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1.1 - Cardiovascular disease, arteries, atherosclerosis and risk factors  

Cardiovascular disease (CVD) is the major cause of death in the world (World Health 

Organization 2007). During the last decades there has been a progressive change in 

the way CVD prevention and treatment are addressed, from what was previously 

considered as mainly a heart-related disease. This led to the awareness that CVD is 

not just a synonym of coronary heart disease, but is related to a more general con-

dition regarding the cardiovascular system as a whole, i.e. both the heart and the 

vascular tree (De Backer 2003). 

 

 
Fig. 1.1 - Layers composing the arterial wall: 1 - Tunica intima; 2 - Internal elastic lamina; 3 - 

Tunica media; 4 - Tunica adventitia; 5 - External elastic lamina. Reproduced from Kahle (1993). 

 

Arteries are blood vessels that transport blood from the heart to the target organs 

and tissues. They generally consist of three layers (Kahle 1993; Nichols 1998): a 

tunica intima, a tunica media and a tunica adventitia (Fig. 1.1). The intima is com-

posed of a single layer of endothelial cells aligned with the long axis of the vessel, 

and serves the exchange of materials, fluids and gases between blood and tissue. It 

is separated from the media by the internal elastic lamina. The media is composed 

of layers of smooth muscle cells arranged along the circumferential direction, as 

well as elastin fibers. The muscular component of an artery actively balances forces 

exerted by blood pressure. The adventitia, separated from the media by the exter-

nal elastic lamina, contains collagen and elastin fibers merging with the external 
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connective tissue (Kahle 1993). Fig. 1.2 shows how vessel characteristics, i.e. lumen 

diameter, wall thickness, wall-to-diameter ratio and wall composition, change ac-

cording to the segment considered in the vascular tree (Rushmer 1972).  

 

 
Fig. 1.2 – Composition and geometrical characteristics of vessel walls in the systemic circula-

tion. Reproduced from Rushmer (1972). 

 

The arterial diameter depends on the level of wall shear stress and tensile stress. In 

order to maintain the wall shear stress level at the endothelium constant, the artery 

diameter decreases in response to a decreased blood flow velocity, and vice-versa. 

Wall circumferential stress (σc) is determined as σc = PR/h in accordance with the 

Laplace law (Glagov 1995; Nichols 1998), where P is the blood pressure, R is the 

inner artery radius, and h is the wall thickness. In mammals, artery wall thickness 

adapts in order to maintain the circumferential stress at baseline level. When an 

artery obtains a larger diameter in response to chronically increased flow, the media 

physiologically adjusts its thickness accordingly. The intima may also participate in 

physiological wall adaptations (Glagov 1995).  

 

Atherosclerosis is a chronic inflammatory process of the arteries, involving lipid 

uptake in the tunica intima and macrophage accumulation (Maton 1993), which can 

develop into arterial lesions, calcification and endothelial dysfunction (Fig. 1.3). 

Atherosclerosis is a form of arteriosclerosis, a term which refers more to general 

stiffening of arteries. Advanced atherosclerotic lesions are called “plaques”, and in 

the carotid artery they are defined as (Stein 2008) “the presence of focal wall thick-

ening that is at least 50% greater than that of the surrounding vessel wall or as a 

focal region with an intima-media thickness (IMT) greater than 1.5 mm that pro-

trudes into the lumen and that is distinct from the adjacent boundary”. The Fourth 
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Task Force of the European Society of Cardiology (Graham 2007) clarified that the 

priorities for CVD prevention in clinical practice are: 

1. patients with established atherosclerotic CVD; 

2. asymptomatic individuals with increased risk of CVD; 

3. close relatives of subjects with premature CVD or those at particularly high 

risk. 

 

Prevention consists in changing modifiable behavioral and environmental habits 

(change in life style) for low risk subjects, whereas for high risk subjects cardiopro-

tective drug treatment should be considered. Conventional risk factors for athero-

sclerotic CVD are smoking, blood pressure, blood cholesterol and glucose. More 

specifically, risk factors include hypertension, diabetes, obesity, increased total 

cholesterol, increased low-density lipoprotein (LDL) cholesterol, decreased high-

density lipoprotein (HDL) cholesterol, a positive family history, increased fibrinogen 

and C-reactive protein (CRP), advanced age, and physical inactivity (Graham 2007). 

Systolic and pulse pressure are known to be independent risk factors (Safar 2003).  

 

 
Fig. 1.3 – Progression of atherosclerosis in time. Reproduced from Wikipedia (GNU free docu-

mentation license). The figure emphasizes intimal dysfunction, not showing the increase in ar-

terial diameter in response to chronically increased flow (and the consequent medial thicken-

ing) that can occur before intimal thickening. 

 

CVD often causes premature abrupt death in affected patients. CVD-related events 

can be fatal due to their likeliness to appear abruptly without acute symptoms pre-
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ceding them, and therefore at moments when the subject is not hospitalized. The 

main life-threatening events associated with CVD are heart failure, myocardial in-

farction and stroke. Heart failure can be the consequence of a diseased and stiff 

arterial tree, transferring too much load on the heart itself and yielding consequent 

remodeling of the ventricles (e.g. hypertrophy). Myocardial infarction is usually 

related to myocardium ischemia. Stroke is mostly caused by hypertension in combi-

nation with atherosclerosis, because atherosclerotic plaques may rupture and gen-

erate emboli reaching the cerebral circulation. 

 

The carotid artery (Fig. 1.4) is responsible for the supply of blood to the head. Two 

carotid arteries are present, one on each side of the neck. The carotid is composed 

of four main segments (Fig. 1.4): common carotid artery (CCA), carotid bifurcation, 

external carotid artery (ECA) and internal carotid artery (ICA) (Kahle 1993). The CCA 

passes through the neck without branching, and runs along the internal jugular vein 

and the vagus nerve. It then bifurcates into ICA and ECA, and at the level of the 

bifurcation the wall dilates into a structure (known as carotid bulb or carotid sinus) 

containing receptors for blood pressure (baroreceptors) and for partial oxygen pres-

sure (chemoreceptors). The CCA can be considered as a large elastic artery (as the 

aorta) in the sense that the muscular part of the wall is not predominant (as op-

posed to more peripheral arteries) and the wall thickness is small with respect to 

the lumen diameter (Fig. 1.2). The combined thickness of the intimal and medial 

layers is called “intima-media thickness” (IMT). The diameter of the CCA can be 

considered from adventitia to adventitia (external diameter) or from intima to in-

tima (internal diameter), as shown in Fig. 1.4.  

 

 
Fig. 1.4 – Anatomical locations of carotid artery segments (adapted from 

www.carolinavascular.com). The magnified section depicts the wall of the common carotid ar-

tery. The external diameter (Dext) is the adventitia-adventitia distance, whereas the internal 

diameter (Dint) is the intima-intima distance. IMT stands for “intima-media thickness”.  
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Carotid IMT is commonly considered as a surrogate marker for atherosclerosis 

(Baldassarre 2000; De Groot 2004; Rajaram 2004), although a proof of causal rela-

tion between the two is lacking. Also elastic properties of arteries play a key role in 

the wellness of the arterial tree. Aging, essential hypertension and borderline hy-

pertension induce losses in arterial elastic properties (Reneman 2005) and, there-

fore, in their capability to buffer and release blood during the heart cycle, thus 

augmenting systolic and pulse pressures that the heart has to generate in order to 

maintain a proper pump function. 

 

CVD management for patients in clinics, in terms of both prevention and treatment, 

requires the ability for doctors and nurses to assess anatomical and dynamic wall 

properties in a non-invasive, fast, cost-effective, reliable and repeatable way. This is 

where ultrasonic imaging comes at hand (Reneman 2005; Stein 2008). 

1.2 - Non-invasive measurements of arterial properties by means of 

ultrasound 

A number of mechanical and anatomical parameters are in use to characterize the 

morphological and dynamic properties of the arterial tree. Non-invasive ultrasound 

is commonly used in clinics and research to estimate such parameters in population 

studies (Riley 1997; Cheng 2002; Reneman 2005; Mattace-Raso 2006) regarding 

epidemiology, intervention and normal values, and addressing either the general 

population or specific subject groups (eg. hypertensives and diabetics). 

 

 
 

Fig. 1.5 – Longitudinal B-mode ultrasound scan of the common carotid artery. In this example, 

the upper wall (“near wall”) of the artery presents irregularities, whereas on the lower wall 

(“far wall”) the intima-media complex appears still uniform. 
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1.2.1 - Diameter, distension and strain 

Non-invasive assessment of the CCA diameter is commonly performed by means of 

B-mode ultrasound, imaging the artery in a longitudinal plane (Fig. 1.5). In these 

images, the lumen-intima boundaries of the artery walls appear as thin bright lines 

separated by a darker region (media) from the higher adventitia echoes. Tracking 

the diameter of an artery in time gives information about its structural properties 

(stiffness) as well as about its dynamical responses to changes in pressure and flow. 

The change in diameter occurring from the end diastolic to the systolic part of the 

beat (usually called distension) is related to the elastic properties of the arterial wall 

(Cheng 2002). Calling the diameter D and the distension ∆D, the circumferential 

strain of the artery can be calculated (assuming a thin wall) as ∆D/D, whereas the 

radial strain is given by the relative change in wall thickness. Such quantities provide 

a measure of the relative deformations the arterial wall is exposed to (Reneman 

2005).  

 

 
Fig. 1.6 – Examples of CCA diameter waveforms recorded using ultrasound. The distension de-

creases with age and hypertension. Top: young normotensive; middle: older normotensive; 

bottom: older hypertensive. Adapted from Reneman (2005). 
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Aging and hypertension (Fig. 1.6) are among the major determinants of the charac-

teristics of the CCA diameter waveform (Reneman 2005). The change in lumen di-

ameter during the cardiac cycle primarily affects the intimal layer, while the adven-

titial layer is exposed to a lower radial strain and a lower circumferential strain 

(Segers 2004; Hoeks 2008). However, the CCA diameter is more commonly assessed 

on the media-adventitia transition due to its higher echogenicity. In addition to the 

CCA, non-invasive ultrasonic diameter assessment is also performed on femoral and 

brachial arteries. For the latter, flow-mediated dilation (FMD) is a popular technique 

to quantify the relation between blood flow velocity and diameter, testing brachial 

reactivity and endothelial function (Fan 2000). 

1.2.2 - Compliance, distensibility and stiffness 

Arterial compliance and distensibility are defined as, respectively, the absolute and 

relative change in arterial lumen volume due to a change in transmural pressure. 

The compliance reflects the ability of the arterial system to temporarily store blood 

volume, while the distensibility represents the mechanical load of the artery wall. 

Considering the fact that arteries are longitudinally tethered in vivo (Nichols 1998), 

their change in length during the cardiac cycle is negligible. Therefore, compliance 

and distensibility can also be evaluated per unit of length (compliance and distensi-

bility coefficients CC and DC) , using the absolute and relative changes of artery 

cross-sectional area A=2πD rather than the segment volume (Meinders 2004; Re-

neman 2005).  

 

 
P

A
CC

∂

∂
=  (1.1) 

 

 
PA

A
DC

∂

∂
=  (1.2) 

 

In elastic arteries like the aorta and the carotid, the relationship between A and P is 

often approximated as linear during the cardiac cycle (Reneman 2005), and there-

fore the compliance and distensibility coefficients can be approximated by: 

 

 
ΔP

ΔA
CC =  (1.3) 
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ΔPA

ΔA
DC

d

=  (1.4) 

 

where ∆A and ∆P are the changes in cross-sectional area and pressure, respectively, 

from diastole to systole, and Ad is the end diastolic cross-section. 

 

Apart from measurement of arterial geometry and pressure, measures to determine 

arterial compliance, distensibility and stiffness can also be derived from pulse tran-

sit time and pulse waveform analysis (Pannier 2002; Boutouyrie 2008). High frame 

rate ultrasound imaging is used to determine the local pulse wave velocity (PVW) in 

the CCA (Brands 1998; Meinders 2001; Hermeling 2007). Arterial stiffness is also 

related to the augmentation index (AI), i.e. the ratio between the inflection-to-peak 

and the total amplitude of the pulse wave (Athanassios 2006).  

1.2.3 - Intima-media thickness 

The IMT (Fig. 1.4) of the CCA can be assessed by means of non-invasive B-mode 

ultrasound (Fig. 1.5), performed in a longitudinal section. To reduce estimation 

variation, multiple ultrasound scan lines are considered simultaneously to get an 

average value over a CCA segment spanning at least 1 cm (Stein 2008). It is advis-

able to distinguish the IMT of anterior and posterior CCA walls, because they have 

different echo properties (Touboul 2007). From an ultrasound image point of view, 

IMT is usually defined as the distance between the leading edges of the echoes 

generated by intima and adventitia (Wendelhag 1991; Wikstrand 1992), at least for 

the far wall. This takes into account the length of a single ultrasonic echo, which is 

primarily a function of system resolution and gain, rather than anatomy. For the 

near wall, the high echo of the adventitia tends to obscure the relatively low echo of 

the intima-lumen transition with consequently a lower reproducibility. The change 

in IMT (of the posterior wall) over time yields estimates of the radial strain of the 

CCA wall, which for a homogeneous wall should be similar (but opposite in sign) to 

the relative distension of the lumen. 

1.2.4 - Non-invasive pressure estimation 

The shape of the blood pressure waveform changes with the location in the arterial 

tree (Rowell 1968). Therefore, the pressure measured at the brachial artery with the 

standard cuff method differs from the one present at the carotid artery. Direct in-

travascular pressure measurements inside the CCA (Sugawara 2000) demonstrated 

the close similarity of the CCA pressure waveform and the diameter waveform ob-
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tained by means of echo-tracking. The pressure in the carotid artery, therefore, may 

be derived from non-invasive ultrasonic assessment of the diameter waveform (Van 

Bortel 2001), avoiding the problem associated with generalized transfer functions 

and modified phase delays (Meinders 2004). Methods proposed in literature to 

convert CCA distension waveforms to obtain pressure assume either a linear (Van 

Bortel 2001) or exponential relationship (Meinders 2004; Vermeersch 2008). In 

healthy subjects linear and exponential methods yield similar results (Vermeersch 

2008; Zaccari 2008). 

1.2.5 - Blood flow and shear 

The velocity profile and the flow rate of blood can be measured non invasively in 

large arteries by means of Doppler ultrasound (Evans 2000). The velocity estimation 

is accurate close to the centerline of the vessel, whereas near the arterial walls 

artifacts arise in the velocity profile estimation due to interference of wall move-

ments (Hoeks 2005). The evaluation of the velocity profile close to the walls is, 

however, highly relevant because it allows estimation of wall shear rate and wall 

shear stress (Brands 1995). Shear stress is known to be an important determinant of 

endothelial function and lumen diameter (Glagov 1995; Reneman 2006), and re-

gions with abnormally low or oscillatory shear stress in the carotid artery are known 

to be prone to develop atherosclerotic plaques (Gnasso 1997; Boon 2009). Sensing 

and transduction of the wall shear stress on the arterial wall is in part mediated by 

the glycocalyx matrix (Reneman 2009). 

1.3 - Aim and outline of this thesis 

Ultrasound imaging is characterized by a highly user-oriented approach. Different 

sonographers do apply different image acquisition settings, modifying not only focal 

point and center frequency, but also parameters related to the subjective image 

perception, e.g. dynamic range and amplitude compression. The versatility of echo 

systems is a blessing, but also one of the major difficulties to interpret and correlate 

outcomes of large observational studies and/or clinical trials involving multiple 

sonographers, ultrasound systems and/or centres. To ensure clinical relevance of 

studies, standardization of procedures is strongly recommended (De Groot 2004; 

Lorenz 2007). Operational aspects that need to be continuously verified by the 

sonographer during non-invasive arterial US measurements are: 

• perpendicularity between the US beam and the structures to be visualized 

(Touboul 2007); 
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• measurement of IMT preferentially on the far wall; if taken also from the near 

wall, the two measurements should be acquired and reported separately 

(Touboul 2007); 

• focus settings, gain settings and dynamic range compression (Potter 2008). 

 

To estimate CCA position, diameter and IMT from B-mode ultrasound scans, and to 

properly assess their dynamics in time, image segmentation is of paramount impor-

tance. Even though manual and semi-automatic methods for segmentation of vas-

cular US images are widely used, they are extremely time-consuming compared to 

automatic methods, and much less suited for proper standardization. Considering 

the large number of mechanical and dynamic parameters that can be inferred from 

non-invasive estimates of CCA diameter and IMT, it is clear that poor precision and 

repeatability of such measured geometrical properties negatively affects the clinical 

value. Therefore, segmentation of the acquired ultrasound vascular scans has a 

large impact on the relevance of the outcomes and should be as objective and ro-

bust as possible, regardless of its real-time or off-line implementation. 

 

The aim of this thesis is to introduce novel algorithms for automatic segmentation 

of the common carotid artery in longitudinal ultrasound B-mode scans with a strong 

emphasis on minimization of sonographer interference and improvement of feed-

back to the sonographer. They are based on the analysis of ultrasonic echo ampli-

tude signals retrieved directly from radio frequency (RF) raw ultrasound data. All 

analyses are applied to images obtained at a low frame update rate of 30 Hz, irre-

spective of the purpose (dimension, distension). Processing B-mode sequences to 

eventually obtain distension waveforms has the advantage of a low computational 

load and inherent stability as opposed to standard echo tracking techniques based 

on radio frequency phase analysis (Hoeks 1990; Brands 1999). Segmentation algo-

rithms should be objective, suppress confounding factors, and allow portability on 

data sets across different laboratories, different ultrasound scanners or acquisition 

modes. Standardization of protocols for acquisition and processing of ultrasound 

images will contribute to the quality of non-invasive estimation of CCA morphologi-

cal  (e.g. dimension, shape) and dynamic (e.g. distension) properties. A brief outline 

of the thesis is hereby provided. 

 

Chapter 2 introduces basic concepts of ultrasound physics and technology, as an 

introduction for the following chapters based on original publications. An in-depth 

analysis of the effects of non-linear ultrasound image presentation (logarithmic 

compression and signal saturation) on automatic CCA diameter estimation is pro-

vided in Chapter 3, where two different edge detection methods are compared 

(sustain-attack filter and derivative approach). Chapter 4 introduces a novel algo-

rithm for the automatic recognition of the CCA in ultrasound images, based on 
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decimation, template matching and clustering. It allows to perform subsequently 

fully automatic arterial segmentation without user interference. Chapter 5 de-

scribes a method for the estimation of local orientation and curvature along the CCA 

centerline, associated with a directional smoothing of the CCA walls for better pre-

cision in external diameter estimation. Chapter 6 introduces an automatic method-

ology for the combined estimation of internal and external CCA diameter wave-

forms, as well as IMT waveforms of both carotid walls. The algorithm, based on the 

sustain-attack filter and on the “multiscale anisotropic barycenter”, iteratively 

searches for the lumen-intima transition within a small region of interest. It also 

provides an automatic evaluation of the CCA ultrasonic beam incidence. Discussion 

and conclusion of the thesis are presented in Chapter 7. 
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2.1 - Acoustic waves 

Sound is a mechanical vibration arising from the application of a time-varying stress 

to a medium. The vibration propagates through the medium in the form of acoustic 

waves, whose propagation velocity c depends on medium properties. The term 

“ultrasound” refers to wave frequencies higher than the human auditory limit, usu-

ally taken to be 20 KHz.  

 

 
Fig. 2.1 – Different types of acoustic waves. From top to bottom: longitudinal, shear and tor-

sional waves. Reproduced from Leighton (2007). 

 

There is no net displacement of material particles during sound wave propagation, 

only acoustic energy is transferred. Each particle oscillates around its equilibrium 

position, and the direction of particle oscillation relative to the direction of wave 

propagation is what discriminates types of acoustic wave types (Fig. 2.1): longitudi-

nal (compressional), shear (transverse), and torsional waves (Leighton 2007). The 

most common form of waves applied in medical ultrasound is the longitudinal form, 

consisting of alternating regions of compression and rarefaction due to the fact that 

directions of wave propagation and particle motion coincide. On the other hand, in 

shear and torsional waves both directions are perpendicular with respect to each 

other. 

 

The velocity of propagation c for longitudinal waves in gases and liquids is given by 
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ρ

K
c =  (2.1) 

 

where K is the adiabatic bulk (elastic) modulus of the medium and ρ is its mean 

density (Wells 1969; Cobbold 2007). K is the inverse of the adiabatic compressibility 

κ (K = 1/κ). In solids, velocities of propagation depend on the type of wave being 

propagated, and involve both the axial modulus and the shear modulus. This is be-

cause the shear rigidity of a solid couples some of the energy of a longitudinal wave 

into a transverse mode (Wells 1969), and vice-versa. In liquids, on the contrary, 

longitudinal waves are predominant. 

 

 
Fig. 2.2 – Left: variation of sound propagation velocity with temperature in distilled water, re-

produced from Wells (1969); Right: speed of sound measurements in various biological media, 

reproduced from Cobbold (2007). 

 

Soft biological tissues are composed mainly of water, therefore their sound propa-

gation velocity can be considered similar to the one in liquids. At room temperature 

the acoustic propagation speed in distilled water is 1490 m/s (Fig. 2.2), whereas in 

soft biological tissue (36° C) it is in the order of 1540 m/s (Wells 1969; Jensen 2007). 

Naturally this is an approximation because, as shown in Fig. 2.2, soft tissue is heter-

ogonous and can be composed of skin, fat, muscle, blood, blood vessel walls and 

connective tissue, each one having a specific sound propagation velocity (Cobbold 

2007). 

 

The frequency of a harmonic ultrasound wave is directly related to the wavelength 

λ and to the propagation speed c: 
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λ

c
f =  (2.2) 

 

It is of importance to note that a higher frequency results in a shorter wavelength 

and, hence, in a better resolution (see below). For 6 MHz the wavelength will be 

0.256 mm in biological tissues with an acoustic propagation speed of 1540 m/s. 

2.2 - Acoustic impedance, reflection and transmission 

For plane waves in a non-absorbing medium, 

 

 vZp ⋅=  (2.3) 

 

where P is the pressure and v is the velocity of the particles in the medium. The 

characteristic acoustic impedance Z of a medium (Wells 1969) is given by: 

 

 cρZ ⋅=  (2.4) 

 

Its unit of measurement is the Rayl, i.e. kg/(m2s). When ultrasonic waves hit an 

interface between two media with acoustic impedances Z1 and Z2, their impedance 

ratio determines relative amounts of reflected and transmitted acoustic pressure. 

