artery. Repeatability is defined by measuring the indices twice from 
the same ultrasound video and reproducibility is defined by measuring the 
indices from two different ultrasound videos, imaged on subsequent days. 
Pearson’s correlation coefficients (r) which did not achieve p < 0.05 are left 
out. CV is coefficient of variation and α is Cronbach’s alpha. 

Longitudinal    Reproducibility  Repeatability 
index Median IQR  CV α r  CV α r 

IAante (mm) 0.06 0.14  72.3 0.57   46 0.86 0.76 
IOante (mm) 0.06 0.28  36.1 0.93 0.86  28.5 0.96 0.92 
AOante (mm) 0.07 0.14  71.1 0.67 0.58  20.2 0.97 0.95 
IAretro (mm) 0.23 0.30  46.1 0.78 0.65  32.3 0.92 0.85 
IOretro (mm) 0.30 0.37  28.6 0.90 0.82  21 0.95 0.90 
AOretro (mm) 0.08 0.14  65.2 0.49   36 0.85 0.76 
IAampl (mm) 0.29 0.21  29.8 0.73 0.58  19 0.89 0.81 
IOampl (mm) 0.43 0.23  16.3 0.80 0.67  13.8 0.88 0.78 

AOampl (mm) 0.22 0.06  48.5 -0.48   22.4 0.71 0.57 
IAdev (mm) -0.05 0.13  97.1 0.81 0.69  97.2 0.91 0.84 
IOdev (mm) -0.04 0.13  92.3 0.81 0.69  117.5 0.79 0.65 
AOdev (mm) -0.04 0.13  115.4 0.75 0.60  100.8 0.90 0.82 

Polydeg 7.00 2.00  25.1 0.62   13.8 0.94 0.90 
RAlength (mm) 1.48 0.59  9.80 0.94 0.89  7.4 0.97 0.94 
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The repeatability results of these indices are displayed also in 
Tables 6.1 and 6.2. The repeatability of the amplitude indices 
was good overall; 12 out of 14 indices exceeded the Cronbach’s 
alpha value 0.8 and none was under 0.7, evidence that the 
developed motion-tracking algorithm was working properly, 
even when using a low imaging frequency of 25 frames per 
second. The repeatability of the rate of change parameters was 
also good, as 9 out of 12 indices exceeded the Cronbach’s alpha 
value of 0.8 and only VIA and AIA had poorer repeatability. The 
reproducibility from the two separately imaged videos was 
adequate, as Cronbach’s alpha varied between 0.57 – 0.95, 
revealing that the longitudinal motion preserves its waveform 
from day to day. The reproducibility of indices IOante, IOretro, 
IOampl, IAdev, IOdev and RAlength exceeded the Cronbach’s alpha 
value of 0.8, indicating that they would be suitable for 
individual diagnostics. In contrast, IAante, AOretro, AOampl and 
Polydeg displayed poor reproducibility.  
 
Table 6.2: Median, interquartile range (IQR) and repeatability values of the 
rate of change indices of the longitudinal carotid wall motion. CV is 
coefficient of variation, α is Cronbach’s alpha and r is Pearson’s correlation 
coefficient. 

Longitudinal    Repeatability 
index Median IQR 

 
CV α r 

VIA (mm/s) -1.44 3.83  -234 0.57 0.41 
VIO (mm/s) -2.09 7.94  128 0.99 0.98 
VAO (mm/s) -1.01 3.92  217 0.94 0.88 
AIA (mm/s2) -41.66 108.19  -213 0.57 0.41 
AIO (mm/s2) -28.94 182.49  114 0.98 0.96 
AAO (mm/s2) -19.48 118.62  180 0.93 0.88 

|VIA| (mm/s) 1.75 1.14  22.0 0.80 0.67 
|VIO| (mm/s) 3.15 2.39  15.4 0.92 0.86 
|VAO| (mm/s) 1.93 1.52  19.1 0.91 0.84 
|AIA| (mm/s2) 54.93 39.20  29.5 0.77 0.63 
|AIO| (mm/s2) 84.37 77.14  23.2 0.89 0.85 
|AAO| (mm/s2) 61.74 32.47  25.8 0.84 0.73 
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Three different longitudinal motion patterns occurring in the 
common carotid artery were found: 1) an antegrade oriented 
longitudinal motion, 2) a retrograde oriented longitudinal 
motion and 3) a bidirectional longitudinal motion where the 
longitudinal motion occurred first in the antegrade direction 
and was immediately followed by a retrograde motion. 
Examples of the motion patterns are presented in Figure 6.1.  

6.2 VALIDATION OF STIFFNESS INDICES 

The proposed new arterial stiffness indices, derived from the 
longitudinal motion curves, were validated against widely 
known arterial stiffness indices. The known stiffness index 
values and their variation within the study population as well as 
the results of the correlation analysis are presented in Tables 6.3 
and 6.4. The peak-to-peak amplitude indices of the longitudinal 
carotid wall motion displayed a weak, not statistically 
significant correlation to known arterial stiffness indices, but the 
antegrade component of the longitudinal motion between the 
intima-media complex and the adventitia layer was directly 
related to the weight (r = 0.56, p < 0.05) and the height (r = 0.60, 
p < 0.01) of the subject as well as to the measured systolic (r = 
0.48, p < 0.05) and pulse pressure (r = 0.49, p < 0.05). From the 
rate of change indices, the |AIA|was inversely related to AA (r = 
-0.49, p < 0.05), Aix (r = -0.54, p < 0.05) and Aix@75 (r = -0.52, p < 

Figure 6.1: Three different, representative longitudinal motion waveforms of 
intima-media complex. A, retrograde oriented waveform; B, bidirectional 
waveform; C, antegrade oriented waveform. 
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The repeatability results of these indices are displayed also in 
Tables 6.1 and 6.2. The repeatability of the amplitude indices 
was good overall; 12 out of 14 indices exceeded the Cronbach’s 
alpha value 0.8 and none was under 0.7, evidence that the 
developed motion-tracking algorithm was working properly, 
even when using a low imaging frequency of 25 frames per 
second. The repeatability of the rate of change parameters was 
also good, as 9 out of 12 indices exceeded the Cronbach’s alpha 
value of 0.8 and only VIA and AIA had poorer repeatability. The 
reproducibility from the two separately imaged videos was 
adequate, as Cronbach’s alpha varied between 0.57 – 0.95, 
revealing that the longitudinal motion preserves its waveform 
from day to day. The reproducibility of indices IOante, IOretro, 
IOampl, IAdev, IOdev and RAlength exceeded the Cronbach’s alpha 
value of 0.8, indicating that they would be suitable for 
individual diagnostics. In contrast, IAante, AOretro, AOampl and 
Polydeg displayed poor reproducibility.  
 
Table 6.2: Median, interquartile range (IQR) and repeatability values of the 
rate of change indices of the longitudinal carotid wall motion. CV is 
coefficient of variation, α is Cronbach’s alpha and r is Pearson’s correlation 
coefficient. 

Longitudinal    Repeatability 
index Median IQR 

 
CV α r 

VIA (mm/s) -1.44 3.83  -234 0.57 0.41 
VIO (mm/s) -2.09 7.94  128 0.99 0.98 
VAO (mm/s) -1.01 3.92  217 0.94 0.88 
AIA (mm/s2) -41.66 108.19  -213 0.57 0.41 
AIO (mm/s2) -28.94 182.49  114 0.98 0.96 
AAO (mm/s2) -19.48 118.62  180 0.93 0.88 

|VIA| (mm/s) 1.75 1.14  22.0 0.80 0.67 
|VIO| (mm/s) 3.15 2.39  15.4 0.92 0.86 
|VAO| (mm/s) 1.93 1.52  19.1 0.91 0.84 
|AIA| (mm/s2) 54.93 39.20  29.5 0.77 0.63 
|AIO| (mm/s2) 84.37 77.14  23.2 0.89 0.85 
|AAO| (mm/s2) 61.74 32.47  25.8 0.84 0.73 
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Three different longitudinal motion patterns occurring in the 
common carotid artery were found: 1) an antegrade oriented 
longitudinal motion, 2) a retrograde oriented longitudinal 
motion and 3) a bidirectional longitudinal motion where the 
longitudinal motion occurred first in the antegrade direction 
and was immediately followed by a retrograde motion. 
Examples of the motion patterns are presented in Figure 6.1.  