For a perpendicular incidence of a compressional wave on the reflecting surface, the 

relationships between reflected pressure (pr), transmitted pressure (pt) and inci-

dent pressure (pi) are (Wells 1969): 
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If Z1 = Z2 no reflection occurs. If Z1 < Z2 the reflected wave is in phase with the inci-

dent one, whereas if Z1 > Z2 the phase of the reflected wave differs π radians from 

the phase of the incident wave, i.e. incident and reflected waves have reversed 

polarities (Wells 1969).  
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In case the incident wave hits the reflecting interface with an angle θi with respect 

to the perpendicular direction, and if its wavelength is much smaller than the di-

mensions of the reflecting object, geometrical laws of reflection apply (Fig. 2.3).  

 

 
Fig. 2.3 – Incident, reflected and transmitted ultrasonic waves at a plane interface between 

two media with acoustic impedances Z1 and Z2, adapted from Wells (1969). In this case, the 

wavelength is supposed to be small compared to the dimension of the reflecting object. 

 

The incidence angle θi and the reflection angle θr are equal. Transmission in the 

second medium occurs at an angle given by Snell’s law (Wells 1969): 
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In this case, the relations between incident, reflected and transmitted pressures 

are: 
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Posing θi and θt equal to 0 converts equations (2.8) and (2.9) to the case of perpen-

dicular incidence. 

 

A particular case is encountered when c2 is equal or larger than c1, and  

θi = sin-1(c1/c2). In that case, it follows from Snell’s law that θt is equal to 90 degrees 

and, therefore, the transmitted wave propagates along the surface (Cobbold 2007). 

θi is then called critical angle, θc.  

 

If the dimensions of the object are comparable with or smaller than the wavelength 

of the ultrasonic wave, reflection is not only specular but also involves scattering 

(Wells 1969; Cobbold 2007). Scattered radiation reflects in an omnidirectional fash-

ion, as opposed to specular reflection. For decreasing dimensions of the reflecting 

object (or of small irregularities on its surface) with respect to the ultrasound wave-

length, the reflection pattern will attain a more omnidirectional shape (spherical 

pattern). 

2.3 - Attenuation of ultrasound 

As already mentioned, particle velocity and local pressure oscillate periodically in 

the medium supporting the propagation of a sound wave. Considering a harmonic 

oscillation involving a single frequency, the instantaneous velocity of the particles 

can be expressed as (Wells 1969): 

 

 t)cos(vv 0 ω=  (2.10) 

 

where v0 is the maximum velocity amplitude, and ω=2πf is the angular frequency. 

The oscillating pressure can therefore be expressed as 

 

 t)cos(Pt)cos(ρcvρcvP 00 ωω ===  (2.11) 

 

The intensity I of a sound wave, defined as the energy that passes through unit area 

in unit time (Wells 1969) and measured in Watts/m2, is 

 

 
ρc
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1
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2

1
I

2

02

0 ==  (2.12) 

 

While traveling through a physical medium, part of the energy of a wave is lost or 

redistributed by different kinds of mechanisms (Humphrey 2007). Attenuation phe-
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nomena that decrease the ultrasound intensity are deviation from a parallel beam 

and scattering due to discontinuities in elastic properties, compressibility and den-

sity (Wells 1969; Cobbold 2007). Another cause of energy loss is absorption, causing 

the conversion of vibrational energy into heat (Cobbold 2007). Absorption mecha-

nisms are caused mainly by elastic hysteresis, viscosity, relaxation and heat conduc-

tion (Wells 1969). Altogether, scattering and absorption cause the wave intensity to 

decrease exponentially with distance (Cobbold 2007; Humphrey 2007): 

 

 x)2exp(II )(f0 α−=  (2.13) 

 

α(f) is called “attenuation coefficient”. Soft tissues typically present a frequency-

dependent attenuation, ranging from 0.5 to 1 dB per MHz per cm, while blood at-

tenuates only 0.2 dB per MHz per cm (Jensen 2007; Ali 2008). Therefore, the pene-

tration depth attainable in the body strongly depends on the applied ultrasonic 

frequency, because a higher frequency results in a faster attenuation of sound. An 

ultrasound system will be able to image tissues up to a depth of 300-400λ before 

the electronic noise starts to dominate in the received ultrasound signal. Frequen-

cies used in medical applications of transcutaneous ultrasound usually range be-

tween 2 MHz and 20 MHz (Hoskins 2007). To compensate for attenuation, depth-

dependent amplification is applied on received ultrasound signals (TGC, i.e. time 

gain compensation). Of course, the TGC does not compensate for the decreased 

signal to noise ratio at greater depth. 

2.4 – Ultrasound imaging systems 

The main parts (Ali 2008) of an ultrasound imaging system (Fig 2.4) are front end 

(transmission, reception and digitization of ultrasound signals), beam forming (to 

focus along a scan line), mid end (with usually RF envelope detection and dynamic 

range compression) and back end (involving image enhancement and image render-

ing functions). 

 

The probe (transmitting and receiving ultrasound) of an ultrasound scanner contains 

an array of piezoelectric ceramic elements (typically 128 or 192). The elements, 

acting as transducers, are selectively activated in order to interrogate subsequent 

lines of sights in the field of view, in a scanning fashion. There are several types of 

probes with different shapes (linear or curved, see Fig. 2.5) and involving different 

resonant frequencies of the piezoelectric crystals. Typical frequencies used are 3.5, 

5, 7.5, 10 and 13 MHz. The desired imaging depth in the body for a specific applica-
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tion governs the choice of the center frequency of a probe, because higher frequen-

cies imply less penetration depth. 

 

 
Fig. 2.4 – A commercial ultrasound scanner (Mylab 70 XVG, Esaote, Genova, Italy). 

 

  

 

 
Fig. 2.5 – A linear array (left) and a curved array transducer (right). Reproduced from Jensen 

(2007). 

 

Each transducer element is activated by a certain number (usually 1 to 2) of sinu-

soids, modulated with a bell-like function (usually a Gaussian) to transmit an ultra-

sound pulse. Since the time-bandwidth product is unitary (Gabor 1946; Hoeks 

1991), a short emitted pulse can only be attained with a large transducer band-

width, otherwise the pulse will be smoothed to some degree. In practice the relative 

transducer bandwidth is rather constant, i.e. the transducer bandwidth increases 
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proportional with its center frequency. That is why for all high quality probes the 

emitted burst length is quite similar in terms of emitted periods independent of the 

emission frequency. Because the transducer acts not only as a transmitter, but also 

senses back the reflected echoes, image resolution will be affected by transmission 

bandwidth, path length through tissues with frequency-dependent attenuation and 

reception bandwidths. The resolution is different along the axial (along the beam) 

and lateral (across transducer elements) directions. The axial resolution of the sys-

tem equals half the pulse length (Jensen 2007). Depending on wavelength and 

number of cycles in the activation pulse, the typical axial resolution of commercial 

ultrasound scanners ranges between 150 and 500 µm and involves a trade-off be-

tween intended penetration depth and attainable axial resolution. The lateral reso-

lution cell usually spans 3 times the probe pitch.  

 

As shown in Fig.5, only a sub-section (called aperture) of the complete set of piezo-

electric elements is activated to produce ultrasound waves. Focusing consists in 

delaying the excitations of the elements in the aperture in order for the wave front 

to converge at a desired point (the focal point). Beyond this point the beam will 

diverge, and therefore the beam width varies along depth. Focusing can also be 

achieved during reception (Jensen 2007); the depth-dependent arrival time permits 

a time-varying delay profile (dynamic focusing). The beamformer in an ultrasound 

scanner takes care of the transmission as well as the reception delays for each ele-

ment in the aperture, and sums the received signals in order to obtain a radio fre-

quency (RF) signal whose envelope represents a single line of sight in a B-mode 

(brightness mode) image. The RF signal is the basic component for signal processing 

in ultrasound scanners.  

 

Due to both frequency-dependent attenuation (affecting pulse length as well) and 

beam width (determined by focusing within the plane of observation, and by an 

acoustic lens in perpendicular direction), the point spread function (PSF) of the 

system, representing the image response produced by a point scatterer at a particu-

lar location (Cobbold 2007), varies across image coordinates. 

2.5 – RF envelopes 

A B-Mode ultrasound image is a gray-scale representation of a matrix whose values 

are derived from the envelopes of the RF signals generated by the beamformer. The 

envelopes may be calculated by means of rectification and low pass filtering 

(smoothing), but this will induce a loss in resolution. To retain the bandwidth and 

thus resolution, envelopes can also be derived by calculating the magnitude of ana-
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lytic signals, obtained from RF signals by means of Hilbert Transform. Analytic sig-

nals are a combination of the original real signal with an imaginary signal that is a 

frequency-independent -90° phase shifted copy of the real signal. The easiest way to 

transform a real signal into an analytic signal is via the frequency domain. If S(f) is 

the frequency spectrum of a real signal, then the corresponding analytic frequency 

spectrum A(f) can be determined as follows: 

 

 





 ⋅
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As indicated in equation 2.14, the analytic frequency spectrum is single sided (only 

positive frequencies). For ultrasound RF-signals the zero and low-frequency compo-

nents can be ignored. Transformation of the frequency spectrum A(f) to the time 

domain produces the analytic signal.  

 

However, to speed up processing and also to avoid low frequency resolution in case 

calculation involves short segments of RF signals, the frequency-domain Hilbert 

Transform can better be substituted with its time-domain counterpart (Rabiner 

1975; Brands 1997). The continuous time Hilbert Transform is defined as 

(Shanmugan 1988): 
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where X(t) is a wideband signal, for example an ultrasonic RF echo, and * represents 

convolution. This operation is the same as passing X(t) through a “quadrature filter”:  
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The analytic signal based on X(t) and its Hilbert Transform is then (Rabiner 1975; 

Shanmugan 1988): 

 

 (t)XjX(t)(t)X HA ⋅+=  (2.17) 
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Once the quadrature representation is given the instantaneous envelope and phase 

are given respectively by 

 

 (t)X(t)X(t)R
2
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X +=  (2.18) 
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The computation of the instantaneous envelope (and phase) of analytic signals is a 

straightforward procedure, which makes it attractive for the calculation of RF enve-

lopes. In the discrete time domain (n being the discrete time index) the complex 

analytic signal is in the form: 

 

 (n)XjX(n)(n)X HA ⋅+=  (2.20) 

 

As in the continuous time domain, the Discrete Time Hilbert Transform XH(n) can be 

obtained from X(n) (which in our case is one of the real RF signals) by filtering it with 

a digital filter having a frequency response H(ejω) defined as (Rabiner 1975) 
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In this case the Discrete Fourier Transform (DFT) of XH(n), has the following proper-

ties: DFT[ XH(n)] = 2· DFT[ X(n)] in the interval 0 < ω < π, and DFT[ XH(n)] = 0 in the 

interval π < ω < 2π (Rabiner 1975). The impulse response of the filter in eq. (2.21) 

may be obtained as: 
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and hence it can be expressed in two equivalent forms: 
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Fig. 2.6 shows the frequency response and impulse response of the Hilbert Trans-

form. It is clear that h(n) is physically unrealizable since it is two-sided infinite in 

extent, and hence it has to be somehow approximated. Brands (1997) introduced an 

approximation for band-limited signals in order to perform the Discrete Hilbert 

Transform in the time domain: 

 

 ∑
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Hw is the length of one side of the spatial Hilbert transformation window, centered 

on the current sample of X(n). The envelope of the RF signal is then computed as 

the magnitude of XA(n). 

 

 
Fig. 2.6 –  Schematic representation of an Hilbert transformer (a). Frequency response (b) and 

impulse response (c) of the Discrete Hilbert Transform. Reproduced from Rabiner (1975). 
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Due to the introduced approximation, the computed envelope contains an error, 

which is a function of both the frequency content of the RF signal and of the over-

sampling factor (i.e., the ratio between the sampling frequency and the central 

frequency of the RF signal). The signals should always be band-pass filtered prior to 

the computation of the Hilbert Transform to prevent that any DC component (pos-

sibly introduced by amplifiers) interferes with the Hilbert Transform and, indirectly, 

with the envelope calculation. 

 

It can be shown (Ledoux 1998) that because of the typical Gaussian amplitude dis-

tribution of RF signals the resulting amplitude distribution of the RF envelope has a 

Rayleigh distribution (Fig. 2.7). Because of the very wide dynamic range of RF signals 

(70 to 100 dB) and their envelopes, logarithmic compression is often applied in 

commercial ultrasound scanners, allowing echo amplitudes adjusted to the lower 

dynamic range of monitors (Dutt 1996; Ali 2008). Compression changes the enve-

lope statistics and the image appearance (Dutt 1995; Cobbold 2007). 

 

 
Fig. 2.7 – RF signals (c) have a Gaussian amplitude distribution (d), while their envelopes (a) 

have a Rayleigh amplitude distribution (b). Reproduced from Ledoux (1998). 

2.6 – Scan conversion 

The coordinate system for acquisition of RF signals and their envelopes vary with 

the type of probe used. Linear arrays acquire in Cartesian coordinates, whereas 

curved arrays acquire in polar coordinates (Figs 2.5 and 2.8). On the other hand, 

pixel grids used to present images on screen are always in Cartesian coordinates, 

and the pixel density depends on the screen resolution. The scan converter takes 

care of the interpolation of ultrasound envelope data (Fig. 2.9) into displayed data 
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(Ali 2008), commonly via a bilinear interpolation. In high-end systems the pixel den-

sity is higher than for low-end systems. 

 

 
Fig. 2.8 – Left: a linear scan of the breast; Right: a convex scan of the liver. 

 

 
Fig. 2.9 – Scan conversion from polar to Cartesian coordinates. Adapted from Ali (2008). 

2.7 – Non-linear propagation and harmonic imaging 

During sound propagation in biological tissues, non-linear phenomena occur be-

cause sound velocity varies with instantaneous density (Jensen 2007). A higher 

acoustic pressure increases tissue density, while a lower pressure decreases it. Con-

sequently the positive pressure part of an acoustic wave travels slightly faster than 

the negative pressure part, and hence a sinusoidal wave will gradually convert into a 
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sawtooth shaped wave (Wells 1969). This conversion is accompanied with the pro-

duction of higher harmonics. This phenomenon is exploited for enhancing image 

characteristics in what is called native harmonic imaging (Verbeek 2000; Cobbold 

2007; Jensen 2007). Harmonic imaging can also involve imaging of air-filled contrast 

bubbles at their resonance frequency. 

2.8 – Doppler ultrasound 

Velocities and flow rates of scatterers (such as red blood cells) can be measured 

non-invasively with ultrasound exploiting the Doppler effect (Hoeks 2005). It is 

based on the fact that the apparent frequency of a constant frequency source de-

pends on both the motion of the source and that of the receiver (Wells 1969). When 

ultrasound is transmitted at a frequency f0 and is reflected by moving scatterers 

whose velocity has magnitude u and is oriented at an angle φ with respect to the 

ultrasound beam, it is received with a different frequency fR (Evans 2000). The dif-

ference between the received and transmitted frequencies is called Doppler shift fD, 

and is given by (Cobbold 2007): 

 

 )cos(f
c

2u
fff 00RD φ−=−=  (2.25) 

 

The minus sign indicates that the Doppler shift is positive when the scatterers move 

towards the transducer, and negative when they move away from the transducer. 

 

 
Fig. 2.10 – Sonogram of the Doppler shift from a femoral artery. Flow towards the transducer 

appears as a positive frequency, whereas flow away from the transducer is associated with a 

negative shift. Reproduced from Evans (2000).  
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Doppler systems are broadly categorized in continuous wave (CW) systems, trans-

mitting and receiving ultrasound waves continuously, and pulsed wave (PW) sys-

tems, emitting ultrasound pulses allowing selection of the depth at which move-

ment is observed (Evans 2000). The Doppler signal can be encoded as an audio sig-

nal and visualized as a time dependent frequency distribution, i.e. sonogram (Fig. 

2.10). Alternatively one may present the detected velocities as color-coded overlay 

on an ultrasound image. 

2.9 – Ultrasound image processing 

Ultrasound images have a typical grainy appearance due to coherent and random 

phase interference of the scattered waves within the resolution cell: the speckle 

pattern (Burckhardt 1978; Wagner 1983). Because speckle reduces resolution, con-

trast, and sharpness of the edges, it complicates image segmentation for further 

analysis. Various speckle reduction techniques have been proposed (Bamber 1986; 

Koo 1991; Loizou 2005; Michailovich 2006; Ali 2008), based on speckle modeling, 

local RF statistics, histogram equalization, averaging, anisotropic diffusion, wavelets 

and spatial compounding. Every technique has its own advantages and disadvan-

tages with respect to image quality and computation time. When dealing with 

automatic boundary delineation algorithms, though, pre-processing the image with 

a speckle reduction filter can highly affect the morphological outcome of the seg-

mentation. Boundary detection in ultrasound images is commonly based on high-

pass filters, high-boost filters and derivative filters (Ali 2008). Also dynamic pro-

gramming techniques are often used, such as snakes (Cheng 2002) and active con-

tours (Tao 2003). Region-based techniques for ultrasound image segmentation can 

be based on statistical distributions (Destempres 2009; Slabaugh 2009) and on tex-

ture analysis (Valckx 1997; Coolen 1999).  

2.10 – Arterial diameter tracking 

A common approach to track in time the diameter of an artery in transcutaneous 

ultrasound scans is based on a wall track algorithm. The latter relies on the analysis 

of the time-dependent phase behavior of RF signals segments returned by the arte-

rial walls. What is directly estimated is the vessel wall velocity, by means of analytic 

cross-correlation models applied to specific RF estimation windows, placed manu-

ally or automatically on the vessel wall reflections (Brands 1999). Examples of fre-

quency-domain cross-correlation models used are the CCM, a narrowband real 

model (De Jong 1990) , and the C3M, based on complex signals and allowing wide-

band RF signals (Brands 1997) with lower estimation errors. Once the initial position 
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of artery walls (and thus the initial arterial diameter) is manually or automatically 

established, the temporal change in diameter is assessed by means of cumulative 

integration of displacement increments of both arterial walls utilizing the phase of 

the RF signals (equation 2.19). The RF signal windows for cross-correlation are then 

displaced in time according to the calculated instantaneous wall position (Hoeks 

1990). 

 

The wall track algorithm presents a disadvantage: small errors in the wall velocity 

estimation will influence the diameter estimation in a cumulative way, making the 

method inherently prone to yield arterial diameter waveforms with a drift. Because 

of this complication, the wall track program should be either restricted to a re-

cording duration of maximally 5-6 seconds (respiration cycle) or should be reset at 

each cardiac cycle. In this thesis arterial diameter detection methods based on the 

direct segmentation of B-mode ultrasound images will be proposed, rather than 

relying on indirect wall motion estimation. Segmentation-oriented approaches do 

not suffer from drift as each subsequent image is treated independently. 
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CHAPTER 3 

Effects of non-linear processing 

on common carotid artery 

diameter estimation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The content of this chapter is based on the publication: Rossi AC, Brands PJ, Hoeks 

APG. Nonlinear processing in B-mode ultrasound affects carotid diameter assess-

ment. Ultrasound in Medicine & Biology 2009; 35: 736-747. 
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 3.1 - Abstract 

Non-invasive diameter assessment in the common carotid artery (CCA) by means of 

ultrasound is a useful technique for estimation of arterial mechanical and dynamic 

properties, clinical screening and treatment monitoring. Prior to presentation on 

screen, ultrasound images are subjected to non-linear processing, e.g. logarithmic 

compression and noise-level thresholding, to improve visualization. In addition, 

signal saturation may occur, either in the received radio-frequency (RF) signals or in 

their envelopes. The objective of this study is to evaluate the effect of signal non-

linearities on CCA diameter measurements by means of non-invasive B-mode ultra-

sound, comparing the performance of two different edge detectors. 

 

In 14 healthy subjects, 3 repeated ultrasonic acquisitions (6 seconds) without satu-

ration were performed. The acquired RF signals were subjected off-line to envelope 

detection, logarithmic compression and various degrees of saturation applied to the 

signals prior or after envelope detection. For the purpose of CCA diameter estima-

tion, artery walls were automatically outlined frame by frame. As automatic edge 

detectors we considered the sustain-attack filter (SAF), based on exponentially de-

caying reference functions, and a derivative approach (DER), relying on the positions 

of first derivative maxima. Both methods are applied within a region of interest 

located on the CCA. No regularization of the detected wall positions by means of 

pre- or post-processing is presently applied, in order to directly relate the outcome 

of the edge detectors to the applied non-linear processing.  

 

Diameter values assessed with SAF are unaffected by logarithmic compression, due 

to the possibility to integrate the compression characteristic of the ultrasound sys-

tem into the method. The estimated diameters values obtained with DER instead 

show differences in the order of 10% due to compression. Saturation affects DER 

more than SAF; DER exhibits larger intra-recording and intra-subject variations in 

the estimated diameter values. Therefore SAF gives more precise and robust CCA 

diameter estimates than DER does, and is more suited for integration in algorithms 

meant for vascular ultrasound image segmentation. This study demonstrates the 

relevant effects of non-linearities such as saturation and logarithmic compression 

on the quality of non-invasive US CCA diameter measurements. 

 

3.2 - Introduction 

Non-invasive assessment of arterial wall dynamics by means of ultrasound (US) in 

the common carotid artery (CCA), as well as in other arteries such as femoral and 
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brachial artery, involves frame-by-frame identification of the vessel wall positions in 

order to track the arterial diameter over time (Meinders 2004; Reneman 2005). 

Ultrasonic diameter tracking is a fast, cost-effective and totally non-invasive proce-

dure that can be used in clinics for assessing CCA distensibility (Mattace-Raso 2006) 

and brachial flow-mediated dilatation (Sonka 2002), both associated with cardiovas-

cular risk. Reliable measures of CCA diameter are of paramount importance also for 

the subsequent assessment of carotid intima-media thickness (IMT), which is com-

monly considered as a surrogate marker for atherosclerosis (De Groot 2004). The 

age-dependent increases in CCA diameter are in the order of 100 µm per decade 

(Samijo 1998). Therefore, consistent and reliable methodologies are strongly 

needed for CCA diameter assessment by means of ultrasound, in order to avoid that 

confounding factors, related to the operational settings of the US acquisitions, af-

fect the outcome of the measurements and thus their clinical relevance. 

 

Diameter estimation is commonly based on real-time or off-line image processing 

performed on longitudinal B-mode scans. The procedure strongly relies on auto-

matic edge detection in order to consistently locate arterial walls, if necessary pre-

ceded by despeckling and followed by spatial and/or temporal post-processing. US 

B-mode images exhibit sharp transitions in echo amplitude level, indicating inter-

faces between tissues with varying acoustic impedance. When imaging a healthy 

CCA in a longitudinal insonation plane, two distinct interfaces can be seen at each 

wall (Fig. 3.1), one between blood and the “tunica intima”, and one between the 

“tunica media” and the “tunica adventitia”. This is because both blood and media 

are echolucent, whereas intima and adventitia are echogenic. This work focuses on 

the assessment of the external diameter of the CCA, based on the location of me-

dia-adventitia interfaces which have a much higher reflectivity than the lumen-

intima ones. The choice of the CCA as vessel of interest is governed by the “Mann-

heim Carotid Intima-Media Thickness Consensus” (Touboul 2007), which indicates 

the CCA as an optimal location for US acquisition as opposed to carotid bulb and 

internal carotid artery. 

 

Various image-processing techniques have been proposed to perform semi-

automatic segmentation of arterial US images, with highly varying levels of process-

ing complexity. Due the nearly horizontal orientation of the CCA in B-mode frames, 

it is very common to locate its walls by means of grey-level gradient analysis along 

echo scan lines (Selzer 1994; Stadler 1997; Graf 1999; Stein 2005; Craiem 2007). 

Another possibility is given by active contours (Cheng 2002; Loizou 2006; Delsanto 

2007), which take into account the two-dimensional gray-level gradient in the form 

of “external energy” for the contour. 
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Fig. 3.1 – Longitudinal ultrasound scan of the common carotid artery as acquired using a 

commercial echograph. The lumen-to-intima (a) and media-to-adventitia (b) transitions can be 

clearly identified. 

 

Regardless of the algorithm used to extract arterial boundaries from B-mode 

frames, clinical image analysis is usually performed on a video image acquired by 

connecting a video grabber to the US scanner or via a DICOM interface. This implies 

that edge detection is performed on US frames that have already been preproc-

essed for visual optimization.  

 

Generally the sequence of steps in a US scanner is as follows: the probe provides 

radio-frequency (RF) echo signals that are digitized with an analog-to-digital con-

verter (ADC), and are subsequently subjected to envelope detection in order to 

encode echo intensity into a gray-level scale. Depending on the US device used, 

envelopes can pass through a series of smoothing stages in order to regularize their 

appearance (e.g. despeckling). A common form of non-linear signal processing, 

employed in commercial ultrasound scanners prior to image presentation, involves 

logarithmic compression of the envelopes. US systems apply compression to adapt 

the dynamic range of the echo signals to the smaller dynamic range of display 

screens, emphasizing thereby relatively weak echo levels (Dutt 1996). Compression 

is usually accompanied by noise level tresholding in order to regularize unwanted 

grey level variations in zones with low echogenicity (such as blood). Logarithmic 

compression alters the grey level statistics (Dutt 1995), changing the appearance 

and length of echo edges (Hennerici 1994), thus potentially complicating the edge 

identification task. Manual tracing of the arterial contours on video-grabbed images 

is known to be dependent on the US system characteristic in terms of thresholding, 

gain settings and logarithmic compression (Hoeks 1997). Moreover, a US video im-
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age contains redundant pixels due to scan conversion, i.e. interpolation occurring 

prior to video presentation, and possible re-sampling performed by the video-

grabbing device. It should be stressed that the image resolution is by no means 

related to the pixel distance in a video frame. Instead, factors affecting the resolu-

tion of a US image are the bandwidths of emitter, transducer and receiver, deter-

mining the shape of the RF pulse (axial resolution), in addition to the probe pitch 

(lateral resolution) and focusing (lateral and azimuthal resolution). 

 

Apart from the mentioned processing steps, also saturation may introduce non-

linear effects in US imaging. When the gain settings are such that the incoming RF 

signal peaks exceed the dynamic range of the ADC, the digital RF signals will be 

clipped. Even if RF signals fit properly within the ADC dynamic range, bright-

ness/contrast adjustments might yield saturated video images. If such saturation 

occurs for echoes coming from CCA walls (as is quite likely), edge detection and 

subsequently diameter assessment might be affected. 

 

Because of the aforementioned non-linear effects, it is reasonable to imagine that 

the very same arterial edges would appear differently in images/signals coming 

from different US scanners, or even from the same scanner using different settings. 

This study evaluates quantitatively the effects of non-linear processing on the preci-

sion of in vivo CCA diameter measurements. With the term “non-linear processing” 

we will refer to logarithmic compression, noise-level thresholding and saturation. 

The effect of gain settings on ultrasonic diameter assessment has been recently 

shown (Potter 2008) for arterial tissue mimicking phantoms submerged in water, 

along with the effect of variations in dynamic range and probe positioning. 

 

This study compares two basic methods for edge detection used to estimate the 

external (adventitia-to-adventitia) diameter of the CCA, namely the sustain-attack 

filter (Hoeks 1995; Meinders 2001), which utilizes exponentially decaying reference 

functions, and the derivative approach, using the positions of maxima in the first 

derivative of CCA wall echoes. Both methods are tested for precision as function of 

saturation and logarithmic compression of echo signals from the CCA of a group of 

healthy volunteers. The proposed edge detectors are implemented without any pre- 

or post-processing to regularize the diameter overlay on the US vascular frames. 

The exclusion of additional processing emphasizes the direct relationship between 

non-linear effects and ultrasonic edge detection. Both edge detectors should not be 

considered as complete diameter assessment algorithms, but rather as “methodo-

logical cores” to be integrated in more complex procedures involving different pre- 

and post-processing stages. The aim of this study is to test them in their stand-alone 
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capability to track edges in US frames, and especially to assess the effect of satura-

tion and compression on their outcome. 

3.3 - Materials and methods 

3.3.1 – Acquisitions 

The common carotid arteries of 14 healthy subjects (age ranging from 15 to 40, 9 

males and 5 females) were scanned in B-mode. The study was approved by the joint 

ethical committee of Maastricht University and Academic Hospital Maastricht. All 

subjects gave informed consent prior to enrolment. 

 

A software-based radio frequency US acquisition system, called ART.LAB (ESAOTE 

EUROPE BV, Maastricht, The Netherlands), was used to perform B-mode scans 

(Brands 1999). Arteries were scanned in longitudinal sections with perpendicular 

incidence, and the transmit focus was set at a depth of 2 cm, which corresponded to 

the whereabouts of the CCA lumen for each subject. Three subsequent acquisitions 

were recorded for each subject, each one covering a time interval of 6 seconds and 

therefore about 4-6 heart beats, depending on the heart rate of the subject. Only 

one acquisition had to be discarded due to an inconsistent presence of the CCA in 

the frames, resulting in a total of 41 recordings.  

 

Prior to the acquisitions in supine position, each subject was given a rest period of 

10 minutes. The subjects were asked to hold their breath for the brief duration of 

each measurement to eliminate possible variability in CCA diameter due to the 

respiratory cycle. Particular attention was paid to the gain settings in the ART.LAB 

system to avoid consistently signal saturation. This was accomplished using the 

saturation indicator present on the ART.LAB user interface, and also by visually 

checking in real-time the appearance of RF signals within a region of interest (ROI). 

Each acquisition resulted in storage of digitized RF echo signals. The stored file con-

tains 180 matrixes (frame rate 30 fps, acquisition time 6 s), each composed of 128 

RF lines of sight, covering 40 mm in width and 35 mm in depth. The center fre-

quency of the linear array was 7.5 MHz, while the transducer pitch was 0.315 mm. 

The RF signals were sampled at a frequency of 33.3 MHz (inter-sample distance 23.1 

µm) with a dynamic range of 72 dB (12 bits). The 12 bits representing each (signed) 

value of an RF signal are stored as the most significant bits of a 16-bits word. This 

yields the value of 32767 as dynamic range limit. The files were subjected to off-line 

CCA diameter estimation using MATLAB (MathWorks, Natik, MA). The ROI within 

each acquired RF frame covered 64 centre lines (20 mm) over a depth range of 16 

mm (i.e. 693 samples) around an initial vertical (depth) position manually set within 
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the CCA lumen in the first considered frame. Over subsequent frames the ROI posi-

tion was automatically updated according to the vertical displacement of the CCA as 

outcome of the vessel wall contour delineation process. For each RF segment in the 

ROI, the DC component was removed. Then, each RF matrix underwent different 

processing steps prior to diameter estimation, involving simulated saturation, Hil-

bert transformation to compute the envelope, logarithmic compression and noise 

level tresholding. 

3.3.2 – Envelopes 

The envelope of each RF signal within the ROI was computed by means of time 

domain Hilbert transformation. To generate complex analytic signals the RF signals 

were convolved with an impulse response having 7 non-zero samples on both the 

positive and negative side in order to minimize amplitude and phase errors (Brands 

1997). The instantaneous envelope of the RF signal is the absolute value of the ana-

lytic signal. Fig. 3.2a presents a segment of an RF signal with a superimposed enve-

lope. 

3.3.3 – Saturation simulation 

All US frames were acquired without saturation. Each ROI is pre-amplified to scale 

its absolute maximum to the dynamic range limit. Subsequently, the ROI is sub-

jected to a second scaling process to achieve a prescribed percentage of saturation 

for either RF or envelope signals. Fig. 3.2d and 3.2g show an RF signal and its enve-

lope at 50% saturation, respectively. 

3.3.4 – Logarithmic compression and noise level thresholding 

US systems normally apply logarithmic compression on echo envelopes in order to 

improve visualization. This decreases the relative amplitude of bright strong echoes 

with respect to weakly backscattering structures, allowing the latter ones to be 

properly visualized on screen. 
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Fig.  3.2 – Effects of saturation and logarithmic compression. Top row (a, b, c): unsaturated 

signals and ROI, consisting of 64 lines of sight (20 mm) centered on the carotid lumen and cov-

ering a depth of 16 mm. Center (d, e, f) and bottom (g, h, i) row: 50% RF and 50% envelope 

saturation, respectively, for signals and ROI. All frames are normalized to the maximum signal 

level within the ROI. The center column shows linear images, the right column log-compressed 

ones. 

 

Also noise level thresholding is performed to eliminate spurious grey-level varia-

tions in zones having low echogenicity, such as blood. In this study, logarithmic 

compression and thresholding were achieved with: 
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where ELC is the logarithmically compressed and thresholded envelope, Th the noise 

level threshold expressed in dB, E the unprocessed envelope signal and EMax is the 
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maximum value of the unprocessed envelopes in the ROI. The 10-5 term is added to 

ensure a non-zero argument of the logarithm. Thresholding is performed after loga-

rithmic compression by forcing all negative values of ELC to zero. In this study the 

value of Th was set to 40 dB. For notational convenience, the original envelopes 

(and images) will be referred to as “linear”, whereas the logarithmically compressed 

(and noise-level thresholded) ones will be called “log-compressed”. Fig. 3.2 shows 

linear (b, e, h) and log-compressed (c, f, i) images in various saturation conditions. 

3.3.5 – Automatic edge detector #1: sustain-attack filter 

The CCA diameter was independently assessed for every echo line within the ROI. In 

each signal the near and far wall positions (media-adventitia interfaces) were local-

ized using the so-called “sustain-attack” low pass filter (Hoeks 1995; Meinders 

2001), providing signal thresholds related to the amplitude of the nearby arterial 

wall echoes. The sustain-attack filter is based on the generation of a reference sig-

nal, SA(d), which decays exponentially as function of depth d (expressed in sample 

points). Whenever the SA(d) falls below the local envelope, it is reset to the instan-

taneous amplitude of the echo signal (Fig. 3.3a). 
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In equation (3.2), c is the speed of sound in tissue (1540 m/s) and fS the sampling 

frequency in Hz. dEXP is the decay parameter, related to the depth-dependent varia-

tions in echo amplitude. For peripheral applications, a value of 7*10-3 m is appro-

priate for the decay parameter (Hoeks 1995). The reference signal is always related 

to the last dominant echo while it follows gradual changes in echo level along the 

line of sight. From the reference signal, a dynamic threshold level DTRLIN is gener-

ated as function of depth for linear envelopes: 

 

 SA(d)(d)DTRLIN ⋅= α  (3.3) 
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where α is a constant between 0 and 1. For this study, α is fixed at 0.5 (Hoeks 

1995). The anterior adventitial wall position is assigned to the first point from the 

lumen center in which the linear envelope exceeds DTRLIN (Fig. 3.3b). The same pro-

cedure is followed for the posterior wall but with the reference signal and DTRLIN 

generated in a backward direction. The dynamic threshold level adapts to the 

nearby signal level, working similarly for both bright and weak echoes. This is be-

cause SA(d) is inherently tied to the peak amplitudes nearby the lumen. In this way, 

the SAF edge detection outcome is not sensitive to variations in gain settings by 

different sonographers.  

 

For a log-compressed envelope ELC (Fig. 3.4a and 3.4b), the logarithmically com-

pressed dynamic threshold level DTRLOG is derived from SA(d) as: 
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where EMax is the maximum value of the unprocessed envelopes in the ROI. 

DTRLOG is also generated in both forward and backward directions (Fig. 3.4b) for 

each line within the ROI (for near and far walls). The adventitial wall positions are 

assigned to the first points from the lumen center in which the log-compressed 

envelope is higher than DTRLOG. 

3.3.6 – Automatic edge detector #2: derivative maximum  

Both for the linear and log-compressed case, the outcome of the sustain-attack 

filter was compared to the results obtained with derivative analysis of the envelope 

signals. Starting from the absolute peak of the envelope at each arterial wall (i.e. the 

points at which SA(d) starts its exponential decay towards the lumen center), seg-

ments of the envelope signal reaching 1.5 mm towards the lumen were analyzed 

(Fig. 3.3c and 3.4c). For each segment, the point with the maximum derivative (de-

rivative direction from lumen to wall) was associated with the adventitial wall posi-

tion (Fig. 3.3d and 3.4d). 
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Fig. 3.3 – Sustain-attack filter (SAF) versus derivative approach (DER) for diameter estimation 

on linear US envelopes. a) Near wall (solid line) and far-wall (dotted line) SAF reference func-

tions SA(d). b) Near wall (solid line) and far wall (dotted line) DTRLIN tracks used to estimate 

adventitial wall positions (white circles). c) The envelope segments corresponding to the first 

1.5 mm towards the lumen from the adventitial peaks are processed for DER. d) Top panel: 

enlarged segment of CCA lumen; bottom panel: directional (from lumen center outwards) de-

rivative tracks; the black squares in the top panel of figure d) correspond to the positions of 

the derivative peaks. e) Comparison between adventitial wall positions as estimated with SAF 

(white circles) and DER (black squares) for a linear envelope. 
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Fig. 3.4 – Sustain-attack filter (SAF) versus derivative approach (DER) to estimate wall positions 

for log-compressed US envelopes. The analysis is similar as described in Fig. 3.3 for linear sig-

nals, but in this case the threshold functions are computed taking into account the log-

compression characteristic. Panel a) shows the log-compressed version of SA(d) for each wall, 

while panel b) shows DTRLOG tracks for the near (solid line) and far (dotted line) walls. Panels c) 

and d) illustrate the derivative approach. Panel e) compares adventitial wall positions as esti-

mated with SAF (white circles) and DER (black squares) for a log-compressed envelope. 

3.3.7 – CCA diameter measurements 

The instantaneous adventitia-to-adventitia diameter follows directly from the dis-

tance between the identified adventitia-media transitions. For both diameter esti-

mators, the analysis is carried out without any form of post-processing (e.g. smooth-
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ing) on the CCA wall positions obtained at each line of sight within the ROI (Fig. 3.5). 

In this way the differences in diameter estimates and precision can directly be re-

lated to the applied non-linear processing simulations. 

 

 
Fig. 3.5 (color version on page 149) – a) and b) Sustain-attack filter applied to a linear and a 

log-compressed image, respectively. c) and d) Derivative approach applied to a linear and a 

log-compressed image, respectively. All images are unsaturated, and refer to a ROI consisting 

of 64 lines of sight, centered on the carotid lumen and covering a depth of 16 mm. No post-

processing was performed on the results, in order to properly assess the effect of different 

pre-processing conditions on the outcome of the two basic edge detectors. 

 

Table 3.1 presents the different saturation cases considered, each one listing the 

processing steps in order of occurrence, starting from the RF signal. NS refers to the 

case with no saturation. S25RF and S50RF refer to RF signal saturation, simulating 

an overexposure of the signal prior to analog-to-digital conversion. S25E and S50E 

refer to envelope saturation, simulating overexposure of the displayed image (gain 

and brightness controls). 

 

Diameter estimation was performed with both the described basic edge detectors. 

Each analysis was carried out for both linear and log-compressed envelopes. For the 

sustain-attack filter, the latter also implies compression of the threshold function 
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DTR (equation 3.4). Each processing case results in a diameter waveform for both 

edge detectors (Fig. 3.6). 

Table 3.1 – Saturation simulations 

Processing case Processing steps 

NS envelope computation, CCA diameter estimation 

S25RF saturation 25%, envelope computation, diameter estimation 

S25E envelope computation, saturation 25%, diameter estimation 

S50RF saturation 50%, envelope computation, diameter estimation 

S50E envelope computation, saturation 50%, diameter estimation 

Each saturation case acronym is associated with a specific sequence of processing steps. 

 

 

 
Fig. 3.6 – Diameter waveforms (30 Hz) obtained from unsaturated signals for the sustain-

attack filter (left panel, SAF) and derivative approach (right panel, DER) for the same US re-

cording. Even though no pre- or post-processing is used, the sustain-attack filter provides 

smoother and more realistic waveforms than the derivative approach. The linear (thick line) 

and logarithmically compressed (thin line) cases totally overlap for the sustain-attack filter, 

while the derivative approach is clearly affected by logarithmic compression, inducing a 600 

µm shift of the diameter waveform as well as variations in its profile. 

 

Each sample of the waveform is calculated as the average of the 64 diameter values 

within the ROI at a specific time instant. The diameter sampling frequency was thus 

30 Hz, the same as the B-mode frame rate. The detection of diastolic and systolic 

diameter points was performed semi-automatically, and the values were stored in a 

separate database. The total number of recordings Nr was 41. Each one of them 

contained a variable number of beats Br. The total number of recorded beats Nb 

equaled 222. Intra-recording average values were calculated for diastolic ( DD ), 
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systolic ( SD ) and pulse ( PD ) diameter. The intra-recording variability, defined as the 

root mean square (RMS) deviation from the recording average, was calculated as: 
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where X can stand for diastolic (D), systolic (S) or pulse (P) diameter.  

 

Intra-subject values for diameter and root-mean-square error were also calculated 

as averages over Ns=14 subjects. The number of recordings per subject was R=3 

except for one, where R=2. Intra-subject means for diastolic, systolic and pulse di-

ameter were obtained by averaging the intra-recording means over the recordings 

pertaining to a specific subject. The intra-subject variability was then computed as: 
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where X stands for D, S or P. 

3.4 – Results 

Fig. 3.7 shows the results for the intra-recording variability for diastolic (σR,D), sys-

tolic (σR,S) and pulse (σR,P) diameter, plotted as function of saturation conditions and 

log-compression. The sustain-attack filter has a better precision for all cases, with an 

intrarecording variability that is on average about 40 µm less than the one obtained 

using the derivative approach. In all processing cases the variability of diastolic val-

ues is higher than that of systolic diameters. Logarithmic compression and noise 

level thresholding do not affect intra-recording variability for the sustain-attack 

filter. On the other hand, intra-recording variations in diastolic and pulse diameter 

obtained with the derivative approach increase markedly for the log-compressed 

case compared to the linear situation. Increasing the saturation level diminishes the 

difference in intra-recording variability between sustain-attack filter and derivative 

analysis, even though the former is consistently less variable than the latter. 
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Fig. 3.7 – Intra-recording variability of estimated CCA diameter based on 41 recordings, cover-

ing 222 beats. a) Color legend. b) Diastolic intra-recording variability σR,D. c) Systolic intra-

recording variability σR,S. d) Pulse intra-recording variability σR,P. 
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Fig. 3.8 – Intra-subject analysis of CCA diameter for 14 subjects. a) Symbol legend. b) Diastolic 

diameter. c) Systolic diameter. d) Pulse diameter. Whiskers represent the intra-subject vari-

abilites σB,D, σB,S and σB,P. 
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Fig. 3.8 shows the intra-subject mean diameter values for diastolic, systolic and 

pulse diameter, plotted as function of saturation conditions and log-compression. 

The whiskers represent the intra-subject standard deviation obtained for the dia-

stolic (σB,D), systolic (σB,S) and pulse (σB,P) values. Logarithmic compression does not 

affect diameter values obtained with the sustain-attack filter. The derivative ap-

proach is rather sensitive to it: in the linear cases diastolic and systolic diameters are 

higher than with the sustain-attack filter, while in the log-compressed cases they are 

lower. This can also be observed in Figs. 3.3e, 3.4e, 3.5 and 3.6. Using the derivative 

edge detector, the average difference in estimated diameter between linear and 

log-compressed images is about 600 µm for both diastolic and systolic phase. This 

means for the derivative approach a variation of about 10% in estimated external 

diameter values, depending on the pre-processing conditions of the image. The 

pulse diameter is higher in the log-compressed case and smaller in the linear case 

when computed using the derivative approach, again with a 10% difference. These 

drawbacks are not present when using the sustain-attack filter, that yields consis-

tent values for diastolic, systolic and pulse diameter for both linear and-log com-

pressed images. 

 

Diastolic and systolic diameter values obtained with the sustain-attack filter de-

crease on average 100 µm when passing from the unsaturated case to the simu-

lated maximum saturation. For the derivative approach this decrease is about 200 

µm. Since the observed decreases for systolic and diastolic diameter are similar, the 

pulse diameter is hardly affected by saturation. 

 

The derivative approach exhibits a higher intra-subject variability than the sustain-

attack filter, implying a better repeatability for the latter. Saturation and log-

compression have no relevant effect on intra-subject variability for both edge detec-

tors. 

3.5 – Discussion 

Automatic delineation of the common carotid artery walls based on edge detection 

in B-mode ultrasound is sensitive for saturation and logarithmic compression. The 

sustain-attack filter, compared to the derivative approach, provides results that are 

more robust, consistent and less affected by non-linearities. 

 

Logarithmic compression and saturation can have an important effect on non-

invasive CCA diameter assessment when using approaches based on the grey level 
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gradient. CCA diameter overlays on images (Fig. 3.5) and diameter waveforms (Fig. 