6.2 VALIDATION OF STIFFNESS INDICES 

The proposed new arterial stiffness indices, derived from the 
longitudinal motion curves, were validated against widely 
known arterial stiffness indices. The known stiffness index 
values and their variation within the study population as well as 
the results of the correlation analysis are presented in Tables 6.3 
and 6.4. The peak-to-peak amplitude indices of the longitudinal 
carotid wall motion displayed a weak, not statistically 
significant correlation to known arterial stiffness indices, but the 
antegrade component of the longitudinal motion between the 
intima-media complex and the adventitia layer was directly 
related to the weight (r = 0.56, p < 0.05) and the height (r = 0.60, 
p < 0.01) of the subject as well as to the measured systolic (r = 
0.48, p < 0.05) and pulse pressure (r = 0.49, p < 0.05). From the 
rate of change indices, the |AIA|was inversely related to AA (r = 
-0.49, p < 0.05), Aix (r = -0.54, p < 0.05) and Aix@75 (r = -0.52, p < 

Figure 6.1: Three different, representative longitudinal motion waveforms of 
intima-media complex. A, retrograde oriented waveform; B, bidirectional 
waveform; C, antegrade oriented waveform. 
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0.05). AAO was inversely related to age (r = -0.54, p < 0.05) and 
directly to CC (r = 0.47, p < 0.05). RAlength and Polydeg 
displayed clear inverse correlations to AA (r = -0.65, p < 0.01 
and r = -0.46, p < 0.05, respectively) and to Aix@75 (r = -0.60, p < 
0.01 and r = -0.53, p < 0.05, respectively).  

 
Table 6.3: Median and interquartile range (IQR) values of the clinical 
characteristics and the Spearman’s correlations between the longitudinal 
motion indices and the clinical characteristics. 

 SBP DBP PP Age Weight Height 
 (mmHg) (mmHg) (mmHg) (years) (kg) (cm) 

Median 119 76 46 38 65 173 
IQR 21 11 14 22 16 17 
IAante 0.48* 0.29 0.49* -0.35 0.56* 0.60† 
IOante 0.35 0.23 0.44 -0.35 0.40 0.43 
AOante 0.11 -0.03 0.34 -0.33 0.40 0.30 
IAretro -0.40 -0.29 -0.48* 0.04 -0.32 -0.23 
IOretro -0.27 -0.21 -0.37 0.12 -0.26 -0.15 
AOretro -0.01 0.06 -0.16 0.21 -0.29 -0.23 
IAampl -0.14 -0.12 -0.21 -0.11 0.00 0.13 
IOampl -0.05 -0.03 -0.08 -0.10 0.07 0.26 
AOampl 0.40 0.29 0.47* -0.16 0.23 0.26 

VIA -0.01 0.19 -0.00 -0.16 -0.06 0.05 
VIO 0.23 0.07 0.46* -0.51* 0.37 0.38 
VAO 0.10 0.17 0.24 -0.45 0.15 0.32 
AIA -0.21 0.04 -0.15 -0.23 -0.21 0.03 
AIO 0.06 0.01 0.23 -0.57* 0.28 0.41 
AAO 0.03 0.06 0.19 -0.54* 0.04 0.23 

|VIA| -0.19 -0.52* 0.14 -0.09 0.58† 0.42 
|VIO| 0.03 -0.05 0.15 -0.26 0.33 0.40 
|VAO| 0.17 0.01 0.40 -0.24 0.32 0.10 
|AIA| -0.05 -0.40 0.25 -0.13 0.66† 0.37 
|AIO| 0.35 0.15 0.43 -0.05 0.54* 0.43 
|AAO| 0.18 0.09 0.32 -0.06 0.13 -0.20 

RAlength -0.08 -0.44 0.17 -0.66† 0.29 0.41 
Polydeg -0.10 -0.43 0.26 -0.43 0.32 0.18 

*p < 0.05, †p < 0.01 
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Table 6.4: Median and interquartile range (IQR) values of the reference 
stiffness indices and the Spearman’s correlations between the longitudinal 
motion indices and the reference stiffness indices. 

 DC CC Z AA Aix Aix@75 PWV 
 (1/Pa) (m2/Mpa) (Ω) (mmHg) (%) (%) (m/s) 

Median 24.22 0.68 7.43 5.00 18.00 10.00 7.60 
IQR 10.44 0.39 1.94 5.00 16.00 17.50 1.95 
IAante 0.02 0.21 -0.01 -0.24 -0.29 -0.32 0.25 
IOante -0.09 0.12 0.07 -0.24 -0.30 -0.34 0.27 
AOante 0.07 0.22 -0.08 -0.22 -0.28 -0.36 0.10 
IAretro 0.23 0.06 -0.19 -0.06 0.04 0.11 -0.34 
IOretro 0.22 0.10 -0.21 0.01 0.08 0.10 -0.25 
AOretro 0.15 0.06 -0.14 0.18 0.20 0.24 -0.17 
IAampl 0.19 0.16 -0.16 -0.24 -0.16 -0.13 -0.20 
IOampl 0.18 0.25 -0.18 -0.21 -0.18 -0.17 -0.06 
AOampl 0.16 0.34 -0.18 0.07 -0.02 -0.04 0.10 

VIA 0.20 0.36 -0.21 0.27 0.19 0.18 -0.08 
VIO 0.15 0.32 -0.24 -0.34 -0.41 -0.46* 0.00 
VAO 0.16 0.40 -0.21 -0.24 -0.28 -0.30 0.23 
AIA 0.30 0.49* -0.30 0.17 0.13 0.13 -0.09 
AIO 0.27 0.41 -0.37 -0.43 -0.45 -0.50* 0.02 
AAO 0.29 0.47* -0.35 -0.31 -0.35 -0.41 0.10 

|VIA| 0.21 0.29 -0.15 -0.40 -0.44 -0.48* 0.09 
|VIO| 0.17 0.31 -0.16 -0.21 -0.23 -0.24 0.22 
|VAO| -0.12 -0.09 0.09 -0.36 -0.39 -0.33 0.05 
|AIA| 0.01 -0.04 0.01 -0.49* -0.54* -0.52* 0.12 
|AIO| -0.07 -0.00 0.12 0.00 -0.09 -0.16 0.41 
|AAO| -0.03 -0.08 0.03 -0.02 -0.07 -0.12 -0.07 

RAlength 0.68‡ 0.80‡ -0.67† -0.65† -0.61† -0.60† -0.55* 
Polydeg 0.26 0.34 -0.23 -0.46* -0.47* -0.53* -0.37 

*p < 0.05, †p < 0.01, ‡p < 0.001 
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0.05). AAO was inversely related to age (r = -0.54, p < 0.05) and 
directly to CC (r = 0.47, p < 0.05). RAlength and Polydeg 
displayed clear inverse correlations to AA (r = -0.65, p < 0.01 
and r = -0.46, p < 0.05, respectively) and to Aix@75 (r = -0.60, p < 
0.01 and r = -0.53, p < 0.05, respectively).  

 
Table 6.3: Median and interquartile range (IQR) values of the clinical 
characteristics and the Spearman’s correlations between the longitudinal 
motion indices and the clinical characteristics. 

 SBP DBP PP Age Weight Height 
 (mmHg) (mmHg) (mmHg) (years) (kg) (cm) 

Median 119 76 46 38 65 173 
IQR 21 11 14 22 16 17 
IAante 0.48* 0.29 0.49* -0.35 0.56* 0.60† 
IOante 0.35 0.23 0.44 -0.35 0.40 0.43 
AOante 0.11 -0.03 0.34 -0.33 0.40 0.30 
IAretro -0.40 -0.29 -0.48* 0.04 -0.32 -0.23 
IOretro -0.27 -0.21 -0.37 0.12 -0.26 -0.15 
AOretro -0.01 0.06 -0.16 0.21 -0.29 -0.23 
IAampl -0.14 -0.12 -0.21 -0.11 0.00 0.13 
IOampl -0.05 -0.03 -0.08 -0.10 0.07 0.26 
AOampl 0.40 0.29 0.47* -0.16 0.23 0.26 

VIA -0.01 0.19 -0.00 -0.16 -0.06 0.05 
VIO 0.23 0.07 0.46* -0.51* 0.37 0.38 
VAO 0.10 0.17 0.24 -0.45 0.15 0.32 
AIA -0.21 0.04 -0.15 -0.23 -0.21 0.03 
AIO 0.06 0.01 0.23 -0.57* 0.28 0.41 
AAO 0.03 0.06 0.19 -0.54* 0.04 0.23 

|VIA| -0.19 -0.52* 0.14 -0.09 0.58† 0.42 
|VIO| 0.03 -0.05 0.15 -0.26 0.33 0.40 
|VAO| 0.17 0.01 0.40 -0.24 0.32 0.10 
|AIA| -0.05 -0.40 0.25 -0.13 0.66† 0.37 
|AIO| 0.35 0.15 0.43 -0.05 0.54* 0.43 
|AAO| 0.18 0.09 0.32 -0.06 0.13 -0.20 

RAlength -0.08 -0.44 0.17 -0.66† 0.29 0.41 
Polydeg -0.10 -0.43 0.26 -0.43 0.32 0.18 

*p < 0.05, †p < 0.01 
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Table 6.4: Median and interquartile range (IQR) values of the reference 
stiffness indices and the Spearman’s correlations between the longitudinal 
motion indices and the reference stiffness indices. 