3.6) acquired with the sustain-attack filter are much smoother and realistic than 

with the derivative approach. It should be noted that the comparison between both 

methods is made for diameter waveforms without any smoothing to improve con-

sistency. Intra-recording and intra-subject variations, together with the assessed 

diameter values, show that the sustain-attack filter is more stable and precise than 

the derivative approach and yields more reproducible estimates. Logarithmic com-

pression does not affect the variability of the sustain-attack filter, while it does for 

the derivative approach. Moreover, logarithmic compression also induces an aver-

age deviation of about 600 µm (i.e. 10%) in the estimated diameter values when 

using derivative analysis. This does not happen for the sustain-attack filter due to its 

inherent possibility to integrate the compression characteristic of the system in the 

formulation of the reference functions. The fact that for the derivative approach 

log-compression decreases the assessed diameter is explainable because compres-

sion shifts the maximum-slope points towards the lumen (Figs. 3.3 and 3.4). In the 

present study, the utilized logarithmic compression and noise-level tresholding 

function (equation 3.1) was exactly known. In a clinical environment the log-

compression characteristics of the US system can be derived a posteriori from the 

acquired images (Dutt 1996). 

 

It is worth noting that the sustain-attack filter only requires placing of a seed point 

in the lumen. The derivative approach required the selection of two 1.5 mm ranges 

near the wall-lumen interfaces to avoid possible intra-luminal reverberations affect-

ing its outcome.  

 

The position of the media-adventitia interface is of importance not only for the 

estimation of diameter, but also for non-invasive assessment of intima-media thick-

ness (Van Bortel 2001; Touboul 2007). Therefore, a consistent estimation of exter-

nal diameter independent of log-compression and saturation conditions, as pro-

vided by the sustain-attack filter, is also of high interest for algorithms aiming at 

intima-media thickness estimation. From this point of view, also small diameter 

deviations (100 to 200 µm) introduced by saturation are relevant, because such 

small variations in the estimated adventitia-to-adventitia distance, though not rele-

vant for diameter estimation, can affect the assessment of intima-media thickness.  

 

Our study focuses on the discrepancies between the two edge detection methods in 

vivo, and on the effect that non-linear processing has on their precision. No conclu-

sions are drawn about the accuracy of both methods in vivo, since the real CCA 

diameter value cannot be estimated. In order to have some insight on the accuracy 

of the two algorithms, we performed some additional measurements on a phantom 

composed of two nylon wires (diameter 80 µm each), spaced at 5 mm and sub-
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merged in distilled water (speed of sound 1490 m/s). The “lumen” between the two 

wires was centered at 2 cm from the probe surface, and so was the transmit focus. 

The resulting distance between the trailing edge of the upper echo and the leading 

edge of the lower echo in the US phantom image is 4.6 mm, accounting for the 

thicknesses of the two nylon wires and for the resolution of the US system (in the 

order of 330 µm at 50% of the peak amplitude). For linear signals, the SAF and de-

rivative approach present similar accuracy, SAF being slightly better (4.46 mm for 

SAF and 4.43 mm for DER). The bias (about 150 µm) in the linear case is well below 

the US axial resolution. Saturation did not introduce relevant variations in the as-

sessed diameter values (the maximum saturation-induced variation was in the order 

of 30 µm for both methods). Logarithmic compression did not affect the SAF out-

come at all, while it induced a significant decrease in the outcome of DER (4.3 mm 

on average). Thus, the sustain-attack filter is insensitive to log compression not only 

in terms of precision, but also in terms of accuracy, while the derivative approach is 

affected by such non-linear effect. However, accuracy measures in a phantom set-

up give only a vague idea of how the accuracy will be in vivo: nylon wires in water 

produce strong specular reflections with a very small amount of speckle noise, 

whereas living tissues reflect sound in a much more distributed and irregular way, 

making it difficult to quantify the extent of trailing edges. Due to the impracticability 

of accuracy estimates in vivo, the precision is clinically the most important index, 

representing the reliability and repeatability of the measurements. 

   

In conclusion, this study demonstrates that the sustain-attack filter as edge detector 

provides non invasive CCA US image segmentation which is insensitive to logarith-

mic compression and less influenced by saturation. It also emphasizes the impor-

tance of knowing the logarithmic compression characteristics of the ultrasound 

system and of avoiding overexposure of signals and images during US acquisitions. 

Since many of the current methods for automatic segmentation of US frames still 

rely on processing of video images, the results of this study are of relevance for the 

clinical validity and reliability of US-based CCA image analysis. The authors believe 

that methods utilizing RF echo signals are more suited in order to univocally corre-

late the measured features to the underlying vascular structure, since they can 

bypass the signal processing necessary for visual optimization. 
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CHAPTER 4 

A new algorithm for the 

automatic recognition of the 

common carotid artery in 

longitudinal ultrasound scans 
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 4.1 – Abstract 

Many morphological and dynamic properties of the common carotid artery (CCA), 

e.g. lumen diameter, distension and wall thickness, can be measured non-invasively 

with ultrasound (US) techniques. As common to other medical image segmentation 

processes, this requires as a preliminary step the manual recognition of the artery of 

interest within the ultrasound image. In real-time US imaging, such manual initiali-

zation procedure interferes with the difficult task of the sonographer to select and 

maintain a proper image scan plane. Even for off-line US segmentation the require-

ment for human supervision and interaction precludes full automation. To eliminate 

user interference and to speed up processing for both real-time and off-line applica-

tions, we developed an algorithm for the automatic artery recognition in longitudi-

nal US scans of the CCA. It acts directly on the envelopes of received radio fre-

quency echo signals, eventually composing the ultrasound image. In order to prop-

erly exploit the information content of the arterial structure the envelopes are 

decimated, according to the 2-dimensional resolution characteristics of the echo 

system, thereby substantially decreasing computational load. Subsequently, based 

upon the expected diameter range and a priori knowledge of the typical pattern in 

the echo envelope of the arterial wall-lumen complex, parametrical template 

matching is performed, resulting in the location of the lumen position along each 

echo line considered. Finally, in order to reject incorrect estimates, a spatial and 

temporal clustering method is applied. Adequate values for the parameters involved 

in the processing are obtained via off-line testing of the proposed algorithm on 128 

echo data recordings from 45 subjects. Using those robust parameter values, cor-

rect and fast recognition of the artery is achieved in more than 98% of the 6185 

processed frames. Since these results are obtained via rigorous data decimation and 

using a cascade of rather simple steps, the proposed automatic algorithm is suitable 

for real-time recognition of the CCA. 

4.2 – Introduction 

Vascular non-invasive ultrasound (US) allows the estimation of morphological and 

dynamic parameters of arteries, such as diameter and distension (Reneman 2005) 

or intima-media thickness (IMT) (Van Bortel 2001). To perform these measurements 

quickly, accurately and reliably with minimal inter- and intra-user variability, the 

segmentation of the underlying ultrasound image should be computerized.  

 

Image segmentation may be thought as consisting of two related processes (Udupa 

2006): recognition, i.e. the high level task of determining roughly where a specific 

structure is located, and delineation, i.e. the low level task of determining the pre-
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cise spatial extent of such structure. The recognition task is better performed by the 

human eye rather than by any automatic algorithm, due to the capability of the 

human eye-brain system to integrate previous knowledge about objects during the 

recognition process (Wu 2005). That is why in medical image segmentation the 

operator usually performs the recognition of the structure of interest manually, by 

placing seed points or an initialized dynamic curve in the targeted organ, or by 

cropping a region of interest (ROI) around it. After this a computer algorithm can 

perform the delineation automatically (Baillard 2000), being more accurate and 

precise than human observation. 

 

When considering segmentation of ultrasound images, the automation of the whole 

process is complicated by a particular kind of image noise, i.e. the speckle pattern. 

Such noise originates from phase interference of ultrasound reflections by struc-

tures spaced at distances smaller than the resolution of the system in either direc-

tion (Burckhardt 1978). Speckle is responsible for two typical characteristics of ul-

trasound images. First of all, the grey level histogram in an ultrasound scan follows a 

statistic that, though being differently modelled in different acquiring conditions 

(Wagner 1983; Dutt 1996; Tao 2006), has as main features an asymmetric distribu-

tion and a correlation between its mean and variance. This makes the application of 

region-based clustering algorithms, such as the K-means, difficult for US segmenta-

tion purposes (Ashton 1995). Secondly, ultrasonic images have a typical grainy ap-

pearance where the aspect of continuous edges is ragged, low contrasted and 

blurred. Thus edge-based segmentation methods, such as Canny edge detection or 

Prewitt operators, are not suited to find boundaries between tissues (Davignon 

2005). The presence of speckle in ultrasound images also causes conventional active 

contour models to fail, due to various local minima present in gradient-based en-

ergy functions, making it necessary to specifically modify the methods (Tao 2003). 

Both recognition and delineation processes are therefore not trivial in ultrasound 

image analysis. 

 

In vascular ultrasound, various methods of contour detection are proposed in order 

to delineate the internal or external layers of arteries and to track their position 

over time. For non-invasive ultrasound, these measurements can be performed in 

M-Mode (Hoeks 1997), conventional B-Mode (Fan L 2001; Schmidt-Trucksass 2001; 

Cheng 2002; Sonka 2002) or high frame-rate B-Mode (Meinders 2001a). Vessel 

delineation methods are also developed for intravascular ultrasound (IVUS) images 

(Zhang 1998), in which the obvious advantages from an image-processing point of 

view are the a priori knowledge about the position of the arterial lumen (i.e. no 

need for recognition) and the high resolution of IVUS catheterized systems (which 

yields higher accuracy and precision for the delineation process). However, non-

invasive imaging techniques are necessary in order to bring US-based vascular mor-
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phology assessment to common clinical screening practice. At the present state of 

the art, these methods require manual recognition of an artery prior to automatic 

contour delineation. This is the “bottleneck”, limiting the possibilities to have totally 

automated US measurements of vascular properties in real-time, considering that 

US imaging provides a real-time image stream as a feedback to the user. An on-line 

manual recognition procedure forces the operator to concentrate both on lumen 

localization (in order to track the arterial movements) and on steady probe position-

ing (in order to optimize the plane of observation and angle of incidence between 

US beam and arterial walls). Fully automated artery recognition prior to contour 

delineation would limit user-induced artifacts and would ease the measurement 

procedure. Even off-line automatic segmentation of vascular US images would be 

attractive since it speeds up the procedure and offers the possibility to automati-

cally analyze huge amounts of US frames without the need of human supervision.  

 

To our knowledge, few attempts were made so far in order to automatically recog-

nize the position of an artery in B-Mode scans. Fan (2000) proposed, without pro-

viding specific results, a method for the automatic recognition of the brachial artery 

as initialization for a flow mediated vasodilatation measurement procedure. The 

initial assumption is that the artery should be horizontally oriented in the image and 

should occupy the whole frame width. The algorithm is based on variance analysis 

of the transversal projection of the ultrasound image. The recognition assumes, as 

main property of the arterial lumen, a low variance in grey level with respect to that 

of surrounding regions, associating it to low echogenicity. This is true when consid-

ering pixel neighbourhoods in an unprocessed US image, given its typical grey-level 

statistic. However, the performed horizontal projection has the disadvantage of 

smoothing the variance characteristic, but also the echo level distribution if the 

assumptions about the orientation and extent of the artery fail. Another method 

was proposed (Delsanto 2007) in the context of a user-independent arterial seg-

mentation procedure. Such automatic ROI identification is based on low-pass filter-

ing, thresholding to find the far adventitial wall, and localization of the lumen based 

on grey level intensity and variance analysis for each single pixel column. This 

method proofed to be effective for 116 US frames, but was misleaded by arterial 

calcifications and not suited for real-time implementation.  

 

In this chapter we introduce a novel algorithm for the automatic recognition of the 

common carotid artery (CCA) in B-Mode longitudinal US scans. We follow a rigorous 

multi-step approach in order to optimally exploit US echo signals and therefore 

further facilitate real-time applications. The algorithm operates intermittently, i.e. it 

processes subsequent frames coming from the US data stream, but at a decimated 

frame rate. The analysis of a single US frame is limited to a subset of pixel columns, 

each one representing the envelope of an acquired echo signal. The processing of 
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each selected envelope involves 2 subsequent steps, i.e. decimation and template 

matching. Each step utilizes specific processing parameters, some of which are re-

lated to the characteristics of the ultrasound system, while others stem from a pri-

ori anatomical knowledge about the carotid artery. Detected CCA positions in sub-

sequent frame pairs are then appraised using parametric clustering to reject out-

liers. The algorithm is validated with an off-line performance evaluation, in a direct 

comparison with manually obtained results for a large number of US data re-

cordings, acquired by various operators from 45 subjects having different clinical 

conditions. The evaluation provides an optimal set of parameters for the segmenta-

tion of the common carotid artery in adult humans. The application of the algorithm 

is therefore totally user-independent, without the need for the sonographer to tune 

the parameters to the recording. We focus on the CCA because it is likely to be only 

slightly bended or angulated, as opposed to sites such as the carotid bifurcation, 

internal carotid artery, carotid bulb or external carotid artery, which can present 

more irregular shapes in the US scans. Our choice is also governed by the “Mann-

heim Carotid Intima-Media Thickness Consensus” (Touboul 2007) which, among the 

possible sites for the measurement of IMT on the carotid artery (CCA, bulb and 

internal carotid artery), indicates the CCA as the most advantageous one in terms of 

accessibility, differentiation between IMT and plaques, and higher reproducibility 

due to less vessel tortuosity. The method described in this chapter is meant for US 

frames with a longitudinal section of a single blood vessel, e.g. the CCA. In fact, it is 

common clinical knowledge that the presence of a vein in front of an artery is very 

likely to produce mirroring artifacts (Kurtz 2008) that can affect US-based arterial 

diagnoses. 

4.3 – Materials and methods 

4.3.1 – Echo scanner and data sets 

All the analyzed images contain longitudinal scans of the CCA, and are acquired 

using a commercial software-based US device for the real-time measurement of 

vessel wall properties (ART.LAB, Esaote Europe BV, Maastricht, The Netherlands). 

Such system is based on a tracking method (Brands 1997; Brands 1999), and is com-

posed of a PC connected to the front-end of an echo scanner (ESAOTE Picus), 

equipped with a 128 elements 7.5 MHz linear array probe (actual received center 

frequency equal to 6.2 MHz). The B-Mode frame rate is 30 fps, each frame covering 

a 35 mm deep and 40 mm wide region (Fig. 4.1). The acquisition results in data sets 

containing the digitized versions of both the radio frequency (RF) signals and their 

envelopes as produced by the US scanner. The ART.LAB system stores B-Mode 

frames as a sequence of matrices. Each matrix consists of 128 echo lines (i.e. enve-
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lope signals) oriented column-wise as a function of depth, spaced at 315 µm in the 

horizontal direction. The digitized envelopes are as they appear in the scanner just 

before scan conversion, and therefore they already passed through noise level 

thresholding and logarithmic compression. They are sampled at a frequency of 

16.667 MHz, in order to allow the ART.LAB system to perform accurate diameter 

estimation after manual ROI positioning. Assuming a constant sound velocity in 

tissue of 1540 m/s, the sample distance along the depth axis (vertical direction) is 

46.2 micrometers (µm). The digitization of the compressed envelope is performed 

with a dynamic range of 8 bits. For the development and performance evaluation of 

the algorithm, a set of 128 ART.LAB scan files with a recording time of 6-8 seconds 

each is used, for a total of 6185 processed frames. These recordings are from 45 

subjects with a wide spectrum of ages and clinical conditions, from healthy to post-

stroke, and came from different clinical and research centers. Various sonographers 

performed the acquisitions, with gain settings varying correspondingly. 

 

 
Fig. 4.1 – Ultrasound B-Mode image of the common carotid artery (CCA). In this frame, white 

ellipses indicate structures that locally mimic the pattern of a vessel. 
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4.3.2 – General scheme of the algorithm 

The general scheme with the overall structure of the algorithm is shown in Fig. 4.2. 

The main concept is that, for every processed frame, a finite subset of N equally 

spaced envelope signals is considered and resampled at a lower frequency (data 

decimation in both spatial directions). This concentrates the analysis on the infor-

mation content of the artery, discarding particulars that are of no use for its local-

ization. For each selected signal a lumen center position is estimated based on sig-

nal processing. The results for 2 subsequently analyzed frames are merged and 

subjected to a clustering method to discard outliers. Further data decimation is 

achieved by considering frames at a rate substantially lower than the acquisition 

and display frame rate. The algorithm is implemented and evaluated using MATLAB 

(Mathworks, Natick, MA). 

 

 
Fig. 4.2 - General scheme of the automatic CCA recognition algorithm, involving selection of 

envelope signals, signal processing and clustering. 
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4.3.3 – Selection of signals in the frames 

In US longitudinal scans, the CCA appears as a structure oriented in horizontal direc-

tion, often covering the entire frame width (Fig. 4.1). In the vertical dimension of 

the US frame, the artery is usually located at depths between 10 and 30 mm with a 

diameter between 4 and 9 mm, depending on age and sex of the subject. The artery 

structure appears as a region having very low echogenicity (the lumen) surrounded 

by two bright bands (the arterial walls). The lumen center position may vary over 

the frame, consistent with a curved or inclined artery or with local narrowings of the 

lumen due to a stenosis. A vascular US image may contain many patterns mimicking 

the appearance of an artery of interest, e.g. actual tissue structures, artifacts, re-

verberations and other vessels (Fig. 4.1). The upper part of each frame (the first 2 – 

3 mm) contains particulars that are of no interest for the lumen localization task 

(the gel-skin interface for instance). Moreover, users often tend to have the region 

of interest in the center of the image. Therefore, we ignore the information con-

tained in the upper 3 mm and in the lateral 4 mm on each side (10% of the image 

width). Within the resized frame, N equally spaced envelope signals are selected for 

further processing. For N=10 the lateral interspacing between the selected envelope 

signals is about 3.5 mm while the lateral resolution of the US system ranges be-

tween 1.5 and 2 mm. Hence, the frame decimation in the lateral direction is at a 

period of about twice the lateral resolution (Fig. 4.3a). 

 

 
Fig. 4.3 – a) in the B-mode US frame, the dashed white grid lines represent the selected enve-

lope signals for further processing; b) the sampling frequency of an envelope signal is 16.667 

MHz (intersample distance of 46.2 µm), and the number of samples (after the upper cut-off in 

the frame) equals 714; c) the envelope signal after decimation: in this example the decimation 

period is 660 µm, i.e. twice the axial resolution of the US scanner used, resulting in a consider-

able reduction of the amount of samples. 
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4.3.4 – Signal decimation 

Fig. 4.3b shows an envelope signal, sampled at 16.667 MHz, corresponding to the 

6
th

 selected line from the left in Fig. 4.3a. The artery structure appears as a large 

peak (near wall) approximately at sample number 350, followed by a low amplitude 

region (blood) and a second large peak (far wall). The echo of a single reflector, as 

observed with ART.LAB system, has a duration of about 2.6 periods. For a center 

frequency of 6.2 MHz (a wavelength of 248 µm), this converts to a system resolu-

tion of 330 µm. Depending on gain settings and tissue echogenicity, the width of the 

peaks in the envelope signal due to artery walls ranges from 0.5 to 1 mm. Hence, 

the envelope signal can be safely decimated to a sampling distance of 1 or 2 times 

the resolution. This retains the information useful for the artery recognition pur-

pose and considerably diminishes the amount of data to be processed. Fig. 4.3c 

shows an example of a decimated signal with a sample distance of 660 µm, i.e. 

twice the resolution of the used US scanner. Even after strong decimation the wall-

lumen-wall pattern remains well recognizable. 

4.3.5 – Template matching 

The lumen features are its steep descent and ascent, separated by a segment with 

relatively low echo level. In the decimated envelope signal (ED) the edges can be 

approximated as rectilinear. Two separate templates are therefore generated, rep-

resenting the left (TL) and right (TR) side of the artery structure, as indicated in Fig. 

4.4. The parameters describing these templates are the widths of both their steep 

parts and their flat parts, which are once again expressed in units of depth resolu-

tion. The templates are scaled on the maximum of the decimated signal considered. 

The coarse nature of the templates matches the coarseness of the decimated sig-

nals, making it unnecessary to perform low pass filtering prior to template match-

ing. Each template is swept over the decimated signal to calculate a depth-

dependent cost function CF1, defined as the sum of the squared differences be-

tween template and the underlying signal. Denoting the length of either template 

with Lt and its depth position with d, we have: 

 

 
2

Lt

1k
DX ]k)1(dE(k)[TCF1(d) ∑

=
+−−=  (4.1) 

 

In (1), TX can mean either TL or TR. For both TL and TR, the positions of the four low-

est values of CF1 are stored (Fig. 4.5). This is in order for each template to be able to 

detect the arterial wall also in the cases in which it is not associated to the absolute  
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Fig. 4.4 – An example of the left (TL) and right template (TR) applied on a segment of the deci-

mated signal. Each one of them consists of a steep (S.P.) and a flat part (F.P.). Template 

lengths in number of samples are denoted with Lt, whereas depth position is denoted with d. 

 

minimum of CF1. A first selection of possible lumen positions is made applying the 

constraint that the distance between the left and right arterial walls, identified by TL 

and TR, must be in the typical CCA diameter range of adults. Such range is defined 

with two preset parameters, maximum and minimum allowed diameter. Subse-

quently every TL-TR couple satisfying the geometrical constraint is re-mapped in the 

original envelope signal (Fig. 4.5) and a second cost function (CF2) is computed for 

every local envelope segment (EL) between both remapped templates. CF2 is based 

on the average of the squared derivatives with respect to depth d and serves as an 

index of echogenicity because the envelopes of US echoes generally follow a distri-

bution in which the average value and variation of the signal are positively corre-

lated (Burckhardt 1978). 
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  NT1,...,n =  (4.2) 

 

In equation (4.2), NT is the number of potential lumens identified in the signal ac-

cording to the applied geometrical constraints. Each one of them relates to a differ-
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ent EL segment (identified by the variable n) with a different number NL of samples. 

The middle point of the EL segment with the lowest CF2 is considered the center 

lumen position (Fig. 4.5). 

 

 
Fig. 4.5 – The upper graph represents the calculated cost function (CF1) as function of depth 

for the left (solid line) and right (dashed line) template. In the middle graph the template posi-

tions corresponding to the four lowest values of each CF1 track are shown. In the bottom 

graph the solid envelope segments represent possible lumen positions, resulting from the ap-

plication of the geometrical constraints to the templates. Finally, application of a second cost 

function (CF2) yields the artery lumen center (black arrow) in the current signal. 

4.3.6 – Extending the algorithm in width and time: clustering 

As described so far, the algorithm exploits only the information regarding depth, but 

not width and time. After template matching, the success rate is between 60% and 

80%, depending on the settings (Table 4.4). This could be due either to artifacts in 

some signals or to the impossibility to find template matches meeting the imposed 

geometrical constraints. The CCA is a structure that can be slightly inclined and 

curved within a frame, implying variations in the lumen center position over the 

frame width. However, it may be assumed that these variations in position are small 
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compared to the whole frame depth, as well as the local variations in lumen diame-

ter. 