 DC CC Z AA Aix Aix@75 PWV 
 (1/Pa) (m2/Mpa) (Ω) (mmHg) (%) (%) (m/s) 

Median 24.22 0.68 7.43 5.00 18.00 10.00 7.60 
IQR 10.44 0.39 1.94 5.00 16.00 17.50 1.95 
IAante 0.02 0.21 -0.01 -0.24 -0.29 -0.32 0.25 
IOante -0.09 0.12 0.07 -0.24 -0.30 -0.34 0.27 
AOante 0.07 0.22 -0.08 -0.22 -0.28 -0.36 0.10 
IAretro 0.23 0.06 -0.19 -0.06 0.04 0.11 -0.34 
IOretro 0.22 0.10 -0.21 0.01 0.08 0.10 -0.25 
AOretro 0.15 0.06 -0.14 0.18 0.20 0.24 -0.17 
IAampl 0.19 0.16 -0.16 -0.24 -0.16 -0.13 -0.20 
IOampl 0.18 0.25 -0.18 -0.21 -0.18 -0.17 -0.06 
AOampl 0.16 0.34 -0.18 0.07 -0.02 -0.04 0.10 

VIA 0.20 0.36 -0.21 0.27 0.19 0.18 -0.08 
VIO 0.15 0.32 -0.24 -0.34 -0.41 -0.46* 0.00 
VAO 0.16 0.40 -0.21 -0.24 -0.28 -0.30 0.23 
AIA 0.30 0.49* -0.30 0.17 0.13 0.13 -0.09 
AIO 0.27 0.41 -0.37 -0.43 -0.45 -0.50* 0.02 
AAO 0.29 0.47* -0.35 -0.31 -0.35 -0.41 0.10 

|VIA| 0.21 0.29 -0.15 -0.40 -0.44 -0.48* 0.09 
|VIO| 0.17 0.31 -0.16 -0.21 -0.23 -0.24 0.22 
|VAO| -0.12 -0.09 0.09 -0.36 -0.39 -0.33 0.05 
|AIA| 0.01 -0.04 0.01 -0.49* -0.54* -0.52* 0.12 
|AIO| -0.07 -0.00 0.12 0.00 -0.09 -0.16 0.41 
|AAO| -0.03 -0.08 0.03 -0.02 -0.07 -0.12 -0.07 

RAlength 0.68‡ 0.80‡ -0.67† -0.65† -0.61† -0.60† -0.55* 
Polydeg 0.26 0.34 -0.23 -0.46* -0.47* -0.53* -0.37 

*p < 0.05, †p < 0.01, ‡p < 0.001 
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6.3 WAVEFORM CHARACTERIZATION 

A PCA was used to characterize the longitudinal waveform of 
the common carotid artery in a healthy population of 19 
subjects. The two most significant eigenvectors were derived to 
describe the longitudinal waveform and PC values were utilized 
as weighting coefficients to fit the eigenvectors to the measured 
longitudinal motion signal. The repeatability of the PC values 
was good as Cronbach’s alpha values were greater than 0.85 in 
all measured 1st and 2nd PC values. 

The two most significant eigenvectors are displayed in Figure 
6.2. Based on the corresponding eigenvalues, the two most 
significant eigenvectors summarize 99.5 % of the variance in the 
diameter change curve and over 92 % of the variance of the 
longitudinal motion of the different wall layers of the common 
carotid artery. The first eigenvector alone explained 97.9 % of 
the variance within the diameter change curve and 87.2 % of the 
variance within the longitudinal motion between the intima-
media complex and the adventitia layer. In addition, the first 
eigenvectors defined from the longitudinal motion of the 
individual wall layers intima-media and adventitia explained 
83.1 % and 80.8 % of the variation within the study population, 
respectively. 

The relationships between the more conventional peak-to-
peak amplitude indices and the PC values are displayed in 
Table 6.5. In addition, the relationships between the deviation of 
the longitudinal motion (describing the direction of the motion) 
and the PC values are shown in the same table. The peak-to-
peak amplitudes and average deviation values exhibited high 
correlations with the 1st PC values, measured from the 
corresponding artery layers. On average, over 70 % of the data 
variation in the deviation indices and over 50 % of the data 
variation in the amplitude indices was represented by the 
corresponding 1st PC values. The 2nd PC values did not correlate 
with the longitudinal peak-to-peak values and explained on 
average, roughly 35 % of the data variation in the corresponding 
deviation values.  
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The correlations between the PC values, clinical 
characteristics of the study population and the measured arterial 
stiffness indices are displayed in Table 6.6. In addition, the 
medians and IQR values of the clinical characteristics and the 
arterial stiffness indices are presented in the same table. The 1st 
PC defined from the diameter change curve revealed a clear 
correlation to with multiple stiffness indices, i.e. a direct 
correlation with DC (r = 0.58, p < 0.01) and CC (r = 0.81, p < 
0.001) and an inverse correlation with PWV (r = -0.53, p < 0.05). 
The 2nd PC showed no signs of any correlation with arterial 
stiffness. In addition, the values of the 1st PC of the longitudinal 
motion between the different arterial wall layers displayed no 
correlation to arterial stiffness. However, the 1st PC exhibited a 
direct relationship with the pulse pressure (r = 0.52, p < 0.05). 

Figure 6.2: The two most significant eigenvectors derived from the diameter 
change (radial) and longitudinal movement curves. The thick solid line is the 
1st eigenvector and the dashed line is the 2nd eigenvector. The thinner lines 
are the original motion traces. 
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6.3 WAVEFORM CHARACTERIZATION 

A PCA was used to characterize the longitudinal waveform of 
the common carotid artery in a healthy population of 19 
subjects. The two most significant eigenvectors were derived to 
describe the longitudinal waveform and PC values were utilized 
as weighting coefficients to fit the eigenvectors to the measured 
longitudinal motion signal. The repeatability of the PC values 
was good as Cronbach’s alpha values were greater than 0.85 in 
all measured 1st and 2nd PC values. 

The two most significant eigenvectors are displayed in Figure 
6.2. Based on the corresponding eigenvalues, the two most 
significant eigenvectors summarize 99.5 % of the variance in the 
diameter change curve and over 92 % of the variance of the 
longitudinal motion of the different wall layers of the common 
carotid artery. The first eigenvector alone explained 97.9 % of 
the variance within the diameter change curve and 87.2 % of the 
variance within the longitudinal motion between the intima-
media complex and the adventitia layer. In addition, the first 
eigenvectors defined from the longitudinal motion of the 
individual wall layers intima-media and adventitia explained 
83.1 % and 80.8 % of the variation within the study population, 
respectively. 

The relationships between the more conventional peak-to-
peak amplitude indices and the PC values are displayed in 
Table 6.5. In addition, the relationships between the deviation of 
the longitudinal motion (describing the direction of the motion) 
and the PC values are shown in the same table. The peak-to-
peak amplitudes and average deviation values exhibited high 
correlations with the 1st PC values, measured from the 
corresponding artery layers. On average, over 70 % of the data 
variation in the deviation indices and over 50 % of the data 
variation in the amplitude indices was represented by the 
corresponding 1st PC values. The 2nd PC values did not correlate 
with the longitudinal peak-to-peak values and explained on 
average, roughly 35 % of the data variation in the corresponding 
deviation values.  
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The correlations between the PC values, clinical 
characteristics of the study population and the measured arterial 
stiffness indices are displayed in Table 6.6. In addition, the 
medians and IQR values of the clinical characteristics and the 
arterial stiffness indices are presented in the same table. The 1st 
PC defined from the diameter change curve revealed a clear 
correlation to with multiple stiffness indices, i.e. a direct 
correlation with DC (r = 0.58, p < 0.01) and CC (r = 0.81, p < 
0.001) and an inverse correlation with PWV (r = -0.53, p < 0.05). 
The 2nd PC showed no signs of any correlation with arterial 
stiffness. In addition, the values of the 1st PC of the longitudinal 
motion between the different arterial wall layers displayed no 
correlation to arterial stiffness. However, the 1st PC exhibited a 
direct relationship with the pulse pressure (r = 0.52, p < 0.05). 

Figure 6.2: The two most significant eigenvectors derived from the diameter 
change (radial) and longitudinal movement curves. The thick solid line is the 
1st eigenvector and the dashed line is the 2nd eigenvector. The thinner lines 
are the original motion traces. 
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The 2nd PCs correlated with reference arterial stiffness indices. 
Especially the 2nd principal component derived from the 
longitudinal motion of the adventitia layer showed a clear 
correlation to local arterial stiffness: a direct correlation with DC 
(r = 0.63, p < 0.01) and CC (r = 0.53, p < 0.05) as well as an 
inverse correlation with EY (r = -0.58, p < 0.01) and Z (r = -0.59, p 
< 0.01). In the same dataset, the peak-to-peak amplitudes of the 
longitudinal wall motions displayed no correlation to the 
arterial stiffness indices. 

 
Table 6.5: The Spearman’s correlations of the principal components (PCs), 
derived from the diameter change curve (radial) and longitudinal motion 
curve, to the peak-to-peak amplitudes (ampl) and average deviations (dev) of 
the longitudinal motion. 

PC IAdev IOdev AOdev IAampl IOampl AOampl 
Radial 1st PC 0.02 0.01 0.08 0.19 0.18 0.09 
Radial 2nd PC -0.10 -0.12 -0.25 -0.19 0.10 0.41 

IA 1st PC -0.90‡ -0.85‡ -0.61† 0.58† 0.53* 0.27 
IA 2nd PC 0.48* 0.43 0.16 -0.10 -0.18 -0.10 
IO 1st PC -0.86‡ -0.93‡ -0.79‡ 0.62† 0.73‡ 0.55* 
IO 2nd PC 0.65† 0.61† 0.42 -0.14 -0.13 0.06 
AO 1st PC 0.45 0.62† 0.78‡ -0.25 -0.62† -0.76‡ 
AO 2nd PC 0.53* 0.65† 0.70‡ -0.06 -0.18 -0.16 

*p < 0.05, †p < 0.01, ‡p < 0.001 
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The 2nd PCs correlated with reference arterial stiffness indices. 
Especially the 2nd principal component derived from the 
longitudinal motion of the adventitia layer showed a clear 
correlation to local arterial stiffness: a direct correlation with DC 
(r = 0.63, p < 0.01) and CC (r = 0.53, p < 0.05) as well as an 
inverse correlation with EY (r = -0.58, p < 0.01) and Z (r = -0.59, p 
< 0.01). In the same dataset, the peak-to-peak amplitudes of the 
longitudinal wall motions displayed no correlation to the 
arterial stiffness indices. 

 
Table 6.5: The Spearman’s correlations of the principal components (PCs), 
derived from the diameter change curve (radial) and longitudinal motion 
curve, to the peak-to-peak amplitudes (ampl) and average deviations (dev) of 
the longitudinal motion. 

PC IAdev IOdev AOdev IAampl IOampl AOampl 
Radial 1st PC 0.02 0.01 0.08 0.19 0.18 0.09 
Radial 2nd PC -0.10 -0.12 -0.25 -0.19 0.10 0.41 

IA 1st PC -0.90‡ -0.85‡ -0.61† 0.58† 0.53* 0.27 
IA 2nd PC 0.48* 0.43 0.16 -0.10 -0.18 -0.10 
IO 1st PC -0.86‡ -0.93‡ -0.79‡ 0.62† 0.73‡ 0.55* 
IO 2nd PC 0.65† 0.61† 0.42 -0.14 -0.13 0.06 
AO 1st PC 0.45 0.62† 0.78‡ -0.25 -0.62† -0.76‡ 
AO 2nd PC 0.53* 0.65† 0.70‡ -0.06 -0.18 -0.16 

*p < 0.05, †p < 0.01, ‡p < 0.001 
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6.4 TRANSFER FUNCTION ANALYSIS 

A transfer function analysis was used to determine the plausible 
linear relationship between the longitudinal motion of the 
intima-media complex and the adventitia layer in a population 
of healthy subjects. In addition, the transfer function between 
the blood pressure signal and the longitudinal motion of the 
intima-media complex was investigated. 

The ideal signal for transfer function analysis would have 
been a continuous signal but due to the restrictions of the 
imaging device, the 5-minute signal had to be collected in 10-
seconds-long sections. In addition, motion artifacts and 
changing image quality caused additional cuts to the 10-seconds 
motion traces and thus the length of the final signals used in the 
study varied between 1 and 10 seconds. 

The power spectrums of the measured signals are displayed 
in Figure 6.3. The main power in all of the power spectrums was 
in the 0-3 Hz band, with a peak on the 1.1 Hz frequency. In the 
power spectrums of the longitudinal wall motion, there was an 
additional peak in the 0.2 Hz frequency compared to the power 
spectrum of the blood pressure signal. 

The transfer function between the longitudinal motion of the 
intima-media complex and the adventitia layer is displayed in 
Figure 6.4. The average coherence function value in the 
observed frequency band 0-5 Hz was 0.80, with no large 
deviations in the coherence values. The values of the amplitude 
part of the transfer function were negative throughout the 
observed spectrum, with the maximal decrease being -1.6 dB on 
the 1.0 Hz frequency. The -1.6 dB decrease is equivalent to a 17 
% amplitude reduction in the longitudinal motion of the 
adventitia layer compared to the intima-media complex. The 
phase part of the transfer function reveals intima-media 
complex leading the adventitia layer in the band 0-3 Hz. At 
higher frequencies, the adventitia layer was in front of the 
intima-media complex, but there is no notable power on the 

Dissertations in Forestry and Natural Sciences No 270                  81 
 

high frequencies. In the 1.0 Hz frequency, where the amplitude 
part of the transfer function had its minimum, the delay 
between the longitudinal motion of the intima-media complex 
and the adventitia layer was 6.8 degrees.  

The transfer function between the blood pressure signal and 
the longitudinal motion of the intima-media complex is shown 
in Figure 6.5. The average coherence value on the band from 0 
Hz to 5 Hz was 0.68. The coherence declined to merely under 0.5 
on individual frequency bands from 1.8 Hz to 2.0 Hz and from 
3.6 Hz to 3.9 Hz. In addition, the coherence peaked over 0.7 on 
1.1 Hz and 2.7 Hz frequencies. The amplitude part of the 
transfer function behaved as a low-pass filter with a notch on 
the 1 Hz frequency. The phase part displayed extensive 
variation in the frequencies 0.5-1.5 Hz where the heart muscle 
operates and the phase values on the 0.5 Hz wide heartbeat 
band correlated with known arterial stiffness indices Aix@75 (r 
= 0.66, p < 0.01) and EY (r = -0.50, p < 0.05). The amplitude part 
of the heartbeat band did not correlate with the stiffness indices.  

The quartile transfer functions between the blood pressure 
signal and the longitudinal motion of the intima-media 
complex, computed from the upper and lower quartiles of the 
study population arranged according to IOdev value, are 
presented in Figure 6.6. The amplitude parts of the quartile 
transfer functions are similar to each other and to the 
corresponding whole population transfer function. The most 
notable difference is on the phase parts around 1 Hz frequency. 
The upper quartile (i.e. the population whose longitudinal 
motion waveform was antegrade oriented) transfer function 
exhibited a positive phase (peak at 37 degrees) and the lower 
quartile (i.e. the retrograde oriented population) transfer 
function displayed a clearly negative phase (peak at -117 
degrees). The coherence function could be considered as another 
differentiator between the quartile transfer functions. The 
maximum coherence was achieved between 2-3 Hz in the upper 
quartile transfer function and at 1 Hz in the lower quartile 
transfer function. There was only a small peak in the 2-3 Hz 
band in the lower quartile transfer function.  
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high frequencies. In the 1.0 Hz frequency, where the amplitude 
part of the transfer function had its minimum, the delay 
between the longitudinal motion of the intima-media complex 
and the adventitia layer was 6.8 degrees.  

The transfer function between the blood pressure signal and 
the longitudinal motion of the intima-media complex is shown 
in Figure 6.5. The average coherence value on the band from 0 
Hz to 5 Hz was 0.68. The coherence declined to merely under 0.5 
on individual frequency bands from 1.8 Hz to 2.0 Hz and from 
3.6 Hz to 3.9 Hz. In addition, the coherence peaked over 0.7 on 
1.1 Hz and 2.7 Hz frequencies. The amplitude part of the 
transfer function behaved as a low-pass filter with a notch on 
the 1 Hz frequency. The phase part displayed extensive 
variation in the frequencies 0.5-1.5 Hz where the heart muscle 
operates and the phase values on the 0.5 Hz wide heartbeat 
band correlated with known arterial stiffness indices Aix@75 (r 
= 0.66, p < 0.01) and EY (r = -0.50, p < 0.05). The amplitude part 
of the heartbeat band did not correlate with the stiffness indices.  