 

Moreover, the overall displacement of the CCA in one cardiac cycle, caused by 

movements due to blood pressure variation or to slow hand motion, is low com-

pared to the arterial diameter. The low variations in dimension and position within 

echo frames facilitate clustering of individual signal-based lumen center estimates, 

using the following steps: 

1) Consider US frames at a rate lower than the acquisition frame rate, e.g. 6 fps.  

2) Shift the signal grid in subsequently processed frames over half the grid line spac-

ing, resulting in alternating odd and even numbers of gridlines per frame. 

3) Merge detections from two subsequently analyzed frames (running mode) and 

sorting them in a depth-wise fashion. This reduces the effective lateral decimation 

period to one lateral resolution unit (in case N=10). 

4) Discriminate true lumen estimates from outliers based on consistency in the 

relative depth of lumen center positions.  

 

 

 
Fig. 4.6 – Schematic representation of the clustering procedure. Position # 2 is not in the same 

cluster as position # 1, but is in the same cluster as position # 3. At the end of the analysis, the 

largest cluster (in this example containing positions # 2, 3, 4 and 5) refers to the arterial lu-

men. 
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Fig. 4.7 – With an acquisition frame rate of 30 fps and a processing rate of 6 fps the skip factor 

between subsequently analyzed frames is 5; a) results in frame #1 after template matching, 

with a shifted grid; b) results in frame #6 after template matching; c) final result after cluster-

ing. Note that the algorithm correctly removes detection points in the right part of the frame, 

where an extensive black zone is present. The results shown are obtained with the optimal pa-

rameter set proposed in section 4.5. 

Thesis_Rossi_v01.pdf   77 7-9-2009   10:22:20



A U T O M A T I C  C A R O T I D  R E C O G N I T I O N  

 72 

Fig. 4.6 presents a schematic explanation of the clustering procedure. The white 

inclined bands represent the vessel walls while the white dots are the identified 

lumen positions for a merged grid of 5 signals and numbered in ascending order of 

depth. Two independent parameters rule the clustering of subsequent lumen posi-

tions in the sorted list: an inclination tolerance ϕ, expressed in degrees, and an 

additional depth tolerance t in units of resolution. The clustering mechanism starts 

with the first detected (most superficial) position in the list and checks if the depth 

of the next one complies with both clustering constraints. If the check is positive, 

position #2 will be accepted in the same cluster as position #1, otherwise position 

#2 will be assigned to a new cluster (as in fact happens in this example). The same 

analysis is then repeated for every subsequent position in the sorted list. The final 

step of the clustering procedure is to retain the cluster with the highest number of 

positions. In this example the merged grid contains only 5 points. Figs. 4.7a and 4.7b 

show the results of signal processing (decimation, CF1, CF2) on a total of 19 inter-

laced grid lines over two frames, while Fig. 4.7c shows the final CCA recognition 

obtained by merging and clustering the results. 

4.4 – Performance evaluation 

Table 4.1 – Constants in the evaluation 

Parameter Value 

Upper cut-off 3 mm (i.e. 65 samples) 

Side cut-off 4 mm (i.e. 13 echo lines at each side) 

Max CCA diameter 10.5 mm 

Min CCA diameter 5 mm 

Frame-processing rate 6 fps 

Parameters kept constant in the performance evaluation of the algorithm. Upper and side cut-

offs pertain to frame resizing, whereas maximum and minimum CCA diameters identify the 

typical range of diameter values in adults (adventitia – adventitia diameter). 

 

In order to validate the algorithm, and also to arrive at an optimal set of values for 

the parameters involved in each step, a performance evaluation was carried out by 

comparing the results of the automatic CCA recognition with semi-automatically 

retrieved lumen center positions (reference position) for each processed frame in 

128 echo recordings of a few seconds. The semi-automatic retrieval was performed 

with the ART.LAB system, in which the user first identifies the raw lumen position 

manually and then the automatic wall contour detection of the ART.LAB system 

results in a delineation of the arterial centerline. The automatic recognition per-

formed by our proposed algorithm was considered correct if it did not deviate more 
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than 2 mm from the reference position. A 2 mm acceptance range is consistent with 

the concept of recognition: the algorithm is designed to find the whereabouts of the 

CCA in the frame. Therefore such a wide range is adequate to evaluate automati-

cally placed seed points for subsequent contour delineation algorithms. Values for 

the parameters that were kept constant throughout the evaluation, and are part of 

the optimal set we propose, are listed in Table 4.1. The total number of processed 

frames was 6185. 

 

The permitted CCA diameter range (5 – 10.5 mm, see Table 4.1), used as geometri-

cal constraint for the template matching during the evaluation, refers to the dis-

tance between the outermost samples in the templates (Fig. 4.4), representing 

peaks in the adventitial reflections, and thus to the external diameter of the artery. 

This means that the permitted inner lumen diameter can approximately range be-

tween 4 and 9.5 mm, i.e. values that are well covering the CCA diameter range in 

adults. Such wide fixed range allows the template matching to cope with local 

stenoses or enlargements in the CCA. The preselected diameter range is the same 

for all results provided in this chapter. Parameters related to the clustering proce-

dure were varied as listed in Table 4.2 (one depth resolution unit corresponds to 

330 µm). 

Table 4.2 – Clustering settings 

Color Label ϕϕϕϕ (degrees) t (resolution units) Grid Lines Nr. 

 
A 3 1 9 

 
B 3 1 19 

 
C 3 2 9 

 
D 3 2 19 

 
E 9 1 9 

 
F 9 1 19 

 
G 9 2 9 

 
H 9 2 19 

Parameter combinations for clustering in the performance evaluation. The last column gives 

the total number of grid lines over two subsequently processed frames considered for cluster-

ing. Colors refer to box-whiskers plots in Fig. 4.8. 

 

For each combination listed in Table 4.2, parameters related to decimation and 

template dimensions were varied as shown in Table 4.3. The decimation period 

varies between one and two units of resolution, whereas there are two size options 

for the templates, type N (narrow) and type W (wide). It is worth noting that tem-
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plate type W in the case of decimation to 1 resolution unit has the same dimensions 

as template type N for a decimation to 2 resolution units. For each possible parame-

ter combination, four performance evaluators were considered to rate the results of 

the automatic CCA recognition. The Initial Hit Rate (Table 4.4) indicates the average 

success percentage for all considered frames before applying clustering. As already 

mentioned, the clustering process will retain the most populated cluster: the num-

ber of detected points in such cluster is evaluated for each merged frame as the 

percentage of the total number of grid lines considered. Its average over all proc-

essed frames is indicated by Clustered Positions (Table 4.4). The Final Hit Rate (Fig. 

4.8) expresses the percentage of correct lumen estimates within the accepted clus-

ter, averaged over all merged frames. 

Table 4.3 – Template definitions 

 Template type: N Template type: W 

Decimation: 1 resolution unit. 

Intersample distance = 330 µµµµm 

  

Decimation: 2 resolution units. 

Intersample distance = 660 µµµµm 

  

Parameter combinations for signal decimation and template dimensions in units of depth 

resolution. For each of the two decimation rates used, a narrow (N) and a wide (W) template 

are considered. 

 

The average Frame Coverage (Table 4.4) is expressed by the ratio of the distance 

between the outermost echo signals with a correctly identified lumen position and 

the resized frame width. Clustered Positions and Frame Coverage show how the 

algorithm is able to properly cover the artery over the frame width. 

 

The most significant output parameter is the Final Hit Rate because it is directly 

related to the amount of correct recognitions. The results are shown in box-

whiskers plots (Fig. 4.8). The first order statistics (average and standard deviation) 

of the other performance evaluators are shown in Table 4.4. Fig. 4.9 shows some 

automatic lumen recognition examples. Table 4.5 lists the average values of the 
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Final Hit Rate both for the default case of logarithmically compressed signals (col-

umns denoted by “C”, showing the values of the black filled circles in Fig. 4.8) and 

also, to show the effect of compression, for non-compressed signals (columns de-

noted with “NC”).  

 

On a general purpose PC (Intel Celeron 3 GHz, 448 MB of RAM), the average time 

required in order to process one frame, including data loading, is in the order of 200 

milliseconds (MATLAB implementation). This demonstrates that the algorithm is 

suited for real-time intermittent recognition of the CCA. 

Table 4.4 – Preliminary performance evaluation 

 

Averages and standard deviations (SD) refer to the analysis of 128 echo data sets. 
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Fig. 4.8 – Box and whiskers plot showing distributions of the Final Hit Rate (over 128 US data 

sets) for all parameter combinations used in the performance evaluation. The box shows the 

25th, 50th and 75th percentiles, while the whiskers cover the 5th and 95th percentile range. 

Black filled circles represent averages. 
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Fig. 4.9 – Examples of the proposed automatic CCA recognition algorithm; a), b) and d) show 

that the algorithm is effective also in the presence of atherosclerotic plaques and/or bad qual-

ity of the echo image; in c) and e) the artery is properly identified despite other structures 

mimicking an arterial pattern; f) presents a case in which the lumen is identified only in the 

part of the frame in which it is present. This set of images illustrates that the algorithm works 

properly for different inclinations, bending patterns, average depth of the CCA and average 

grey level, indicating that the method is robust and insensitive to US gain settings. All results 

shown are obtained using the same parameter set as proposed in section 4.5, without the 

need to specifically tune the processing parameters. 
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Table 4.5 – Final Hit Rate 

 Narrow Template Wide Template 

 1 RU 2 RU 1 RU 2 RU 

Clustering C NC C NC C NC C NC 

A 94.1 83.7 98.3 89.6 97.4 86.9 98.0 90.3 

B 97.4 89.4 98.8 93.9 98.9 91.6 98.7 94.4 

C 94.2 84.3 98.5 90.1 98.1 88.0 98.0 90.8 

D 97.4 89.1 98.5 93.3 99.0 91.5 98.5 94.2 

E 93.2 82.9 97.8 88.8 97.7 87.5 97.5 89.9 

F 96.5 88.3 98.0 92.5 98.6 91.0 98.2 93.6 

G 92.5 82.5 97.4 88.2 97.6 87.2 97.2 89.4 

H 96.1 87.6 97.7 91.8 98.4 90.4 97.9 93.0 

Average Final Hit Rate [%] for both logarithmically compressed (C) and uncompressed (NC) en-

velopes for every considered parameter combination. The letters on the left refer to the clus-

tering cases of Table 4.2. RU stands for “resolution units”. The hit rate for uncompressed im-

ages is on average 7.8% lower than that of compressed ones. 

4.5 – Discussion 

In this chapter we introduce an algorithm for the automatic recognition of the 

common carotid artery in longitudinal ultrasound B-mode scans, based on a series 

of morphological operations. The strength of the algorithm lies in the combination 

(template matching, grey level variability assessment, clustering) rather than in the 

single techniques. The performance evaluation yields a fixed set of processing pa-

rameters adequate for automatic CCA recognition without any user interference. 

Moreover, the extensive data decimation performed allows the method to opti-

mally exploit the information content of the artery and facilitates real-time opera-

tion.  

 

In general our proposed automatic CCA recognition algorithm performs very well: in 

up to 98-99% (Table 4.5) of the considered images the artery position is correctly 

identified. An important step in the recognition process is the final clustering of the 

lumen estimates. Without clustering, the success rate did not exceed the 85% level 

(Table 4.4) although signal-processing parameters (decimation, template size and 

shape) were varied over a wide range. As expected, the Final Hit Rate distributions 

(Fig. 4.8) are very asymmetric with a mean value very close to the 25
th

 percentile, 

and the 75
th

 percentile almost always approaching the 100% value. Because the 25
th
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percentile is never lower than 88%, it indicates a very good performance of the 

algorithm. As Fig. 4.8 and Table 4.5 show, Final Hit Rate averages are systematically 

higher for the case in which the clustering acts on 19 (horizontal decimation to 1 

resolution) rather than on 9 grid points; thus a proper grid line spacing supports the 

clustering method to exploit relative consistencies across the image. It is interesting 

how the box-and-whiskers plots are on average narrower in the decimation to 2 

resolution units rather than 1 resolution unit (Fig. 4.8c and 4.8d). This illustrates 

that a coarse approach using strong decimation locates the artery more efficiently. 

For the 2 resolution units decimation case, results are hardly different between 

template N and W. This favors the choice of the N type, which involves a smaller 

number of samples per template and thus diminishes computational load. The val-

ues considered for the inclination angle ϕ (3 or 9 degrees) may seem very small, but 

their possible drawback is just wrongful rejection of correct estimates (false nega-

tives). On the other hand, larger values would result in a larger number of false 

positives. The fact that ϕ and t (depth tolerance) are independent from each other 

makes the clustering procedure very flexible. Fig. 4.8 shows that for CCA recognition 

an inclination angle ϕ of 3 degrees gives generally better results in terms of Final Hit 

Rate distributions than a 9 degrees angle. Depth tolerance t does not seem instead 

to influence the results once ϕ is set. A consequence of small values for ϕ and t is 

that arteries with high inclination angles can be difficult to recognize. However, this 

is rarely the case for the CCA, for which the parameter set is designed. 

Table 4.6 – Optimal parameter set for automatic CCA recognition 

Parameter Optimal value for CCA 

Max CCA diameter 10.5 mm 

Min CCA diameter 5 mm 

Frame-processing rate 6 fps 

Decimation 2 resolution units 

Template type N (Narrow) 

ϕ 3 degrees 

t 1 resolution unit 

  Set of parameter values for the automatic recognition of the CCA in adults. 

 

The above-mentioned considerations result in a very robust parameter set for the 

automatic CCA recognition (Table 4.6). For clarity the diameter range and the 

frame-processing rate are also included, even though they were kept constant in 

the evaluation. 
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The Final Hit Rate distribution for the selected parameter set is very narrow with 

the 5
th

 percentile at about 94%, the 25
th

 percentile above 99% (column B of Fig. 

4.8c) and an average value of 98.8% (Table 4.5). The examples of Fig. 4.7 and Fig. 4.9 

were obtained with these settings, demonstrating the high robustness of the pro-

posed parameter set. Fig. 4.9 illustrates that proper recognition of the CCA is 

achieved despite poor image quality, irregular luminal diameter due to atheroscle-

rotic plaques, or artery inclination and curvature. The detection capability is quite 

immune to variations in luminal grey level or in sharpness of edges representing the 

arterial walls. The algorithm adapts itself to the actual extension of the artery lumen 

within the frame, meaning that zones without an artery do not get recognition 

points (see Fig. 4.7). This is a very useful feature of the algorithm since it motivates 

sonographers to get scan planes with a better section of the CCA. In some cases the 

points within the lumen are quite sparse and not uniformly distributed over the 

frame width, but even then they univocally identify a ROI including the artery, which 

is the main purpose of the algorithm. 

 

The algorithm exploits the fact that the lumen has low amplitude with respect to its 

environment, a known width range and a horizontal or slightly inclined orientation. 

With the selected parameter set, analysis of 128 data sets yielded only 6 data sets 

with results below 95%. 4 of these were between 90% and 95% while 2 were below 

90%. The corresponding images showed that the lower performance was due to 

either a low signal to noise ratio in the lumen caused by reverberations, or to the 

presence of the jugular vein within the image. In the former case, a highly echogenic 

lumen misleads the CF1-based analysis, preventing the templates to find their 

proper positions across wall-lumen interfaces. On the other hand the simultaneous 

presence of the jugular vein, exhibiting similar characteristics to the CCA, can cause 

failure of the algorithm in two different ways. If the apparent thickness of the near 

wall of the CCA becomes too low due to the neighbouring jugular, the template can 

fail finding it. If the templates properly identify all the walls, CF2 and clustering may 

still favour the vein rather than the artery, although in most cases the algorithm 

gives preference to an artery because venous walls are less echogenic than arterial 

ones (CF1), the venous lumen exhibits a higher amplitude variation than the arterial 

lumen due to a sub-optimal scan plane (CF2), and the venous diameter is usually not 

constant across the frame due to the incident echo section or unintended compres-

sion. The algorithm has been designed for longitudinal US scans showing exclusively 

the CCA. From a technical point of view the extension of the recognizing capabilities 

to images with both CCA and jugular is an interesting future development. However, 

the total or partial presence of the jugular vein in front of the CCA considerably 
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increases the risk of mirroring artifacts within the CCA (Kurtz 2008). This is undesir-

able from a clinical point of view, because such artifacts may lead to a false diagno-

sis, e.g. presence of carotid dissections, or to wrong estimates for CCA diameter and 

IMT. 

 

In the present study, the evaluation was performed on image sequences with loga-

rithmic amplitude compression, as is conventional in commercial US scanners to 

adapt the dynamic range for visualization purposes. In order to further explore the 

robustness of the proposed algorithm, the analysis was repeated for uncompressed 

envelopes of the same recordings. For this purpose, the RF echo signals rather than 

their (compressed) envelopes were captured at a sampling frequency of 33.3 MHz 

and with an acquisition dynamic range of 12 bits. The off-line software computation 

of the envelopes from the RF signals involved band pass filtering (bandwidth of 3.1 

MHz centered at 6.2 MHz), followed by time-domain discrete Hilbert transform and 

decimation by a factor of 2. At this stage the envelope of the Hilbert pair has the 

same sample rate and is subsequently subjected to the same processing steps as 

applied to the logarithmic compressed signal. The Final Hit Rate for uncompressed 

envelopes had wider distributions and appeared to be on average 7.8% lower than 

for compressed signals (Table 4.5). The deviating behaviour could be due to the fact 

that for uncompressed envelopes differences in amplitude between black zones 

outside and inside the arterial lumen are less evident than for compressed ones. 

However, despite different preprocessing, the selected parameter set (Table 4.6) 

gives results in the highest range also in case of no logarithmic compression. 

 

Processing all pixels within a B-Mode frame is not a well-suited approach for auto-

matic CCA recognition, because it implies the analysis of a redundant amount of 

data far beyond the information content of the wall-lumen-wall structure in the US 

frame. Relying on signal processing of a finite subset of decimated echo lines, as in 

our case, removes redundancy and guarantees a higher efficiency, effectiveness and 

real-time suitability of the automatic CCA recognition procedure. Our results also 

suggest that the algorithm is very robust for different clinical conditions, different 

operators, different gain settings and different pre-processing of the envelope sig-

nals. This suggests that the method could be incorporated at any point of the US 

signal-processing chain, i.e. right after focusing, after logarithmic compression or 

even after scan conversion. Moreover, having decimation periods, template dimen-

sions and depth tolerance expressed in units of axial and lateral resolution makes 

the algorithm portable to US systems with a different image structure, carrier fre-

quency and bandwidth. 
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4.6 – Conclusion 

We proposed an algorithm for the automatic recognition of the position of the 

common carotid artery in sequences of ultrasound images, based on signal decima-

tion, template matching and clustering. The performance evaluation yields a robust 

parameter set that provides very reliable estimates, regardless of the pre-

processing of the considered envelopes. The high performance (average success 

rate of 98.8% for logarithmic compressed signals) is independent of gain settings, 

sonographers, or clinical condition of subjects. Decimation of the US matrices ac-

cording to the resolution of the ultrasound system and to the dynamic image char-

acteristics (artery motion, transducer adjustments) reduces considerably the com-

putational load, and will eventually allow real-time application of the algorithm, as 

demonstrated by the low amount of time required to process one frame. The algo-

rithm is also quite insensitive to the effects of dynamic range compression.  

 

The implementation of the proposed automatic arterial recognition in US systems 

would fully automate the segmentation of longitudinal B-Mode scans of the com-

mon carotid artery. This would enforce non-invasive arterial US analysis in clinical 

practice for screening, treatment monitoring, and in non-invasive estimation of 

arterial mechanical properties (Meinders 2001b; Pannier 2002; Meinders 2004; 

Reneman 2006; Paini 2007). Moreover, due to the parametric nature of the recogni-

tion process, the algorithm could be extended to brachial and femoral arteries, 

jugular veins, and other organs both in US and in other imaging modalities, by 

means of tuning the permitted diameter range or other parameters. This would 

bring medical image segmentation closer to full automation. 
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CHAPTER 5 

Automatic estimation of common 

carotid artery diameter, 

orientation and curvature 
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5.1 – Abstract 

An algorithm for performing fully automatic morphological analysis of the common 

carotid artery (CCA) in longitudinal ultrasound (US) B-mode scans is introduced. 

Arterial position, curvature and diameter are automatically estimated offline with-

out human supervision. The CCA is automatically recognized by applying a method 

based on decimation, template matching and clustering to the first pair of US 

frames. This allows automatic placement of seed points in the CCA lumen. Next a 

sustain-attack filter (SAF) is applied in order to get raw estimates for CCA wall posi-

tions, used to deduct the CCA centerline in a region of interest (ROI). Arterial orien-

tation and curvature are estimated by fitting a second order polynomial through the 

centerline. Subsequently the lines of sight in the ROI are vertically re-aligned based 

on the centerline so that the arterial walls shift to an approximately horizontal posi-

tion, allowing subsequent lateral smoothing with horizontal kernels. This directional 

pre-processing attenuates speckle modulation without blurring perpendicularly to 

CCA walls. The SAF is then re-applied, yielding smooth delineation of both near and 

far wall. CCA diameter, orientation and curvature radius are calculated within the 

ROI. Automatic tracking of CCA movements is performed frame-by-frame. The 

method is tested on 30 US recordings (duration 6 seconds each) from 10 healthy 

volunteers. The algorithm successfully detects, without any user interference, CCA 

position, curvature and diameter for every subject considered. Comparison of re-

sults with and without curvature-compensated lateral smoothing shows significant 

decreases in the standard deviation of wall position estimates when the proposed 

pre-processing is applied. Correcting for local orientation at each line of sight yields 

the real CCA diameter, eliminating the error due to a non-perpendicular US beam 

orientation. 

5.2 – Introduction 

Many morphological and dynamic properties of the common carotid artery (CCA), 

such as diameter, distension and intima-media thickness, can be estimated non-

invasively by means of transcutaneous B-mode ultrasound (US) (Reneman 2005). 

Since the CCA often appears slightly tilted and/or curved in US images due to its 

non-parallel orientation with respect to the transducer surface, information on local 

orientation and curvature is also needed. Usually CCA diameter and intima-media 

thickness estimation are measured along the US beam (Graf 1999), assuming it to 

be exactly perpendicular to the artery. Knowing the local orientation would give the 

possibility to abandon this assumption. Also Doppler analysis (Hoeks 1981) would 

benefit from such angle knowledge. Moreover, current vascular US segmentation 
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methods are semi-automatic, since they require manual recognition of the CCA 

prior to the analysis. 