The quartile transfer functions between the blood pressure 
signal and the longitudinal motion of the intima-media 
complex, computed from the upper and lower quartiles of the 
study population arranged according to IOdev value, are 
presented in Figure 6.6. The amplitude parts of the quartile 
transfer functions are similar to each other and to the 
corresponding whole population transfer function. The most 
notable difference is on the phase parts around 1 Hz frequency. 
The upper quartile (i.e. the population whose longitudinal 
motion waveform was antegrade oriented) transfer function 
exhibited a positive phase (peak at 37 degrees) and the lower 
quartile (i.e. the retrograde oriented population) transfer 
function displayed a clearly negative phase (peak at -117 
degrees). The coherence function could be considered as another 
differentiator between the quartile transfer functions. The 
maximum coherence was achieved between 2-3 Hz in the upper 
quartile transfer function and at 1 Hz in the lower quartile 
transfer function. There was only a small peak in the 2-3 Hz 
band in the lower quartile transfer function.  
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Figure 6.3: Power spectrums of: A, the longitudinal movement of the intima-
media complex; B, the longitudinal movement of the adventitia layer; C, the 
blood pressure signal. Solid line represents the average of the population and 
standard deviation is shown by the gray background. 
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part; C, coherence function. The solid line represents the mean value and 
the gray background is the standard deviation. 
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Figure 6.3: Power spectrums of: A, the longitudinal movement of the intima-
media complex; B, the longitudinal movement of the adventitia layer; C, the 
blood pressure signal. Solid line represents the average of the population and 
standard deviation is shown by the gray background. 
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Figure 6.4: Transfer function between the longitudinal movement of the 
intima-media complex and the adventitia layer. A, amplitude part; B, phase 
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Figure 6.5: Transfer function between the blood pressure signal and the 
longitudinal movement of the intima-media complex. A, amplitude part; B, 
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7 Discussion 

In this thesis, accurate methods were developed to measure the 
longitudinal motion of the common carotid artery wall and to 
characterize the waveform of the motion. In addition, multiple 
arterial stiffness and wellbeing indices, computed from the 
longitudinal motion waveform, were devised. The indices’ 
repeatability was tested and found to be suitable for population 
studies and some for individual diagnostics. The stiffness 
indices were also successfully validated against commonly 
known arterial stiffness and arterial wellbeing indices. In 
addition, the waveform of the longitudinal motion was found to 
vary extensively but nonetheless to exhibit a relationship with 
arterial stiffness. 

7.1 MEASURING LONGITUDINAL MOTION 

The noninvasive detection of the arterial stiffening in its early 
stage is increasingly becoming a topic of interest to researchers. 
The longitudinal wall motion has been proposed to provide 
novel information about vascular wellbeing but understanding 
of the longitudinal kinetics is somewhat limited. In addition, the 
tools to study the motion have been at the development stage, as 
the longitudinal motion of the artery wall is a challenging 
parameter due to limited lateral resolution of the ultrasound 
transducers. However, ultrasound has quickly become the gold 
standard for studying the longitudinal motion of the common 
carotid wall. Increasing amounts of the published motion-
tracking algorithms operating on ultrasound are based on the 
radio frequency data of ultrasound devices, but these are not 
commonly available in clinical ultrasound imaging devices [117-
119, 123]. The raw radio frequency signal is more robust than 
the compressed B-mode image data of the clinical devices but 
still the motion-tracking method presented here relies on the B-
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mode video data. There were two reasons behind this decision: 
firstly, the ultrasound scanners which we could utilize during 
this thesis, did not allow the user to access the radio frequency 
data and secondly, methods based on the radio frequency data 
cannot be widely used; in contrast, the B-mode video based 
algorithms can be easily adopted to all current clinical 
ultrasound scanners. 

The longitudinal motion-tracking method presented here 
differs from the majority of the other published methods in 
three ways: firstly, the method is the only one that uses contrast 
optimization to reduce noise from the ultrasound images. 
Secondly, a bicubic interpolation is used to increase in a virtual 
way, the resolution of the video frame matrix and thus it 
achieves a more precise estimation of the longitudinal motion 
than can be obtained from the limited lateral resolution of the 
ultrasound transducers. Thirdly, this method uses an additional 
region of interest to track the longitudinal motion in the 
surrounding tissues; this is not a feature commonly described in 
the literature. The motion of the surrounding tissues is reduced 
from the longitudinal traces of the intima-media complex and 
the adventitia layer. In this way, all artefacts caused by the 
motion between the ultrasound transducer and skin are 
minimized.  

The bicubic interpolation, which virtually increases the 
spatial resolution of the ultrasound video frame matrix, has 
been used successfully as a way to acquire a more precise 
measurement of the longitudinal motion [111]. There are also 
more simplified interpolation methods such as bilinear and 
nearest neighbor, which can be approximately 7 to 10 times 
faster than the bicubic method. The bilinear interpolation has 
been used in one previous publication but the authors 
considered that the bicubic interpolation may have been a better 
method but the bilinear interpolation was used to reduce 
computing time [112]. The problem, in the case of motion-
tracking, is that almost no enhancement is reached with nearest 
neighbor interpolation and that the bilinear method is more 
vulnerable to artefacts (pixels standing out conspicuously), 
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compared to the bicubic method. A general problem is that 
interpolating new pixels to the original data is only an 
estimation of the increased image resolution without certainty 
and the estimation can be therefore lead to discrepancies. 
Nevertheless, generally in image resizing, the bicubic method is 
preferred over nearest neighbor and bilinear methods, unless 
the time needed to perform the interpolation is crucial [161, 162]. 

Although the measurement of the longitudinal motion of the 
common carotid wall is challenging, the method presented in 
this thesis proved to be suitable for studying this phenomenon. 
The overall day-to-day reproducibility of the longitudinal 
measurements was good. The method of Cinthio and Ahlgren 
[112] is the one with the most direct comparison to the 
presented method since it uses image interpolation and 
referential ROI in the surrounding tissues and since CV value 
was computed between measurements of subsequent days. 
Cinthio and Ahlgren were able to achieve a CV value 12.5 % in 
their day-to-day reproducibility of the peak-to-peak motion 
amplitude between the intima-media complex and the 
surrounding tissues. The corresponding CV value was 10.5 % 
for a motion tracking method based on velocity vector imaging, 
averaging the longitudinal motion for a 1 cm space [127]. Our 
corresponding CV value was 16.3 %. The slightly better value 
with the method by Cinthio and Ahlgren might be because they 
used a higher frame rate in their ultrasound imaging (55 Hz). 
The use of the high frame rate was likely to remove motion 
artifacts, which are visible in the intima-media complex using 
lower frame rates. Svedlund and Gan [127] did not report 
imaging frame rate that they used and furthermore they motion 
tracked a long segment of the artery wall, which is known to 
contain different longitudinal motion amplitudes [133]. In 
addition, the vector velocity imaging was not able to detect the 
multiphasic form of the longitudinal motion, as has been 
reported in other studies [127]. Another difference possibly 
affecting the reproducibility is the fact that Cinthio and Ahlgren 
used breath hold during imaging while we allowed free 
breathing. It is debatable whether it is best to image the 
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longitudinal motion in a breath hold or during free breathing. 
With free breathing, one needs a longer signal to average out the 
effect of breathing whereas with breath hold one can acquire a 
repeatable longitudinal motion signal rather quickly. However, 
it is obvious that holding the breath is not a natural state and its 
specific effects on the longitudinal wall motion are unknown. 

In the literature, ultrasound transducers with the mean or 
peak frequency on 4-13 MHz band have been used successfully 
for longitudinal motion tracking [111-123, 127]. Therefore, the 
transducers used here (14 MHz and 18 MHz peak frequencies) 
are one of the highest frequencies used in the longitudinal 
motion tracking. However, a recent study claimed that modern 
clinical ultrasound imaging devices (frequency of the transducer 
< 20 MHz) are sufficient to measure the longitudinal motion of 
the carotid wall [118]. The application of high frequency 
ultrasound devices (frequency > 20 MHz) does not seem to 
achieve any significant additional accuracy in the measurement 
of the longitudinal motion of the far carotid artery wall [118]. 
However, ultrasound probes capable of emitting higher 
frequencies are most likely beneficial for imaging smaller, 
superficial arteries such as the radial artery. 

In the tracking of the longitudinal motion of the carotid wall, 
it is important to keep the ROI size and location constant as the 
longitudinal motion has been shown to vary along the common 
carotid artery [133]. In addition, large ROIs make it impossible 
to detect the local shear stress changes whereas small ROIs are 
more subject to tracking errors [115]. In the literature, ROI sizes 
0.5-3.2 × 0.1-2.5 mm2 (lateral and axial measures, respectively) 
have been generally used for the motion tracking of the intima-
media complex [111-123, 127]. The average intima-media ROI 
sizes used in this thesis were 2.76 × 0.50 mm2 in Studies I and II 
and 2.58 × 0.33 mm2 in Studies III and IV, which are in line with 
values in the literature. The optimal ROI size is always a 
compromise between motion-tracking accuracy and detecting 
the smallest motions. 

The limitation of the presented motion tracking method is the 
update procedure of the ROI data after every frame, based 
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simply only on the previous frame i.e. the method is an adaptive 
single frame cross-correlation. The ROI data update is necessary 
in order to incorporate to the changes occurring inside the ROI: 
shear strain within the ROI and other deformations or 
disappearances of the tracked speckles as a function of time. 
Nevertheless, the ROI updating procedure based on only a 
single previous frame slowly accumulates errors into the 
tracked ROI, as the inevitable small errors in the motion-
tracking move the ROI slightly away from the correct position 
and from that point onwards, the motion tracking is being 
performed on a false measuring site. One automatic solution to 
this problem is to keep some information of the original ROI 
data unchanged and only update some features of the ROI data 
in the current location. A method averaging the original and 
current ROI data has been applied with good success [120]. 
Other longitudinal motion tracking methods in the literature 
have relied on more advanced adaptive cross-correlation 
techniques i.e. based on finite impulse response filtering [114] or 
Kalman filtering [113, 114, 121], which mainly differ from the 
method used here by taking information from n (n > 1) 
ultrasound video frames prior to the current frame, in order to 
update the content of the ROI. In a comparison study, the 
Kalman filtering based method was noted to display more 
reliable motion tracings, when compared to conventional 2D 
cross-correlation and adaptive single frame cross-correlation 
[114]. The disadvantage of the Kalman filtering is the increase in 
the computation time, which can be as much as fivefold 
compared to the conventional cross-correlation [113]. The key 
difference in the method presented in this thesis is that it is 
semiautomatic and relies on the user to check the motion traces 
after every heartbeat-long motion tracking and to reset the ROI 
to a proper speckle to be traced for the next cardiac cycle. The 
potential mismatch between the original and reset ROI locations 
is corrected by removing the linear trend between the 
subsequent, heartbeat-long motion traces. The user dependency 
is a disadvantage but the presented method allows successful 
motion tracking that can last for several minutes, which is 
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required in the transfer function analysis. Our method has been 
used for 5-minute-long motion tracings, while typically in the 
literature the longitudinal motion has been measured for less 
than 5 seconds [111-123, 127]. 

In the future, the three-dimensional ultrasound imaging will 
most likely allow measurement of the artery wall motion even 
more accurately and more comprehensively than the current 
techniques. There is a recent study comparing 2D and 3D cross-
correlation motion-tracking algorithms being applied on a 
modelled carotid artery wall to track radial and circumferential 
motion [163]. That study stated that 3D displacement estimation 
clearly outperformed the 2D type and that large inter-frame 
longitudinal motion made it impossible to estimate the radial 
and circumferential motion accurately only with 2D cross-
correlation. Similarly, we can state that circumferential motion 
of the artery wall negatively influences the longitudinal motion 
estimation when using the current 2D techniques and this 
problem could be fixed by adopting 3D techniques. 

7.2 NEW STIFFNESS INDICES 

This thesis introduced multiple arterial stiffness and wellbeing 
indices based on the longitudinal motion of the common carotid 
artery wall. The indices can be divided into four sub-categories: 
amplitude indices, rate of change indices, complexity indices 
and indices characterizing the waveform of the longitudinal 
motion.  

7.2.1 Amplitude indices 
Longitudinal amplitude indices are the types on which most of 
the researchers in this field have concentrated. Instead of 
focusing only on the peak-to-peak amplitude of the longitudinal 
motion of the intima-media complex, the adventitia layer and 
the motion between these layers, this thesis also highlighted 
partial amplitudes, i.e. the antegrade component and the 
retrograde component of the longitudinal motion. These partial 
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amplitudes have also been studied by some researchers [111, 
128, 129, 131]. 

In this thesis, the greatest peak-to-peak amplitudes seemed to 
be encountered in subjects with the retrograde oriented 
longitudinal waveform and on average, the retrograde 
component of the longitudinal motion was greater than the 
antegrade component. The median peak-to-peak amplitude of 
the longitudinal motion of the intima-media layer was 0.43 mm, 
which is in agreement with the average values of the healthy 
population found in the literature: 0.61 mm [122], 0.64 mm [121], 
0.48 mm [115], 0.81 mm [112], 0.54 mm [127], 0.40 mm [127]. 

The median amplitude of the antegrade component of the 
longitudinal motion found here was 0.06 mm (IQR 0.22 mm), 
which is slightly lower than the values reported in the literature: 
0.31 mm [111], 0.39 mm [129], 0.35 mm [131] and 0.13 mm [128]. 
In addition, the retrograde amplitudes were slightly lower in 
this thesis (median 0.30 mm and IQR 0.37) than values in the 
literature:  0.71 mm [111], 0.52 mm [129], 0.82 mm [131] and 0.42 
mm [128]. The antegrade and retrograde amplitudes are in line 
with the results of the peak-to-peak amplitude, which was low 
but comparable with other studies. 

 Based on our results, it seems that the partial amplitudes 
play major role when studying arterial stiffness: the antegrade 
and retrograde amplitudes had higher correlations to known 
arterial stiffness indices than the longitudinal peak-to-peak 
amplitudes. In addition, previously the reduced retrograde 
amplitude of the intima-media has been speculated to reflect an 
increased cardiovascular disease risk [131]. 

The exact driving force for the longitudinal motion is still 
unclear and this complicates the evaluation of the amplitude 
indices; measuring only the longitudinal amplitude, whether it 
is the peak-to-peak or partial amplitude, is an incomplete 
measure of the longitudinal kinetics. The longitudinal motion is 
the output of some initiating force, and if one wishes to derive a 
proper stiffness measure, the output needs to be normed with 
the input. When the driving force is taken into account, the 
significances of the different longitudinal amplitude indices can 
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change. However, in this thesis and in many other publications, 
the longitudinal amplitude alone has been shown to be related 
to vascular wellbeing [20-22, 131, 132, 138, 139]. 

7.2.2 Rate of change indices 
The results indicate that the rate of change indices display 
higher correlations with known arterial stiffness indices than the 
previously more widely studied longitudinal amplitudes. This 
emphasizes the need to study the longitudinal motion in greater 
detail, rather than simply focusing on the numerical amplitude 
of the motion. The highest correlations between the rate of 
change indices and previously known arterial stiffness indices 
were achieved with those rate of change indices which included 
information about the direction of the longitudinal motion. 
Based on these results, arterial stiffness may have an effect on 
the main direction of the longitudinal motion, but there is no 
clear-cut clinical evidence to support this concept; in fact they 
are at odds with the results of a smaller study on this subject 
[164].  

The challenge with the rate of change indices is the frame rate 
of the ultrasound acquisition. The frame rate of 25 Hz was 
found to be sufficient to track the longitudinal motion but for 
the rate of change indices, especially for the acceleration 
measurements, a higher frame rate would be beneficial in order 
to capture the real peak value of the velocity and acceleration of 
the motion. Nevertheless, the peak rate of change indices, 
performed with a frame rate 25 Hz, achieved more than 
adequate repeatability results. 

7.2.3 Complexity indices 
This thesis introduced two easily measurable indices that 
describe the complexity of the arterial wall motion. The idea of 
the indices is to have single value to depict the entire heartbeat-
long motion graph. We named the indices as Polydeg and 
RAlength. Polydeg measures the complexity of the longitudinal 
motion waveform and RAlength assesses the total two-
dimensional motion of the arterial wall during a heartbeat. 
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The repeatability and the reproducibility of RAlength are 
good, meaning that the measurement is reliable. According to 
the results of this thesis, RAlength exhibits a clear correlation 
with known arterial stiffness indices. A larger study with 
hundreds of subjects was also conducted to evaluate the 
connection between the longitudinal wall motion and known 
indices of arterial stiffness [20]. That study revealed the usability 
of the longitudinal motion as a predictor of vascular status and 
highlighted that RAlength displayed the highest correlations 
with arterial stiffness, being even better than the longitudinal 
amplitude indices. 