 

In this chapter an algorithm performing fully automatic assessment of curvature and 

diameter in B-mode scans of the CCA is presented. The method automatically crops 

a region of interest (ROI) around the CCA, without any user interference, and then 

proceeds to estimate diameter and curvature on a frame-by-frame basis. The local 

curvature of the vessel centerline is exploited to perform a “directional smoothing” 

of the arterial walls, in order to make edge detection less sensitive to speckle with-

out losing resolution along the beam (in depth). 

 

The artery is properly recognized, and its adventitial walls and centerline properly 

delineated, in each frame of 30 US recordings (duration 6 seconds each) from 10 

healthy subjects. Diameter, orientation and curvature are estimated both along the 

ROI width and in time. For each subject precision consistently improves by applying 

directional smoothing as a pre-processing step on the images. Angle information is 

used to correct the diameter values measured along the US beams, yielding the real 

CCA diameter. 

5.3 – Materials and methods 

5.3.1 – Ultrasound acquisitions 

Common carotid arteries of 10 healthy volunteers (age ranging from 15 to 40, 6 

males and 4 females) were imaged with ultrasound. The study was approved by the 

joint ethical committee of Maastricht University and Academic Hospital Maastricht. 

All subjects gave informed consent prior to enrolment. B-mode scans were per-

formed using ART.LAB (ESAOTE EUROPE BV, Maastricht, The Netherlands), a soft-

ware-based radio frequency US acquisition system (Brands 1999). For each subject 

three subsequent acquisitions were recorded, each one covering a time interval of 6 

seconds. Each acquisition resulted in storage of both digitized RF echo signals and 

image grey levels for each US frame (frame rate 30 fps, 180 frames per acquisition). 

A frame consists of 128 lines of sight, covering 40 mm in width and 35 mm in depth. 

The center frequency of the linear array used was 7.5 MHz, and its pitch was 315 

µm. RF echo signals were sampled at a frequency of 33 MHz (sample distance 23 

µm) with a dynamic range of 72 dB. B-mode image columns were also captured, 

after logarithmic compression and thresholding, at 16 MHz sampling rate with 8 bits 
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encoding. All the processing was then performed offline, using Matlab (MathWorks, 

Natik, MA). 

5.3.2 – Automatic CCA recognition 

The first two B-mode frames of a recorded sequence are sufficient to automatically 

recognize the CCA without any user interaction. The authors previously introduced 

the algorithm for automatic CCA recognition (Rossi 2008) in Chapter 4. A subset of 

the echo amplitude signals in each frame is decimated according to the US system 

resolution, and is then subjected to parametrical template matching exploiting the 

typical diameter range of the CCA in adults. Results of template matching in the two 

frames are gathered and clustered to reject outliers. A linear fit is performed over 

the automatically placed seed points (Fig. 5.1) to calculate the average lumen center 

position. A 20 mm wide and 16 mm deep ROI is subsequently centered on the ar-

tery. From frame nr. 2 onwards the processing for orientation, curvature and di-

ameter estimation involves echo amplitudes derived from the stored RF signals, 

thereby avoiding the influence of the logarithmic compression performed by the US 

scanner on B-mode images. Automatic tracking of CCA movements in time is 

achieved by displacing the ROI according to the results of artery wall delineation for 

each frame. 

 

 
Fig.  5.1 - The algorithm automatically identifies the CCA. Automatically placed seed points 

(white circles) are subsequently concatenated by a linear fit (grey line). 

5.3.3 – Sustain-attack filter and centerline 

Envelopes of the 64 RF signal segments in the ROI are computed by means of time-

domain Hilbert transform (Brands 1997). The edge detector used to locate the ad-

ventitial walls is the so called sustain-attack filter (SAF) (Meinders 2001), applied 

along depth both in forward and backward direction. The SAF, described in Chapter 
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3, is based on exponentially decaying threshold functions, always related to the last 

dominant echo while following gradual changes in echo level along the line of sight. 

Given the lumen position, the SAF directly supplies a fist guess for the location of 

the CCA media-adventitia interfaces for each envelope signal in the ROI. Second 

order polynomial fits are performed on both anterior (near) and posterior (far) wall 

tracings. To reject outliers, the regions in which the deviation between the SAF 

tracing and the fit are higher than the average deviation are smoothed by setting 

them to the polynomial fit values. The CCA centerline is obtained with a second 

order polynomial fit through the middle points between adventitial positions for 

each line of sight (Fig. 5.2a). The smooth vessel centerline thus obtained for each 

frame is used to estimate local orientation and curvature of the vessel.  

 

 
Fig.  5.2 - a) ROI with overlaid CCA centerline; b) effect of realignment and directional smooth-

ing; c) orientation and d) curvature radius in the ROI. 

 

Denoting ROI width with w and the centerline depth as Fc(w), the local orientation 

(Fig. 5.2c) is  

 

 (w)/dw]arctan[dFcΑ(w) =  (5.1) 

 

while the local curvature (Fig. 5.2d) is calculated as 
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+
=  (5.2) 

 

The radius of curvature is computed as Κ(w)1/ρ(w) = . 

5.3.4 – Directional smoothing 

All lines of sight in the ROI are re-aligned, based on the centerline, to shift arterial 

walls to an approximately horizontal orientation. At this point, a lateral median 

filtering is applied with a kernel 1 sample deep and 9 samples (i.e. 2.5 mm) wide. 

This will despeckle the US data without blurring perpendicularly to the arterial walls 

(Fig. 5.2b), exploiting echo amplitude consistency in the direction parallel to the CCA 

centerline. 

5.3.5 – CCA diameter estimation 

The SAF is re-applied on each envelope signal in the directionally filtered ROI, yield-

ing a smooth delineation of the adventitial borders of the CCA for every frame (Fig. 

5.5). In order to compute the average CCA diameter in the ROI, the local diameters 

measured along the ultrasonic beam are corrected for the observed local orienta-

tion of the artery, and then averaged. The procedure provides the real diameter of 

the CCA, which will be generally smaller than the observed diameter. CCA diameter 

waveform, average CCA orientation and average CCA curvature radius are obtained 

as function of time (Fig. 5.3). 

5.4 – Results 

The proposed method performed correct automatic CCA recognition, centerline 

tracking, and estimation of arterial diameter, orientation and curvature for each one 

of the 30 US acquisitions analyzed, without the need of human supervision during 

offline processing. Standard deviations of both adventitial wall tracings within 

frames were evaluated with and without directional smoothing, and then averaged 

over the 3 repeated acquisitions (Fig. 5.4). Differences in diameter values were 

evaluated between the cases with and without orientation compensation. 
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Fig.  5.3 - Top: example of CCA diameter waveform with (black solid line) and without (grey 

dashed line) orientation compensation; center: average CCA orientation; bottom: average CCA 

curvature radius. 

 

The proposed method performed correct automatic CCA recognition, centerline 

tracking, and estimation of arterial diameter, orientation and curvature for each one 

of the 30 US acquisitions analyzed, without the need of human supervision during 

offline processing. The standard deviations of both adventitial wall tracings within 

frames were evaluated with and without directional smoothing, and then averaged 

over the 3 repeated acquisitions (Fig. 5.4). Differences in diameter values were 

evaluated between the cases with and without orientation compensation. The ob-

tained wall and centerline tracings (Fig. 5.5) were remapped for a number of 

frames, in order to visually inspect the results of the segmentation. 

5.5 – Discussion 

The precision of adventitia-adventitia CCA diameter assessment improves signifi-

cantly by exploiting the vessel centerline profile in order to directionally despeckle 

US envelopes. Fig. 5.4 shows that this happens for both CCA walls, with up to 70 µm 

decrease in the standard deviation of wall position estimates. The variability of the 
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near wall position is always slightly higher than that of the far wall because for the 

anterior wall the SAF algorithm considers the trailing echo edges. 

 

 
Fig.  5.4 - Standard deviations of wall position estimation for the CCA near (left) and far wall 

(right). Precision is consistently improved by using directional smoothing (white circles). 

 

Fig. 5.5 illustrates the effect of directional smoothing on wall delineation. CCA ad-

ventitial boundaries are more realistic and smooth when the proposed despeckling 

procedure is applied.  

 

 
 

Fig.  5.5 (color version on page 150) - Left: no directional smoothing; right: results obtained 

with directional smoothing, remapped on the original ROI. The contours are obtained with the 

sustain-attack filter. The processing occurs on linear envelopes, but here images are shown 

with logarithmic compression for visual convenience. 

 

Since the processing occurred on RF signals having an intersample distance of 23 

µm, this guarantees a higher definition in wall delineation with respect to direct 

analysis of B-mode images. Sampling a 16 mm deep ROI of a digitized B-mode frame 

with 500 pixels in depth would still yield an intersample distance of 32 µm, which is 

a factor 1.4 larger. A small intersample distance would be advantageous also in 
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cases in which smoothing in both directions would be necessary, since it guarantees 

that speckle noise fluctuations cover more than two samples. 

 

The knowledge of CCA orientation and curvature within the ROI allows compensa-

tion for vessel angulation when measuring the diameter. Fig. 5.3 (top) shows the 

difference between compensated and uncompensated diameter waveforms for a 

subject having an average CCA angulation of about -6 degrees. Average differences 

in diameter with and without angle correction ranged between 10 to 50 µm across 

subjects. Since the study evaluated only US acquisitions from healthy volunteers, 

the imaged CCA segments were rarely tilted more than 10 degrees with respect to 

the probe surface. However, when dealing with patients, the CCA can be much 

more irregularly oriented due to pathologies, aging, and plaques, and this can intro-

duce larger differences between the diameter measured locally along the US beam 

and the real one. 

 

The average CCA orientation in the ROI evolves in phase with the diameter wave-

form (Fig. 5.3, center). This indicates that the pulse pressure induces a slight peri-

odical tilting of the artery along with its dilation. Curvature radius fluctuations are 

instead more random (Fig. 5.3, bottom). Assessing the time evolution of CCA orien-

tation and curvature together with CCA diameter gives the possibility to ensure that 

the US B-mode scan plane is properly positioned on the vessel, for example by 

checking that the fluctuations in angle and curvature radius are not exceeding some 

predefined limits. If implemented in real-time, this would help sonographers to 

maintain a proper scan plane throughout the measurement. 

5.6 – Conclusion 

In this chapter we introduce a method to perform fully automatic assessment of 

CCA adventitia-adventitia diameter, orientation and curvature without user interac-

tion (i.e. without manually placed seed points or manual ROI cropping prior to de-

lineation). The method is robust and reliable, also due to directional despeckling 

taking advantage of the CCA assessed centerline for each US frame, which improves 

the overall precision. Further developments will extend the same technique to CCA 

intima-media thickness estimation. The algorithm could also be applied to other 

vascular districts of interest in US imaging, such as brachial and femoral arteries. In 

Doppler systems the line-by-line estimation of arterial orientation would facilitate 

proper conversions of measured Doppler frequencies to velocities corrected for the 

actual angle between local blood flow and ultrasonic beam direction. In the present 

implementation such correction is applied to the measured CCA diameter, thus 
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providing measurements perpendicularly to the CCA centerline regardless of its 

orientation with respect to the probe. 
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CHAPTER 6 

Localization of common carotid 

artery intimal and adventitial 

layers by means of ultrasound 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The content of this chapter is based on the original paper, submitted for publica-

tion: Rossi AC, Brands PJ, Hoeks APG. Automatic localization of intimal and adventi-

tial carotid artery layers with non-invasive ultrasound: a novel algorithm providing 

scan quality control. 2009. 
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6.1 – Abstract 

Transcutaneous ultrasonic measurements of common carotid artery (CCA) diameter 

and intima-media thickness (IMT) give insight on arterial dynamics and anatomy, 

both correlating well with atherosclerosis and cardiovascular risk. We propose a 

novel automatic algorithm to estimate CCA diameter and IMT in ultrasound (US) 

images, based on separate analysis of anterior and posterior CCA walls and able to 

distinguish internal (intima-intima) and external (adventitia-adventitia) diameter. 

The method combines off-line signal- and image-processing techniques to accom-

modate echo images composed directly from RF data, not involving digital video-

grabbing. Segmentation consists of automatic CCA recognition, adventitial delinea-

tion by means of sustain-attack filter, and intimal delineation based on Multiscale 

Anisotropic Barycenter (MAB). An automatic measure of the quality of the US beam 

incidence for each wall is superimposed on the CCA contour overlays for visual 

feedback. Validation is carried out on 36 US CCA acquisitions from 12 healthy volun-

teers, as well as on synthetic US images. Results indicate good accuracy and preci-

sion, with Intra-recording beat-to-beat variations on average lower than 50 μm for 

external diameter and IMT, and lower than 100 μm for internal diameter. The beam 

incidence control significantly increases the repeatability of IMT estimates, and is 

intended to actively motivate sonographers to maintain a proper scan plane 

throughout the acquisition to minimize the incidence of confounding factors in non-

invasive CCA ultrasonic examinations. The method is clinically viable, providing ro-

bust estimates of CCA diameter and IMT waveforms, even at a low B-mode update 

rate of 30 frames per second. 

6.2 – Introduction 

Non-invasive estimates of common carotid artery (CCA) anatomical features by 

means of ultrasound (US), including diameter and intima-media thickness (IMT), are 

gaining importance for prevention and treatment of cardiovascular diseases, as-

sessment of cardiovascular risk, and estimation of arterial mechanical properties 

(Riley 1997; De Groot 2004; Reneman 2005; Laurent 2006; Mattace-Raso 2006; 

Baldassarre 2008; Hoeks 2008). Many different image processing methods are 

nowadays available for assessing CCA diameter and IMT on 2-dimensional ultrasonic 

images, usually based on the grey level gradient or on active contours (Selzer 1994; 

Schmidt-Trucksass 2001; Stein 2005). Recently, an image processing method has 

been presented for image edge detection, based on the “first absolute central mo-

ment” as alternative to gradient-based analysis (Demi 2000). It has also been ex-

tended for the automatic analysis of arterial B-mode US scans (Gemignani 2007; 

Faita 2008).  
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In this chapter we introduce a new algorithm, based on the central moment 

mathematical operator (Demi 2000), for the automatic estimation of CCA internal 

and external diameter, together with IMT of both arterial walls. The algorithm 

works in conjunction with an automated CCA recognition protocol (Rossi 2008b) and 

with the so called “sustain-attack filter” (Hoeks 1995; Meinders 2001) used for ad-

ventitial wall positioning. The intima detection on both walls is based on a multis-

cale approach computing iteratively the barycenter (centre of gravity) of the echo 

level variation within circular image domains of varying size, adapted for anisotropic 

sampling. The latter property allows processing of US envelopes, which are not yet 

scan converted but derived directly from the set of underlying radio frequency (RF) 

signals in a frame. The proposed intimal detection approach, named Multiscale 

Anisotropic Barycenter (MAB), considers images in their original linear grey level 

scale without logarithmic compression, since non-invasive vascular US measure-

ments are affected by intimal-medial reflectivity (Ellis 2007) and dynamic range 

settings (Potter 2008; Rossi 2009). Dedicated post-processing integrates contour 

estimation with outlier detection and unbiasing to compensate for differences in 

edge detection for the media-adventitia and lumen-intima interfaces.  

 

Non-invasive ultrasonic arterial measurements in the longitudinal CCA plane are 

affected by the angle of incidence between the ultrasonic beam and the artery. A 

proper and consistent insonation plane is crucial both for diameter (Stadler 1996; 

Dineley 2007) and IMT assessment (Bruschi 1997). The currently available 3D ultra-

sound systems have specific applications in the complementary fields of wall-

volume or plaque-volume estimation (Spence 2006; Egger 2008; Mallett 2008), but 

IMT estimation is still better performed with 2-dimensional ultrasound. Since the 

method is aimed at the estimation of CCA diameter and IMT and not at the analysis 

of atherosclerotic plaques, longitudinal 2-dimensional US is the optimal imaging 

choice. We integrated in the algorithm an automatic procedure that evaluates the 

adequacy of the insonation plane for each US frame, utilizing the outcome of the 

automatic CCA segmentation process. This procedure also allows quantification of 

the effects of “out of plane” US frames on the arterial parameters estimated.  

 

We evaluated the algorithm on repeated longitudinal CCA US acquisitions from 12 

young healthy volunteers to establish the suitability of the proposed method for the 

detection of external (adventitia-adventitia) CCA diameter estimation, internal (in-

tima-intima) CCA diameter estimation, and for IMT assessment of both CCA walls. 

We focused on the CCA since it has more consistent echogenic properties than the 

internal carotid artery or the carotid bulb (Touboul 2007). An accuracy analysis was 

also carried out, using synthetic US images. Near wall and far wall IMT were ana-

lyzed separately and compared in order to investigate whether observed differ-
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ences originate from different echo-generation characteristics; the IMT scanning 

protocol is one of the potential confounding factors when comparing population-

based studies (Lorenz 2007). The aim of our work is the development of an auto-

matic CCA segmentation method that exploits the information contained in the 

ultrasonic radio frequency (RF) echo signals to provide precise and repeatable de-

lineation of the artery walls, to be used for internal and external CCA diameter es-

timation. We also want to show that the variability of the IMT estimates can de-

crease if the US scan plane properties are taken into account. 

6.3 – Materials and methods 

6.3.1 – Acquisitions 

The left common carotid artery of 12 healthy subjects (age ranging from 15 to 40 

years, 8 males and 4 females) were scanned in B-mode. The study was approved by 

the joint ethical committee of Maastricht University and Academic Hospital Maas-

tricht. All subjects gave informed consent prior to enrolment. 

 

A software-based radio frequency ultrasound (US) acquisition system, ART.LAB 

(ESAOTE EUROPE BV, Maastricht, The Netherlands), was used to perform B-mode 

scans (Brands 1999). Arteries were scanned in longitudinal sections with perpen-

dicular incidence, and the transmit focus was set at a depth of 2 cm, which corre-

sponded to the whereabouts of the CCA lumen. Three subsequent acquisitions were 

performed for each subject, resulting in a total of 36 recordings, each one covering 

a time interval of 6 seconds and therefore about 4-6 heart beats, depending on the 

heart rate of the subject. Prior to the acquisitions in supine position, each subject 

was given a rest period of 10 minutes. The subjects were asked to hold their breath 

for the brief duration of each measurement to eliminate possible variability in CCA 

diameter and IMT due to the respiratory cycle. Particular attention was paid to the 

gain settings in the ART.LAB system to avoid signal saturation.  

 

Each acquisition resulted in storage of digitized RF echo signals. The stored file con-

tains 180 matrixes (frame rate 30 fps, acquisition time 6 s), each composed of 128 

RF signals, covering 40 mm in width and 35 mm in depth. The center frequency of 

the linear array was 7.5 MHz, while the line pitch was 315 μm. The RF signals were 

sampled at a frequency of 33.3 MHz (inter-sample distance 23.1 µm) with a dynamic 

range of 72 dB (12 bits stored as the most significant bits of a 16 bits word). The 

acquired RF signals come from a stage in the signal processing chain of the US scan-

ner where the signals have still a linear amplitude range. The absence of logarithmic 

compression avoids undesirable effects on CCA US assessments (Rossi 2009). More-
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over, the high RF sampling frequency in depth guarantees a higher definition in wall 

delineation with respect to direct analysis of B-mode images with inter-sample dis-

tances after scan conversion usually in the order of 70 µm. For the purpose of 

automatic CCA segmentation, the RF matrixes were subjected to off-line processing 

using MATLAB (MathWorks, Natik, MA). 

6.3.2 – Automatic CCA recognition and RF envelopes 

 
Fig. 6.1 – a) The automatically cropped ROI (grey box) provided by the automatic CCA recogni-

tion algorithm (white dots) with a linear fit for the identified lumen center line; b) RF signal 

(grey line), covering both near and far wall of the CCA, with superimposed its envelope (black 

line). 

 

Within each acquired RF frame a region of interest (ROI) is automatically cropped 

(Fig. 6.1a), covering a depth of 20 mm (i.e. 866 samples) and a width of 23 mm (i.e. 

74 signals). In the horizontal direction the ROI is centered in the middle of the 

frame, whereas its position in depth is automatically adjusted to the CCA lumen. 

The automatic recognition of the CCA is achieved by means of a previously devel-

oped algorithm (Rossi 2008b), based on decimation, template matching and cluster-

ing, applied to the first couple of frames in the stream. Over subsequent frames the 

ROI position is automatically updated according to the vertical displacement of the 

CCA as outcome of the vessel wall contour delineation, described further in the 

chapter. The DC component is removed from each vertical RF signal segment in the 

ROI prior to time-domain Hilbert transformation to a complex analytic signal for 

envelope computation (Fig. 6.1b). The discrete Hilbert impulse response is set to 7 

non-zero samples on both positive and negative side, minimizing amplitude and 

phase errors (Brands 1997). The instantaneous envelope of the RF signal is the abso-

lute value of the complex analytic signal. Even though the envelopes considered are 

not logarithmically compressed, all images showing US frames in this chapter incor-
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porate logarithmic compression for visual convenience (whereas all graphical over-

lays refer to the processing of linear envelopes). 

6.3.3 – Adventitial wall delineation 

 
Fig. 6.2 (color version on page 151) – Delineation of adventitial contours and centerline. a) The 

outcome of the sustain-attack filter is fitted with a third-order polynomial; b) outlier rejection 

is performed; c) an additional third-order fit is performed in order to smoothly follow the arte-

rial curvature; the centerline follows from the anterior and posterior wall positions. 

 

For notational convenience, we will from now on refer to the CCA walls as “near 

wall” and “far wall”. The detection of the media-to-adventitia interface on each wall 

of the CCA is based on a sustain-attack filter (Hoeks 1995; Meinders 2001; Rossi 

2009). Such filter generates exponentially decaying threshold functions acting sepa-

rately on each RF envelope in forward (near wall) and backward (far wall) direction. 

This allows the method to locate media-adventitial interfaces independent of local 

echo amplitude and gain settings. The mathematical details regarding the sustain-

attack filter can be found in Chapter 3. The detected wall positions for each wall are 
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fitted with a third order polynomial across the ROI (Fig. 6.2a). Outliers with a devia-

tion from the polynomial fit of more than the root mean square error are substi-

tuted with values of the polynomial fit (Fig. 6.2b). The updated set of adventitial 

wall positions is again smoothed by a third order polynomial fit. The arterial center-

line is obtained by averaging near and far wall positions for each signal (Fig. 6.2c). 

The centerline serves as reference to derive orientation and curvature of the CCA 

(Rossi 2008a). 