In contrast to the RAlength, the Polydeg value displayed 
good repeatability but poor day-to-day reproducibility. It is 
possible that the Pearson’s correlation coefficient value criterion 
used for the calculation of the Polydeg value (r > 0.95) was too 
strict, causing even the smallest changes in the longitudinal 
motion waveform and measuring artifacts to ruin the 
reproducibility. Therefore, Polydeg’s correlations to other 
reference stiffness indices, presented in this thesis, must be 
considered carefully.  

7.2.4 Waveform characterizing indices 
This thesis revealed that the waveform of the carotid wall 
motion varies largely from one subject to the next, when 
measured during free breathing. The longitudinal waveforms 
observed in this thesis can be divided roughly into three 
categories: bidirectional, antegrade oriented and retrograde 
oriented waveforms. In general, the waveforms have been stated 
to remain unchanged over a 4-month period [130] and the 
bidirectional longitudinal motion has been reported to occur 
even during a breath hold [121, 129]. 

The majority of our test subjects displayed the primary 
longitudinal motion towards the retrograde direction. One 
common feature for all the longitudinal motion waveforms is 
that they all have a tendency to head towards the antegrade 
direction during early systole. The antegrade motion seem to 
occur at the same time as the local blood velocity peaks [128]. 
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However, despite the temporal concurrency, the statistical 
significance between the blood flow velocity and the 
longitudinal carotid wall motion is lacking [128, 137]. The 
direction of the longitudinal motion changes towards the 
retrograde direction in the early diastole and the timing of the 
change of the direction has been reported to match with the 
peak apical and basal rotation of the heart [128].  Finally, the 
wall returns to its initial position during the late diastolic phase. 

PCA is a widely used tool to summarize the information 
contained in a large dataset and here it was used to characterize 
the longitudinal waveform. The mathematics of the PCA does 
not entail any user dependent criteria and therefore it is a more 
elegant index to describe the complexity of the longitudinal 
motion than Polydeg. In addition, the repeatability of the index 
was good, but the day-to-day reproducibility of the PC values 
was not measured here. 

The two most significant eigenvectors were able to account 
for over 92 % of the variation in the longitudinal motion data. 
This means that over 92 % of the information within the 
longitudinal motion curves can be packaged into two singular 
PC values and hence the usefulness of the higher PC values is 
rather insignificant if one is trying to reconstruct the 
longitudinal motion waveform from the eigenvectors. 

According to the results, the amplitude and the main 
direction of the longitudinal motion of the intima-media and 
adventitia layer are related to the 1st PC defined from the motion 
waveform of the corresponding wall layer. In the case of the 
longitudinal motion of the intima-media complex, the 1st PC 
describes 86 % of the variance of the IOdev and 53 % of the 
variance of the IOampl, which means that it is not such a valuable 
add-on for the amplitude and main direction indices. More 
interestingly, the 2nd PC is independent of the motion amplitude 
(explains only less than 2 % of the variance within the 
amplitudes) and is less affected than the 1st PC by the direction 
of the motion (i.e. it explains 37 % of the variance within the 
IOdev values).  The shapes of the eigenvectors reveal that the fine 
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details of the longitudinal motion, such as the amount of the 
back-and-forward motion, have a greater impact on the 2nd PC.  

There were clear correlations between the 2nd PC, derived 
from the longitudinal motion curve of the adventitia layer, and 
multiple indices of local arterial stiffness e.g. DC, CC and EY. It 
seems that the longitudinal waveform of the outermost 
adventitia layer is more sensitive to change than the innermost 
intima-media complex when stiffening processes start in the 
vessel wall. The correlations between the 2nd PC of the 
longitudinal motion of the intima-media complex and the 
arterial stiffness indices only just failed to reach the statistical 
significance criterion (p < 0.05). In addition, there was no 
correlation to arterial stiffness with the PCs derived from the 
longitudinal motion between the intima-media complex and the 
adventitia layer. 

All the participants in the study were healthy, thus the 
results highlight the potential of the PCA to detect the early 
signs of the arterial stiffening. The results might be different if 
diagnosed atherosclerotic or arteriosclerotic patients had been 
included to the study, as the longitudinal waveform has been 
shown to vary with the presence of blood vessel plaques [134, 
135]. In addition, it has been reported that there is a significant 
difference in the longitudinal motion amplitude between young 
healthy and older diabetic populations [21]. A similar finding 
has also been made between healthy volunteers and patients 
with periodontal disease [132]. Based on the results of the 
above-mentioned studies, it is likely that at least the 1st 
longitudinal PC, which is highly associated with the 
longitudinal motion amplitude, would have a higher correlation 
to the arterial stiffness in arteriosclerotic study populations. The 
behavior of the 2nd PC in a diseased population is harder to 
predict, since it seems to be independent of the current 
longitudinal motion amplitude indices. 

The pitfall in the PCA presented here, is the low number of 
subjects which were used to form the eigenvectors. If one wishes 
to obtain a more precise and accurate representation of the 
eigenvectors, a vastly enlarged number of subjects would be 
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needed, including diagnosed cardiovascular patients. In the 
future, if the input-output characteristics of the different driving 
forces and the resulting longitudinal motion prove to be rather 
consistent and logical, then the population-averaged 
eigenvectors might be a useful tool for analyzing the status of 
the patient’s vascular system. By only measuring the 
longitudinal waveform of the carotid wall during a heart cycle 
and allowing the computer to calculate the optimal PCs to fit the 
universal eigenvectors, it should be possible to reveal the status 
of the patient’s vascular system. The PCA is as fast and easy to 
perform as the amplitude measurement of the longitudinal 
motion, but nonetheless, it provides much more information 
about the longitudinal motion than the plain amplitude 
measurement. 

Irrespective of the low number of subjects examined in this 
thesis, the use of PCA to study the longitudinal motion is 
promising. The 2nd PCs of different arterial layers are 
independent of the longitudinal peak-to-peak amplitudes and 
display significant correlation, especially on the adventitia layer, 
to the indices of arterial stiffness. In other words, the PCA of the 
longitudinal carotid wall motion is a measure of arterial stiffness 
and the results of this thesis can act as a foundation for larger 
clinical studies on this topic. 

7.3 TRANSFER FUNCTION ANALYSIS 

In this thesis, the more detailed changes within the waveform of 
the longitudinal motion have been connected to arterial 
stiffness. In order to characterize further the kinetics of the 
common carotid artery wall, a transfer function analysis was 
performed. The spectra of the longitudinal motion of the intima-
media complex and the adventitia layer were defined. The main 
power in both spectra was on the band from 0 to 3 Hz, with a 
peak value within the 1.1 Hz frequency. The 1.1 Hz frequency is 
the frequency where the heart muscle operates. Similarly, the 
power spectrum of the blood pressure signal in carotid artery 
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was computed and the form of the power spectrum was found 
to be similar to the spectra derived from the longitudinal wall 
motion: main power was detected in the 0-3 Hz band with the 
peak at the 1.1 Hz frequency. The only visible difference is that 
the power spectrum of the blood pressure signal does not 
include an additional spike at the 0.2 Hz frequency, this spike is 
visible on the power spectra of the longitudinal wall motions. 

The additional peak power on the 0.2 Hz frequency occurs in 
a typical frequency band of free breathing, from 0.2 Hz to 0.33 
Hz [165]. This finding may be additional evidence that breathing 
modulates the longitudinal motion of the carotid wall. It has 
been reported previously that breathing can influence the 
longitudinal wall motion in the common carotid artery [112].  

The transfer function between the intima-media complex and 
the adventitia layer displayed a high coherence, demonstrating 
that the wall layers are connected to one another and that the 
longitudinal motions of the wall layers exhibit a strong linear 
relationship. The amplitude of the longitudinal motion is on 
average 17 % higher in the intima-media complex than in the 
adventitia layer, when observed at the 1.0 Hz frequency where 
the abatement of the longitudinal motion reaches its maximum. 
At the same frequency, the delay between the longitudinal 
motions is 6.8 degrees (i.e. 19 ms), indicating that the 
longitudinal motion of the intima-media complex occurs prior to 
the longitudinal motion of the adventitia layer. Based on the 
transfer function analysis, it seems that the driving force for the 
longitudinal wall motion mainly affects the intima-media 
complex and possibly the intima-media simply pulls the 
adventitia layer along. However, it is also possible that the 
driving forces affect both layers directly even though they affect 
the intima-media complex first and with greater force.  