6.3.4 – Intimal wall delineation: barycenter of the echo level deviation 

The proposed detection method for the lumen-intima interface is an extension of 

the “first order absolute central moment” (Demi 2001; Gemignani 2004). The 

method was originally developed for the detection of brachial artery diameter in 

digitally grabbed B-mode US images (square pixels) to quantify flow-mediated dila-

tion (Gemignani 2007). Recently the principle of first order central moment was also 

suggested for carotid intima-media thickness detection (Faita 2008). The algorithm 

is based on the centre of gravity (barycenter) of grey level deviations (relative to a 

local mean) within a circular evaluation domain containing a grey level discontinu-

ity. In the case of vascular ultrasound, the discontinuity of interest is the one be-

tween the vessel lumen and the intima. The barycenter of the echo level deviation is 

based on the spatially weighted absolute value of echo variation, defined as the 

difference between a pixel value and a local average level. Spatial weighting in the 

circular evaluation domain and averaging in a smaller concentric smoothing domain 

are achieved with Gaussian kernels. The standard deviation of each Gaussian kernel 

is 1/3 of the radius of the respective circular domain. It is demonstrated (Demi 

2001) that when the evaluation domain contains a grey level discontinuity, the lo-

cated barycenter is always closer to the discontinuity than the domain’s geometrical 

centre regardless of position of the discontinuity within the domain. This feature 

facilitates an iterative approach for image edge detection, starting from a seed point 

in the artery lumen that will get stepwise closer to the edge. The process is inde-

pendent of the spatial orientation of the boundary because of the circular shape of 

the domain. A detailed mathematical description can be found in Appendix 6A.  

 

In the original implementation (Gemignani 2007) the procedure had to be manually 

initialized with an approximated contour close to the vessel boundary, whereas the 

number of iterations was empirically limited to 5. Here we introduce a modified 

version for the iterative computation of the barycenter to detect the lumen-intima 

boundaries at both CCA walls in B-mode US frames. The modifications allow the 

algorithm to cope with ultrasound images that are not scan-converted, tying the 

procedure to the intrinsic anisotropic resolution of US systems rather than to image 

pixel sizes. The method is made rather insensitive to its initialization position within 
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the lumen by adapting the size of the evaluation domain throughout the iterations. 

Moreover, the contour is allowed to assume curvilinear shapes, although plaques 

are excluded. We named the method “Multiscale Anisotropic Barycenter” (MAB) in 

relation to the above-mentioned properties. 

6.3.5 – Multiscale anisotropic barycenter (MAB) 

The RF and envelope signals have anisotropic sampling along depth and width. In 

the depth direction the RF sampling period equals 23.1 µm, while in the lateral di-

rection beams are separated by 315 µm (the pitch). This yields a width-to-depth 

sampling period ratio of 13.6. The generation of the concentric Gaussian kernels 

takes this anisotropic situation into account: in order for their domains to be iso-

tropic in spatial coordinates, they have to be anisotropic in sample coordinates. Due 

to the coarse sampling in width, the domains are slightly ellipsoidal rather than 

circularly symmetrical. For all iterations, the smoothing domain is maintained at 716 

µm (31 samples) in depth (about twice the axial resolution) and 945 µm (3 samples) 

in width (focal lateral resolution). The domains’ sizes are initially assigned along 

depth, and the corresponding values in width are computed according to the anisot-

ropic sampling ratio. The geometrical centre of both concentric domains is itera-

tively displaced and results eventually in a contour point (fig. 6.3a).  

 

The intima search is performed in every US frame independently for near and far 

CCA walls. Seed points are placed automatically 2 mm above (near wall search) and 

below (far wall search) the detected CCA centerline (Fig 6.3a). Intima detection is 

restricted to 61 central signals in the ROI, spanning a width of approximately 1.9 

mm. Each one of the 122 placed seed points evolves independently from the others 

according to the local iterative MAB procedure. At the first iteration, the radius of 

the evaluation domain is set equal to the distance between the seed point and the 

adventitial border as detected with the sustain-attack filter (Fig. 6.3a). At each itera-

tion, only the depth coordinate of the local barycenter is taken into account to dis-

place the contour point towards the intima. The choice of constraining movements 

along the depth direction is based on the empirical finding that otherwise the de-

tected intimal contour points are likely to cluster on zones with high contrast. This is 

caused by the nature of ultrasound signals, exhibiting phase interference within 

resolution cells, i.e. speckle (Burckhardt 1978). In fact, the local contrast in US 

frames is not always related to the actual nature of the underlying tissue structures, 

especially when these are poorly echogenic and have an extension in depth in the 

range of the system resolution, as it is the case for the blood-intima interface in an 

artery. 
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Fig.  6.3 (color version on page 152) – a) MAB method acting across one vertical line; top 

panel: near wall; bottom panel: far wall; the initial seed points are placed at 2 mm from the 

CCA centreline. In these black-and-white figures, the evaluation domain (white circles) 

changes size at each iteration according to the previously detected adventitial position. The 

smoothing domain (grey circles, here shown only at the first iteration for visual convenience) 

extends 716 µm in depth and 945 µm in width. The thicker circles/points refer to the final it-

eration. b) The algorithm acts on the 61 centremost signals in the ROI. c) Intimal contour out-

liers are rejected. In this example the IMT unbiasing procedure involves equalization, subse-

quent to re-alignment and lateral averaging, for far wall adventitia (d, left panel) with respect 

to far wall intima (d, right panel), and for near wall adventitia (e, left panel) with respect to 

near wall intima (e, right panel). f) Final result of the automatic CCA segmentation. 

 

The multiscale nature of our approach refers to the fact that the evaluation domain 

is resized in each iteration step according to its current position with respect to the 

adventitial wall contour (Fig 6.3a). Starting from the second iteration the evaluation 

domain ends at ¼ of the axial system resolution (i.e. 83 µm) ahead of the adventitial 

border to avoid that relatively bright adventitial echoes interfere with intima detec-

tion. The equilibrium state of each point in the contour is reached when the contour 

point obtained at the ith iteration is the same as the one determined either in the (i-

1)th or (i-2)th iteration (Gemignani et al. 2004). 
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6.3.6 – Diameter and IMT estimation: automated post processing 

After MAB, each wall presents both adventitial and intimal contour estimates. The 

internal CCA contour estimated with MAB may be locally inconsistent with the real 

lumen-intima interface (Fig. 6.3b), because of luminal reverberations and artefacts 

nearby the contour, a too weak (or even not present) intima due to an improper 

CCA scan plane, or a very reflective adventitial echo leaking into the MAB kernel. To 

reject outliers we discard contour points for which the IMT deviates more than 165 

µm (i.e., half the US axial resolution) from the median IMT value, independently for 

each wall (Fig. 6.3c).  

 

At this stage the observed IMT value may be biased by the fact that the methods 

used to detect the adventitial and intimal borders are different in nature, producing 

their respective detection points at different levels relative to the respective echo 

peaks. To remove the associated bias, the adventitial echo envelopes are separately 

realigned for each CCA wall according to the respective detected adventitial contour 

position, and averaged in the lateral direction. The same procedure is repeated for 

the IMT envelope segments. The results of this procedure are, for each wall, two 

slightly different lateral averages centered on the adventitia and intima contours, 

respectively (Fig. 6.3d and 6.3e). Next, for both lateral averages the relative mean 

echo amplitude at the detection point with respect to the corresponding (intimal or 

adventitial) echo peak is computed. The detected boundary positions are then 

equalized in relative echo amplitude, based on the one in which the contour-to-

peak echo level ratio is smaller (ratio computed after subtraction of the average 

lumen echo level). In the large majority of cases, this unbiasing procedure displaces 

for both walls the adventitial contour towards the lumen (Figs. 6.3d-f).  

 

External diameter, internal diameter and both near wall and far wall intima-media 

thicknesses can be derived from the contour positions on a frame-by-frame basis. 

The distances are computed perpendicularly to the vessel wall rather than along the 

US beams, taking into account the CCA local centerline orientation. The IMT of both 

near and far wall, after orientation compensation, is averaged across the ROI for 

each wall separately. The internal (intima-intima) CCA diameter can be obtained in 

two ways. The first one is computing the difference between far wall and near wall 

intima positions for only those echo lines without IMT gaps on both walls, compen-

sating each line-estimate for the local CCA centerline orientation and then averaging 

across the ROI. The second way averages instead the intimal positions at each wall, 

subtracts the near wall average from the far wall average, and finally compensates 

for the mean CCA orientation in the frame. 
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Fig. 6.4 (color version on page 153) – Examples of automatic CCA segmentation. In these 

black-and-white figures, an “in-plane” condition is symbolized by intimal and adventitial con-

tours of different color. When the automatic scan plane control yields an “out plane” result, 

both contours have the same color. 

 

 

The frame-specific adventitial contour displacement, due to the automatic IMT 

unbiasing procedure, may affect the smoothness of the external diameter in time. 

That is why the external diameter waveform, unlike the IMT waveform, is not com-

puted by subtracting the bias at each frame, but rather by subtracting from the 

original external diameter waveform the average difference induced by the unbias-

ing procedure (average computed for those frames where both CCA walls are in 

plane). Fig. 6.4 shows some examples of CCA segmentation, whereas Fig. 6.5 shows 

diameter and IMT waveforms (sampled at 30 Hz, i.e. the B-mode frame rate). 
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6.3.7 – Automatic scan plane control 

The intimal echogenicity in the US image highly depends on the angle of incidence 

of the US beam, which has to be perpendicular for an optimal view. Due to artery or 

probe motion during the scan, the perpendicularity condition may be temporarily 

lost, resulting in intima signals that are not distinct from the adventitial or from the 

luminal echo level. This might lead to a large number of missing IMT values. Rather 

than trying to deduce in such cases the intima position from previous or subsequent 

frames, we chose to label per frame each wall as “in plane” or “out of plane”, cod-

ing the information by contour colors (Fig. 6.4). In order for either near or far CCA 

wall to be labeled as “in plane” in a specific frame, all following conditions have to 

be satisfied: 

1) The maximal difference between the adventitial contours orientation must be 

less than 15 degrees, consistent with the observation that tapering hardly exceeds 

10 degrees.  

2) For each wall the percentage of intimal points discarded by outlier rejection must 

be less than 50%. A higher percentage of outliers would signify a very low lateral 

consistence of the intimal echo, possibly due to an improper scan plane.  

3) Each detected intimal contour point (after IMT unbiasing) should always be closer 

to the lumen than the corresponding adventitial contour point (on the same echo 

line and for the same wall).  

4) The average IMT calculated after post processing must exceed 165 µm. Given the 

US axial resolution of the US system used (330 µm), it is very likely that IMT values 

smaller than half such resolution are erroneous and/or speckle-dependent.  

 

When condition 1 is not satisfied on either wall, both walls are labeled “out of 

plane”. Conditions 2, 3 and 4 are instead wall-specific, i.e. they pertain only to one 

wall. Figs. 6.4f-h show examples in which the near wall is out of plane (condition 2 is 

not satisfied). Rejection of “out of plane” wall estimates based on conditions 3 and 

4 is facilitated by the IMT unbiasing procedure. When a wall is not properly visual-

ized, the intimal peak will be too weak and hence overwhelmed by the adventitial 

echo. The IMT unbiasing procedure results then in an adventitial contour too close 

to the intimal contour, or even in a common value if only one peak is present (Fig. 

6.4i). 

6.3.8 – Accuracy 

To evaluate the accuracy of the proposed algorithm, and to test the adequacy of the 

automatic IMT unbiasing procedure, synthetic ultrasound images were generated 

based on realistic RF signals. We acquired an RF signal from a single reflector, 
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namely an 80 µm thick nylon wire submerged in water at a focal depth of 20 mm, 

with the same US probe and scanner as used for the CCA acquisitions. 

 

 
Fig. 6.5 – a) External (adventitia-adventitia) and internal (intima-intima) diameter waveforms. 

b) Near wall IMT waveform. c) Far wall IMT waveform. The B-mode frame rate (30 HZ) is also 

the waveform sampling rate. The black solid sections in the waveforms refer to the “in plane” 

condition, the grey dashed sections to “out of plane”. The diameter is considered “in plane” 

when both walls are. 

 

The normalized RF pulse (Fig. 6.6a) has a full width at half maximum of 300 µm, and 

it presents a small secondary trailing lobe with a peak of -22 dB with respect to the 

main lobe peak. The distance between both peaks is 350 µm. The acquired RF pulse 

is artificially oversampled at 2.5 GHz. Displacing replicas of the oversampled RF 

signal in time, scaled to typical adventitia and intima echo amplitudes derived em-

pirically, and summing them, creates synthetic CCA RF signals. Oversampling is nec-

essary in order to have a high definition in imposed intima and adventitia positions. 

The summed signal is then decimated to the sampling frequency of the US scanner 

(33.3 MHz), in order for the segmentation algorithm to act on data compatible and 

similar to the in vivo situation. The external CCA diameter, defined as the distance 

between the near wall adventitia trailing edge and the far wall adventitia leading 

edge, is fixed to 6.5 mm. The IMT on both walls is varied between 300 and 800 µm 

with an increment of 50 µm; the internal diameter varies accordingly. Images are 

then generated, replicating the RF envelopes in lateral direction 74 times. Figs. 6.6b 

and 6.6c show the simulated CCA RF signal and image, respectively, for an imposed 

IMT of 500 µm. The imposed intima peak level, based on average in-vivo empirical 

findings, is at -12.4 dB with respect to the adventitial one on the near wall, whereas 

on the far wall it is set at -13.8 dB. A more extensive evaluation of the accuracy for 

varying intimal echo levels can be found in Appendix 6B. 
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6.3.9 – Statistical analysis 

The intra-subject intra-recording precision is evaluated by averaging the intra-

recording beat-by-beat variance for diastolic and mean values of external diameter 

(Figs. 6.7a-b), internal diameter (Figs. 6.7c-d), far wall IMT (Figs. 6.7g-h) and near 

wall IMT (Figs. 6.7i-l). The “in plane” and “out plane” average percentages are also 

evaluated (Figs 6.7e, 6.7f, 6.7m, 6.7n). The diastolic values are point-values in time, 

so they can be directly associated to an “in plane” or “out plane” condition, both for 

IMT (condition checked for one wall) and diameter (condition checked for both 

walls simultaneously). Mean values refer instead to a complete beat, to which a 

quality flag is assigned using the following criteria: 

- A beat in the IMT waveform is considered “in plane” when at least 50% of the 

samples in the beat refer to US frames in which the respective wall (near or far) is 

labelled “in plane”; 

- A beat in the diameter waveform (either internal or external diameter) is consid-

ered “in plane” when at least 30% of the samples in the beat refer to US frames 

where both CCA walls are labelled “in plane”.  

 

Intra-subject inter-recording variations are evaluated with Bland-Altman plots (Figs 

6.8 and 6.9) depicting the differences between intra-recording and intra-subject 

averages. Observed variations in external diameter and far wall IMT are compared 

with those of the ART.LAB system. 

6.4 – Results 

6.4.1 – Accuracy for synthetic ultrasound images 

Figs. 6.6d and 6.6e show for both far and near wall the IMT estimation error as func-

tion of the imposed IMT values, prior to and after IMT unbiasing. The average per-

centage deviation from the true IMT value prior to unbiasing is similar for both walls 

(Table 6.1). The unbiasing procedure changes the IMT deviation from an overesti-

mation of 8.5% to an underestimation of about 3%. The external diameter estima-

tion is marginally affected by IMT unbiasing, whereas internal diameter estimation 

is not (Table 6.1). 
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Fig.  6.6 – Accuracy evaluation performed on synthetic images. a) Normalized RF pulse (over-

sampled at 2.5 GHz), showing a small secondary trailing lobe. By scaling and displacing the 

pulse in shape and position, synthetic CCA RF signals (b) and images (c) are generated (in this 

example, the external diameter is 6.5 mm, and the imposed IMT is 500 µm for both walls). IMT 

estimation errors obtained with the MAB method for far (d) and near wall (e) are on average 

lower with IMT unbiasing procedure (black circles) than without (white squares). On the near 

wall, the presence of the trailing lobe affects estimation results up to 500 µm due to RF phase 

interference. 

 

Table 6.1 - Average deviations from true values [%] 

 Deviation % pre-unbiasing Deviation % post-unbiasing 

IMT Far Wall + 8.5% - 2.6% 

IMT Near Wall + 8.8% - 3.0% 

External Diameter + 0.5% - 1.3% 

Internal Diameter - 1.0% - 1.0% 

The IMT-unbiasing procedure improves accuracy for intimal and adventitial contours. 

6.4.2 – In vivo evaluation 

The algorithm is tested on 36 US recordings from 12 healthy subjects, for a total of 

6480 frames analyzed. Fig. 6.4 shows several examples of the performed automatic 

MAB segmentation. The quality of the contour overlays is visually checked using 

movies. On a general purpose PC (Intel Celeron 3 GHz, 448 MB of RAM) the average 

processing time using MATLAB for one recording consisting of 180 US frames, in-

cluding data loading and post processing, is 4 minutes and 30 seconds (i.e., an aver-
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age of 1.5 seconds for each US frame). The MAB reaches equilibrium after on aver-

age 6 and 7 iterations for the far and near wall of the CCA, respectively. At equilib-

rium the size in depth of the evaluation domain is on average 1 mm for the far wall 

and 1.2 mm for the near wall. Realistic diameter and IMT waveforms are extracted 

for each US recording (Fig. 6.5), despite a low B-mode frame rate (30 fps). In order 

to retain the sharp changes in diameter and IMT waveforms during the systolic 

phase, no smoothing in time is performed. 

6.4.3 – Precision 

 
Fig. 6.7 – Intra-subject intra-recording standard deviation evaluated on a beat-to-beat basis. a) 

external diastolic diameter; b) external mean diameter; c) internal diastolic diameter; d) inter-

nal mean diameter; e) average percentage of “in plane” diastolic diameter points; f) average 

percentage of “in plane” diameter beats; g) far wall diastolic IMT; h) far wall mean IMT; i) near 

wall diastolic IMT; l) near wall mean IMT; m) average percentage of “in plane” diastolic IMT 

points; n) average percentage of “in plane” IMT beats. In panels m) and n), upwards-pointing 

triangles refer to the near wall, whereas downwards-pointing triangles refer to the far wall. 

 

The intra-recording precision for the external diameter is on average less than 50 

μm, both for diastolic and mean beat values (Figs. 6.7a-b). Only subject #1 shows a 

much higher variability, due to a consistent out of plane condition. The intra-

recording precision for the internal diameter is better for mean beat values (stan-

dard deviation on average smaller than 100 μm) than for diastolic ones (Figs. 6.7c-

d). Diastolic IMT values are sometimes quite difficult to assess reliably at a low 
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frame update rate, as shown by the high intra-recording variabilities (Figs. 6.7g-i). 

Averaging all the values over one beat decreases significantly the standard deviation 

of the estimates (Figs. 6.7h-l), to values on average lower than 50 μm for both walls. 

 

 
Fig. 6.8 – Intra-subject inter-recording Bland-Altman plots (beat-to-beat) for diastolic external 

diameter (a, b, c), mean external diameter (d, e, f) and mean far wall IMT (g, h, I). Left column: 

ART.LAB; middle column: MAB method, all beats; right column: MAB method restricted to “in 

plane” beats. The grey lines refer to twice the standard deviation. 

 

The inter-recording Bland-Altman plots (Fig. 6.8) compare the proposed MAB 

method with the ART.LAB system for diastolic external diameter, mean external 

diameter and mean far wall IMT. Inter-recording variations in diameter and IMT 

values can be due to variability in the estimation procedure or also (and more often) 

to slight differences in probe positioning between acquisitions. Even though the 

results for the two systems are in good accordance, MAB shows a better precision 

than ART.LAB does (middle column versus left column in Fig. 6.8) with standard 

deviations that are on average 50 μm lower for diameter estimates and 25 μm 

lower for IMT. On average the MAB method presents a beat-to-beat inter-recording 

standard deviation in the order of 100 μm for external diameter (Fig. 6.8) and 115 

μm for internal diameter (Fig. 6.9). Considering only the “in plane” beats signifi-

cantly improves the precision for far wall IMT from 40 μm to 25 μm (Fig. 6.8i), 

whereas it does not for the external diameter (Figs. 6.8c, 6.8f). Fig. 6.9 shows inter-

recording Bland-Altman plots for mean internal diameter (6.9a-b) and mean near 

wall IMT (6.9c-d). Again the “in plane” condition improves the beat-to-beat preci-
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sion of IMT estimates from 50 μm to 30 μm, but not for the diameter estimates. The 

percentages of “in plane” points in Figs 6.8 and 6.9 with respect to the “all beats” 

plots (36 recordings) are: 42% for diastolic and mean external diameter, 72% for far 

wall IMT, 42% for mean internal diameter and 25% for near wall IMT. 

 

 
Fig. 6.9 – Intra-subject inter-recording Bland-Altman plots (beat-to-beat) for mean internal di-

ameter (a, b) and mean near wall IMT (c, d) estimated with the MAB method. Left column: all 

beats; right column: only “in plane” beats. The grey lines refer to twice the standard deviation. 

6.5 – Discussion 

The automatic CCA segmentation performed with the proposed method, combining 

sustain-attack filter, multiscale anisotropic barycenter (MAB) and dedicated post 

processing, is robust and reliable, and shows a high accuracy and precision for the 

estimation of CCA external diameter, internal diameter and IMT on both near and 

far CCA walls. Our implementation does not require human interaction, since the 

positions of both near and far lumen-intima interfaces are estimated starting from 

an automatically retrieved lumen centerline instead of using a manually initialized 

approximated intimal contour. The multiscale iterative optimization of the evalua-

tion domain size makes the MAB method insensitive to the initial distance between 

the starting seed points, placed in the vicinity of the CCA centerline, and the arterial 

wall-lumen interface to localize. At equilibrium the size of the evaluation domain 

still exceeds the size of the concentric smoothing domain, as theoretically required 

Thesis_Rossi_v01.pdf   118 7-9-2009   10:22:27



C H A P T E R  6  

 113 

in order for the barycenter to maintain its desirable edge detection properties 

(Demi 2001).  

 

The far wall and the near wall of the CCA exhibit different segmentation results. 