Similar to the situation at the 1.0 Hz frequency, the 0.2 Hz 
component of the longitudinal motion occurs first in the intima-
media complex and this is then followed by the adventitia layer 
and also with a small amplitude reduction. However, there was 
some variation within the study population, in the way that the 
longitudinal amplitudes compared to each other in that 0.2 Hz 
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frequency. In some individuals, the longitudinal amplitude was 
higher on the adventitia layer and the longitudinal motion of the 
adventitia occurred prior to the motion in the intima-media. 
This makes the interpretation harder, for example, to determine 
how breathing can modify the longitudinal motion of the 
carotid artery wall and thus more studies on the subject are 
needed. Another uncertainty emerging from the breathing 
results is the limited duration of the continuously recorded 
signals. Due to the technical limitation of the ultrasound 
imaging device being used, the maximum continuous signal 
length which could be obtained in the transfer function analysis 
was 10 seconds. According to the Nyquist theorem, this limits 
the lowest observable frequency to 0.2 Hz. Longer continuous 
signals would have been beneficial in order to achieve a more 
precise presentation of the frequencies being influenced by 
breathing. However, the key findings of the transfer function 
analysis are obtained from the heartbeat band, which is well 
covered in the analyzed spectrum. 

The transfer function revealed a strong linear relationship 
between the blood pressure signal in the common carotid artery 
and the longitudinal motion of the intima-media complex. The 
coherence value was lower than in the transfer function between 
the longitudinal motions of the intima-media complex and the 
adventitia layer but on average still above 0.68 between 
frequencies 0 and 5 Hz. The amplitude part of the transfer 
function behaves as a low-pass filter with an additional notch on 
the heartbeat frequency (1.0 Hz).  

The blood pressure has been suggested as the driving force 
for the longitudinal motion of the common carotid wall [129] 
and the high coherence of the transfer function supports it. 
However, the relationship between the blood pressure and the 
longitudinal motion is not as unambiguous as between the pulse 
pressure and the diameter change of the artery. This is because 
of the variety of waveforms displayed by longitudinal motion. It 
is unlikely that by only changing the pulse pressure inside the 
artery, that the main direction of the longitudinal wall motion 
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would change. Additional factors within the human body are 
needed to explain the waveforms. 

The phase part of the transfer function between the blood 
pressure and the carotid wall longitudinal motion revealed that 
on average, the blood pressure signal occurs prior to the 
longitudinal motion on the heartbeat frequency. However, in 
some cases, the longitudinal motion seem to occur prior to the 
blood pressure signal but this of course should not be 
interpreted to mean that the longitudinal motion is the driving 
force for the pressure change inside the common carotid artery; 
the negative phase shift in the transfer function occurs, because 
of the retrograde oriented waveform of the longitudinal motion 
curve. The majority of the subjects had the main orientation of 
the longitudinal motion in the retrograde direction, i.e. against 
the main direction of the blood flow. This retrograde orientation 
of the longitudinal motion causes a 180-degree phase shift when 
compared to the blood pressure signal, which always has higher 
values during systole and lower values during diastole. The 
large phase shift is visible around the 1 Hz frequency on the 
quartile transfer functions, which have been sorted according to 
the IOdev value. The population quartile, which displays the 
retrograde oriented longitudinal waveform (lower quartile), has 
negative phase values whereas the quartile with the antegrade 
oriented waveform has positive phase values. Another key 
difference in the quartile transfer functions is in the coherence 
functions between frequencies of 2 Hz and 3 Hz. The upper 
quartile had its peak coherence on the frequency band whereas 
the lower quartile displayed only a minor peak on the band and 
had its primary coherence at the 1 Hz frequency.  This is an 
indirect sign that there is less oscillation occurring within the 
retrograde oriented longitudinal motion waveform. 

A correlation was found to reference arterial stiffness values 
from the phase values of the heartbeat frequency of the transfer 
function between the blood pressure and the longitudinal 
motion. Both Aix@75 and EY displayed significant inverse 
correlations with the phase values in the 0.5 Hz wide heartbeat 
band (p < 0.01 and p < 0.05, respectively). Based on the 
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curve. The majority of the subjects had the main orientation of 
the longitudinal motion in the retrograde direction, i.e. against 
the main direction of the blood flow. This retrograde orientation 
of the longitudinal motion causes a 180-degree phase shift when 
compared to the blood pressure signal, which always has higher 
values during systole and lower values during diastole. The 
large phase shift is visible around the 1 Hz frequency on the 
quartile transfer functions, which have been sorted according to 
the IOdev value. The population quartile, which displays the 
retrograde oriented longitudinal waveform (lower quartile), has 
negative phase values whereas the quartile with the antegrade 
oriented waveform has positive phase values. Another key 
difference in the quartile transfer functions is in the coherence 
functions between frequencies of 2 Hz and 3 Hz. The upper 
quartile had its peak coherence on the frequency band whereas 
the lower quartile displayed only a minor peak on the band and 
had its primary coherence at the 1 Hz frequency.  This is an 
indirect sign that there is less oscillation occurring within the 
retrograde oriented longitudinal motion waveform. 

A correlation was found to reference arterial stiffness values 
from the phase values of the heartbeat frequency of the transfer 
function between the blood pressure and the longitudinal 
motion. Both Aix@75 and EY displayed significant inverse 
correlations with the phase values in the 0.5 Hz wide heartbeat 
band (p < 0.01 and p < 0.05, respectively). Based on the 
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individual longitudinal motion curves, it is known that an 
approximately 180-degree phase shift is visible with subjects 
whose intima-media moves mainly in the retrograde direction 
during systole. However, the main direction of the longitudinal 
motion is not responsible for the correlation between the phase 
values in the heartbeat band and the arterial stiffness indices, 
since the correlation between IOdev and arterial stiffness indices 
was statistically insignificant (Aix@75, r = -0.01, p = 0.79; EY, r = -
0.32, p = 0.18).  

The results of the transfer function analysis were obtained 
from rather young healthy adults and thus they do not represent 
average motion values in general population. If one examined 
larger sample populations, then because the longitudinal motion 
waveform is connected to the arterial stiffness, the amplitude 
attenuation and the delay between the longitudinal motions of 
different wall layers would be likely to change from the values 
reported here. 
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8 CONCLUSIONS 

This thesis examined the unexplored features of the longitudinal 
motion of the common carotid artery, by applying a motion-
tracking method with a series of newly devised waveform 
analysis tools. The developed tracking method proved to be 
useful and sufficiently accurate for measuring the longitudinal 
wall motion of the common carotid artery in clinical studies. 

Arterial stiffness indices from the velocity and acceleration 
curves of the longitudinal motion were introduced and 
especially the new methods intending to summarize the whole 
motion waveform into a single useful value (RAlength and the 
2nd principal component of the longitudinal motion) successfully 
detected stiffness changes within the artery wall. In side-by-side 
comparison, all of the above indices were superior to the 
amplitude measurements when evaluating the stiffness of the 
artery from the longitudinal motion of the carotid wall. In 
addition, the temporal characteristics of the longitudinal motion 
outperformed the spatial characteristics in the transfer function 
analysis, when assessing arterial stiffness. 

The transfer function analysis revealed a strong linear 
relationship between the longitudinal motions of the intima-
media complex and the adventitia layer. In this young healthy 
population, the longitudinal motion of the intima-media 
complex occurred prior to the longitudinal motion of the 
adventitia layer by 19 ms and, on average, it had a 17 % higher 
motion amplitude. In addition, a weaker linear relationship was 
found between the carotid blood pressure and the longitudinal 
motion of the intima-media complex. This emphasizes the role 
of blood pressure as the driving force for the longitudinal 
motion. However, other driving forces are needed to explain the 
variation within the carotid longitudinal motion waveforms. 

Overall, the results highlight the need for more detailed 
investigations of longitudinal wall kinetics; these may demand 
the development of more advanced techniques. By focusing 
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solely on the amplitude of the motion, the full potential of the 
longitudinal wall motion is not being exploited as a tool for 
assessing arterial stiffening. 
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Longitudinal motion of the carotid artery wall 
is a novel index of arterial wellbeing. Previous 

studies have focused on the amplitude of 
the motion. In this thesis, tools to measure 
and analyze the whole longitudinal motion 
waveform are presented and validated. The 
results indicate that the measurements with 
these novel tools are repeatable and that the 
small changes within the arterial waveform 

are a more sensitive way to detect early signs 
of arterial stiffness than can be achieved by 

measuring the amplitude of the motion. 
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