Figs. 6.5b and 6.5c show that in some subjects the near wall IMT can be systemati-

cally higher than the far wall IMT, with differences reaching 50 μm or more. On the 

other hand, in synthetic images the difference between far wall and near wall IMT 

(Figs 6.6d and 6.6e) reaches up to 30 μm in magnitude, but with varying sign de-

pending on the imposed IMT value. This discrepancy can be explained by the fact 

that the echo used for the accuracy analysis is based on a single specular reflection 

in water, whereas the adventitia in the CCA is a complex and multilayered structure 

that produces a composite reflection, and therefore its trailing edge behaves differ-

ently. We are, however, confident that the synthesis approach is more realistic in 

terms of accuracy analysis than those obtained by imaging an arterial-like structure 

in tissue mimicking gel, mainly because the dimensions of the arterial layers in such 

a phantom are very difficult to control and to measure precisely (Potter 2008). The 

oscillations in estimation errors for the near wall (Fig. 6.6e), exhibited in the IMT 

range between 300 and 500 μm, are due to the phase interference between the 

trailing ringing lobe of the adventitial RF signal (spaced at 350 μm from the main 

adventitial peak, see Fig. 6.6a) and the superimposed intimal main echo. We con-

firmed this assumption by performing the same phantom images analyses gradually 

decreasing the intimal echo amplitudes with respect to the adventitial ones, both 

on near and far CCA wall (see Appendix 6B). This demonstrates that on the near wall 

phase interference between the adventitial and the intimal echo affects the ap-

pearance of the RF envelopes (speckle), confirming the notion (Touboul 2007) that 

the IMT should be measured preferably on the far wall, especially for an IMT less 

than twice the system resolution. Figs. 6.5b and 6.5c confirm that the far wall IMT 

waveform appears much more smooth and realistic than the near wall one. 

 

Table 6.1 clearly illustrates that the IMT unbiasing procedure improves the accuracy 

of IMT estimates for both walls at the expense of the accuracy of the external di-

ameter. The latter remains acceptable because its value remains within a 2% range 

from the real one. Basically the IMT unbiasing procedure uniforms deviations of 

intimal and adventitial contours, which are initially different (and possibly opposite 

in sign) because of the different methods used for delineation, i.e. the sustain-

attack filter for adventitial position and MAB for intimal contour. The observed 

small oscillations of IMT estimation error are negligible compared with CCA diame-

ter values. Therefore, the proposed algorithm is well suited for estimation of both 

internal and external CCA diameter (Fig. 6.5), even though the update rate is limited 

to 30 fps. The internal diameter and IMT waveforms are less smooth than those of 

the external diameter because speckle affects the intima position more than the 
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adventitia position. Fig. 6.5 also demonstrates that the proposed method for auto-

matically labeling US frames as “in plane” or “out of plane” is consistent with the 

appearance of internal diameter and IMT waveforms, which generally contain 

higher noise levels in the “out of plane” sections. It is usually more difficult to have 

an “in plane” condition on the near wall, as shown in Figs. 6.4f-h. Occasionally, due 

to probe and/or artery movements, the perpendicular insonation incidence can be 

temporarily lost for both walls (Fig. 6.4i). In a real-time application, the sonographer 

could employ visual feedback about the “in plane” condition to optimize the inci-

dence angle between US beam and arterial walls. 

 

 The internal and external diameter, both for diastolic and mean beat values, can be 

obtained with a good intra-recording precision (Fig. 6.7). The internal diameter 

precision is affected by the scan quality control measure, unlike the external diame-

ter precision. This means that the “in plane” criteria (section 6.3.7) most commonly 

violated are nr. 2, 3 and 4. The relation between the average amount of “in plane” 

beats and the intra-recording precision is better reflected in the mean beat values, 

e.g. subjects nr. 1, 4 and 7 show higher inner diameter variations in combination 

with lower percentages of “in plane” beats (Figs. 6.7d, 6.7f).  

 

In some subjects, diastolic IMT (Figs. 6.7g, 6.7i) can have poor intra-recording preci-

sion. This is expected, however, due to the low temporal resolution (30 Hz) of B-

mode ultrasound and due to the speckle pattern affecting intimal measurements. 

Averaging over a beat improves IMT precision (Figs. 6.7h, 6.7l) to intra-recording 

variations lower than 50 μm. Except subject nr.1, whose consistent “out of plane” 

condition results in constant but wrong IMT values, all other subjects with low far 

wall intra-recording variations in IMT, both for diastolic and mean values, exhibit a 

very high “in plane” rate. The same relation is observed for near wall estimates 

although less consistently. The IMT precision in combination with the “in 

plane”/”out of plane” labeling proves, therefore, its potential for real-time situa-

tions. 

 

Figs. 6.8 and 6.9 show that the inter-recording standard deviations of the estimates 

are higher than the intra-recording ones, caused by slight variations of probe posi-

tion and/or orientation on different acquisitions within the same subject. However, 

the results show a good repeatability for the MAB method, which exhibits a lower 

variation of the estimates than the ART.LAB system (Fig. 6.8). Figs. 6.8i and 6.9d 

indicate that when considering only the “in plane” beats, the IMT inter-recording 

variations decrease significantly, both for near and far wall. The same doesn’t hold 

for external and internal diameter, suggesting that for these measures physiological 

and/or operational variations independent of scan quality are preponderant. An-

other issue worth considering is the fact that getting both the far wall and the near 
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wall “in plane” simultaneously can be quite difficult, especially due to the echo 

characteristics of the near wall. Hence, the amount of beats with both walls prop-

erly imaged can be low, even when the recording quality of the far wall is good. 

 

Computing the internal diameter either based on line-by-line correspondence or by 

averaging the intimal wall positions does not significantly affect the intra-recording 

precision (the figures related to the internal diameter in this chapter always refer to 

the first modality). Also the intra-recording diameter averages are not strongly in-

fluenced by the methodology. However, the subjects analyzed in this study are 

young and healthy volunteers in which the CCA is imaged close to perpendicularity. 

If the CCA orientation is far from perpendicular or more irregular, as could be the 

case for elderly patients, the line-correspondence method for the calculation of 

internal CCA diameter is advisable. We also noticed from the inter-recording Bland-

Altman plots that the standard deviation values obtained by averaging the contour 

position across a frame prior to diameter computation are slightly lower than the 

ones shown in Figs. 6.9a-b. However, this decrease is not indicative of a better esti-

mation technique, but should be rather attributed to the higher number of intimal 

contour points considered and to the smoothing of the potentially varying center-

line orientation across the frame. 

6.6 – Conclusion 

We introduced a method for the automatic segmentation of the common carotid 

artery in longitudinal ultrasound B-mode scans that provides precise and robust 

delineation of lumen-to-intima and media-to-adventitia interfaces on both common 

carotid artery walls. The method also provides a visual scan quality feedback aimed 

to signal the sonographer that the insonation plane is not adequate. The algorithm 

functions without user interaction. It consists of a combined approach involving 

automatic CCA recognition, sustain-attack filter, “Multiscale Anisotropic Barycenter” 

(based on the first absolute central moment), and knowledge-based post process-

ing. The method was tested on 36 ultrasound recordings from 12 healthy subjects, 

and on synthetic images. The algorithm successfully delineates intimal and adventi-

tial layers regardless of local orientation and curvature of CCA walls, while its pro-

gramming structure and computation times are suited for future real-time imple-

mentation. Results show high accuracy and precision for external CCA diameter, 

internal CCA diameter, far wall IMT and near wall IMT, indicating robustness and 

clinical applicability. Further developments for the algorithm could involve the 

automatic recognition and analysis of plaques, based on geometrical and/or texture 

features. 
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Appendix 6A – Barycenter of the echo level deviation 

The original edge detector, as suggested by Gemignani (2004), is hereby provided. 

f(w,d) is the discrete echo level map of an ultrasound image encoded in grey levels, 

where w and d represent width and depth in sample points, respectively, and Ω1 

and Ω2 (Fig. 6.10) are two concentric circular domains with radii r1 and r2 defined as 

 

 { }
i

22

i rlk:l)(k;Ω ≤+=    1,2i =  (6.1) 

 

where k and l are the coordinates of a generic sample with respect to a Cartesian 

plane originating in p[w,d] (Fig. 6.10). 

  

Every point of the domain Ω2 can be associated to a mass h(p,k,l), defined as  
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is a smoothed version of f in the domain Ω1, and g(k,l,ri ) is a normalized Gaussian 

weight function with standard deviation σi =ri /3, ensuring that the output of the 

smoothing filter depends continuously on the input data. 

 

Given the definition of mass in equation (6.2), the “first absolute central moment” 

can be defined so that 

 

 ∑ ∑=
∈ 2Ωl)(k,

l)k,,h()e( pp  (6.4) 

 

e(p) is a statistical filter that measures the variation of the echo level with respect to 

the local mean. The first order is chosen to have maximum freedom of choice for 

the sizes Ω1 and Ω2 in relation to enhancement of discontinuities, and also to ensure 

that the filter involves the lowest integer power, which is a desirable property for 

dealing with noise (Demi 2001). The mass center (or “barycenter”) b of h(p,k,l) can 

be computed as 
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where Γ is a vector with components (-k, -l). Vector b (Fig 6.10) joins point p to the 

mass centre of the echo level deviation in the domain Ω2. It is demonstrated (Demi 

2001) that b has two very useful properties when Ω2 contains a grey level disconti-

nuity: it is perpendicular to the discontinuity, and the located barycenter is always 

closer to the discontinuity than p, regardless of the distance between p and the 

discontinuity. These features make this approach particularly suited for edge detec-

tion, not only in ultrasound but also in other imaging modalities. 

 

 
Fig. 6.10 – Schematic representation of the “barycenter” method. Vector b joins point p to the 

barycenter of the grey level deviations in domain Ω2 with respect to the average value in do-

main Ω1. The detected point is located between p and the grey level discontinuity. 
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Appendix 6B – Echo interference and near wall IMT estimation 

 

 
 

Fig.  6.11 – IMT estimation errors obtained with the MAB method in synthetic CCA US images 

for both near (left column) and far wall (right column) at an intima-to-adventitia echo level ra-

tios of -12 dB (a, b), -15 dB (c, d), -18 dB (e, f) and -21 dB (g, h). With the IMT unbiasing proce-

dure (black circles) the error is lower than without it (white squares). On the near wall adven-

titia-intima echo interference affects the estimation results, whereas it does not for the far 

wall. 
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Synthetic CCA RF signals and images (similar to the ones depicted in Fig. 6.6) were 

generated using gradually varying the intima-to-adventitia echo amplitude ratios 

and a fixed external diameter of 6.5 mm. For each case (-12 dB, -15 dB, -18 dB and  

-21 dB) the external diameter was fixed to 6.5 mm, and the IMT on both CCA walls 

was varied between 300 and 800 μm in steps of 50 μm. As depicted in Figs. 6.11a, 

6.11c, 6.11e and 6.11g, the estimation error pattern for the far wall as function of 

the IMT is rather independent of intimal echo amplitude. In contrast, decreasing the 

strength of the intimal echo on the near wall contributes significantly to increased 

oscillation of the estimation error as function of the imposed IMT values (Figs. 

6.11b, 6.11d, 6.11f, 6.11h). For an intimal echo level higher than the ringing lobe of 

the adventitial one, the oscillations appear for IMT values up to 500 μm, which are 

in the range of the adventitial trailing extension. When the intimal amplitude on the 

near wall is similar to the adventitial ringing lobe, the effects are noticeable also at 

higher IMT values (Fig. 6.11h). Because at the far wall the intima echo is preceding 

the adventitial one, such interference does not occur. 
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CHAPTER 7 

General discussion 
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This thesis presents and evaluates various computational methods for the auto-

matic estimation of morphological and dynamic properties of the common carotid 

artery (CCA). The analysis is based on ultrasonic echo amplitude signals retrieved 

directly from radio frequency (RF) ultrasound data in ultrasound B-mode images. 

Despite the low frame update rate of 30 Hz the algorithms provide reliable wave-

forms for CCA diameter and intima-media thickness over long recording times with-

out user interference and without drift as normally associated with phase-sensitive 

wall-tracking algorithms. Although the algorithms are developed and evaluated 

from an engineering/image-processing point of view, they are designed according to 

their aim and future applicability in a clinical framework. A direct interaction be-

tween technological development and clinical scope is typical for the field of bio-

medical engineering, which contextualizes the thesis. 

 

As indicated in the introductory chapters, proper image segmentation is the key 

step in the estimation of CCA position, diameter and IMT from B-mode ultrasound 

scans. Even though manual and semi-automatic methods for segmentation of vas-

cular ultrasound images are largely in use, they are extremely time-consuming com-

pared to automatic methods while they are much less suited for proper standardiza-

tion. Considering the large number of mechanical and dynamic parameters that can 

be derived from non-invasive estimates of CCA diameter and intima-media thick-

ness (IMT), it is clear that poor precision and repeatability of such measured geo-

metrical properties negatively affects the clinical value. Therefore, segmentation of 

the acquired ultrasound vascular scans has a large impact on the relevance of the 

outcomes and should be as objective and robust as possible, regardless of its real-

time or off-line implementation. That is why in this thesis, processing is mostly 

based on the underlying received radio-frequency (RF) signal, retaining its ampli-

tude on a linear scale even though images are presented on a compressed scale. 

This approach allows us to consider errors associated with non-linear acquisition 

and processing procedures as compared to linear procedures. Moreover, newly 

introduced contour detection methods are designed and evaluated without the 

interference of ultrasound visualization settings, as is instead common when proc-

essing ultrasound images digitally grabbed from screen.  

 

Chapter 3 presents a comparative analysis of two edge detection procedures for the 

measurement of the external (adventitia-adventitia) diameter of the CCA, namely 

the sustain-attack filter (SAF) and the derivative approach, including non-linear 

effects. Fig 3.6 shows that logarithmic compression has a significant effect on the 

absolute values of the estimated diameter throughout the cardiac cycle. When 

using the derivative approach, the difference in diameter between linear and log-

compressed versions of the same recording is in the order of 10% of the external 

CCA diameter. The sustain-attack filter proves to be more robust and precise, and 
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deals inherently with the logarithmic compression characteristics of the ultrasound 

system. It might be argued that also for the derivative approach inversion of the 

logarithmic compression would be a suitable solution. However, logarithmic com-

pression often integrates some kind of thresholding on the signals, which is not 

invertible. Thresholding obviously affects the sustain-attack filter outcome as well, 

but hardly affects the reference function for edge detection. Moreover, derivation is 

much more susceptible to image noise than the sustain-attack filter, as is demon-

strated by the higher intrarecording and intrasubject variabilities (Figs. 3.7 and 3.8), 

both for linear and log-compressed cases. The sustain-attack filter is, therefore, the 

first choice for delineation of the CCA external diameter. Even though we strongly 

recommend analyzing uncompressed data where possible, it is still a very common 

approach to segment ultrasound images based on their screen appearance including 

saturation and log-compression. The relevance of compensating for non-linear 

processing characteristics of ultrasound systems has already been addressed in 

relation to speckle reduction (Crawford 1993; Dutt 1996), and we believe it is also of 

high importance for image segmentation. 

 

It is worth noting that the observed yearly increase in CCA IMT is in the order of 5 to 

10 µm (Ishizu 2004; Juonala 2008), whereas external CCA diameter increases about 

10 µm per year (Samijo 1998), which is slightly higher than the IMT increase. Of 

course, these values are statistically deduced from large population studies, as they 

are below the resolution of common ultrasound systems (in the order of 200-300 

µm). These values are also below the errors in diameter estimation (Chapter 3) due 

to saturation (100-200 µm) and compression (600 µm). Accounting for saturation 

and log-compression would improve measurement precision, and would allow 

population studies with a substantially lower number of subjects for follow-up (e.g. 

a 2-fold decrease in standard deviation of the estimates would imply a 4-fold de-

crease in the number of subjects to reach the significance level). 

 

The heterogeneity of ultrasound protocols is probably one of the major determi-

nants of the variability found in the relationships between IMT and risk (Lorenz 

2007). The variability may limit the ability of IMT-based studies to predict clinical 

cardiovascular end points. According to the standard protocol, IMT analysis should 

be performed on a plaque-free CCA segment (Touboul 2007), which explains the 

focus of this thesis on the CCA (as opposed to the bulb, where plaques are more 

likely to form). One of the main operational nuisances for a sonographer is the task 

to manually indicate the whereabouts of the artery prior to the segmentation pro-

cedure. This generally has to be done at the start of each measurement, and re-

peated whenever the artery leaves the image plane due to subject or probe motion. 

That is why in Chapter 4 we introduce a novel on-line algorithm for the automatic 

recognition of the CCA in longitudinal ultrasound B-mode scans. We developed the 
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method taking into consideration the drawbacks of previous attempts (Fan 2000; 

Delsanto 2007). Our method is based on decimation, parametrical template match-

ing and clustering, and is effective with a hit rate exceeding 98% in 128 ultrasound 

data sets of 6 seconds each, for a total of 6185 processed frames. From an image 

processing point of view, it is quite a challenge to develop such robust algorithm 

because it is widely known that automatic recognition (i.e. the association of a se-

mantic meaning) of a structure in an image is a much more high level task than its 

delineation (Udupa 2006). The signal-processing concept allows real-time imple-

mentation, as recently demonstrated by Esaote Europe (Maastricht, the Nether-

lands) by translating the MATLAB code to a C++ implementation. The principal bot-

tleneck for fully automated processing of CCA ultrasound scans is thus eliminated. In 

its off-line implementation, as described in Chapter 4, the automatic CCA recogni-

tion algorithm is also very useful to analyze huge amounts of ultrasound frames 

without the need for human supervision, as shown by its subsequent incorporation 

in the CCA segmentation methods described in Chapters 5 and 6. Presently the 

application of the method is restricted to ultrasound frames showing only a single 

vessel, the CCA. The presence of the jugular vein in the image can occasionally mis-

lead the CCA recognition algorithm. We decided not to tackle this issue for the mo-

ment because clinical reports demonstrate that CCA scanning with the jugular vein 

upfront quite likely induces reverberation and mirroring artifacts (Kurtz 2008) that 

can complicate CCA analysis, and at times may even erroneously suggest carotid 

dissections.  

 

Chapter 5 introduces a method for the automatic estimation of the CCA orientation 

and curvature on a frame-by-frame basis. The algorithm also takes advantage of the 

CCA centerline delineation in order to re-align the frame horizontally and subse-

quently to perform lateral median filtering independent of the original orientation 

of the artery. The filtering procedure reduces speckle artifacts without decreasing 

the vertical resolution perpendicularly to arterial walls. Speckle reduction tech-

niques are commonly based on smoothing images in both directions (Michailovich 

2006), thereby degrading contour delineation. Our method, used to delineate ad-

ventitial walls by means of sustain-attack filtering, can be seen as a simple and 

pragmatic alternative to more complex directional filtering techniques (Guo 2009). 

Fig. 5.4 shows that the lateral median filtering improves the precision of external 

CCA diameter estimates. Furthermore, the possibility to track orientation and curva-

ture along with the diameter waveform (Fig. 5.3) allows to compensate diameter 

(and IMT, see Chapter 6) estimates for deviations from perpendicularity. Doppler 

ultrasound, which strongly relies on the inclined angle between observation and 

flow velocity direction, would also benefit from line-by-line orientation estimation. 
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In Chapter 6 we propose a CCA wall delineation method for the intimal layer of both 

walls. The multiscale anisotropic barycenter (MAB), which we developed based on 

the “first order absolute central moment” (Gemignani 2007), strongly deviates from 

the sustain-attack filter concept for the adventitia. The combined algorithm deline-

ates intima and adventitial layers on both walls of the common carotid artery, yield-

ing estimates of near wall IMT, far wall IMT, internal diameter and external diame-

ter. Tracking such quantities simultaneously in time, as shown in Fig. 6.5, is impor-

tant in order to understand differences in relative distension of the CCA inner and 

outer walls (Segers 2004). It is also of importance to evaluate the interrelations 

between diameter and IMT during the cardiac cycle or, on a wider time scale, to 

investigate remodeling processes (Glagov 1995; Bots 2005). Those issues are rele-

vant to differentiate the effects of age and atherosclerosis on adventitial diameter, 

luminal diameter, wall thickness and elasticity (Reneman 1986; Labropoulos 1998; 

Ishizu 2004; Jurasic 2007; Juonala 2008).  

 

The multiscale anisotropic barycenter approach, relying on the previously applied 

sustain-attack filter, follows an iterative implementation using anisotropic concen-

tric kernels, for smoothing and evaluation, and dedicated post processing. The 

method can handle ultrasound images prior to scan-conversion and, hence, is com-

patible with anisotropic sampling. The “multiscale” term refers to the fact that at 

each iteration the filtering kernel resizes according to the distance from its centre to 

the adventitial border. The algorithm has the peculiarity to delineate an intimal 

layer only where it is actually “detectable”. No spatial or temporal smoothing is 

used to regularize the appearance of the intimal overlay, leaving gaps in the con-

tours (see Fig. 6.4 for instance). Because the contours are locally interrupted, the 

local echogenicity of the intima with respect to that of the blood remains visible. For 

the sonographer, those gaps are very informative, in line with the fact that ultra-

sound imaging strongly relies on a direct feedback. In future real-time implementa-

tions of the multiscale anisotropic barycenter method, the contour gaps should 

prompt the sonographer to reorient the plane of view, and to measure IMT in a CCA 

segment having as less gaps as possible. A similar gap feature is already imple-

mented in the ART.LAB system (Esaote Europe, Maastricht, The Netherlands) 

(Brands 1999), used to measure morphological and dynamic arterial characteristics 

based on RF data sets.  

 

Wall delineation algorithms with smoothing (intended as intrinsic gap-filling) by 

means of active contours (Schmidt-Trucksass 2001; Cheng 2002; Delsanto 2007) 

introduce two possible confounding factors: the heterogeneous echogenicity of the 

intimal layer is hidden behind the contour, and the contour position is averaged also 

in zones where its value is not directly measured, but inferred from the surround-

ings. Of course, this will yield diameter and IMT waveforms that are looking smooth, 
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but the smoothness achieved in such way is not directly related to the quality of the 

recording and may create falsely the illusion of an accurate measurement. The con-

tour obtained within each acquisition is rather arbitrary and dictated by the active 

contour properties, i.e. rigidity and temporal inertia. We recommend an artery 

delineation approach that retains possible irregularities of the intima-media com-

plex. It has recently been shown that wall irregularity is associated with nearby 

atherosclerosis (Graf 2009). In Chapter 5 we do include directional smoothing as a 

pre-processing step, but only for the media-adventitia transition using SAF.  

 

The combination of sustain-attack filter and multiscale anisotropic barycenter, as 

introduced in Chapter 6, provides contours that are suitable to grade insonation 

quality. The consistency of the insonation plane is crucial for diameter and IMT 

assessment (Stadler 1996; Bruschi 1997), mainly because the ultrasound backscatter 

amplitude highly depends on the angle between the ultrasonic beam and the struc-

ture being imaged (De Kroon 1991). That is why we integrated an automatic scan-

plane control, based on geometrical constraints as well as the relative amount of 

gaps in each contour. Visualization of such information by means of color encoding 

would eventually help sonographers to make their “learning curve” faster regarding 

B-mode arterial imaging. Because user experience affects inter-observer concor-

dance (Haluska 2001), scan plane control can help to attain a better standardization 

of ultrasound protocols. For instance, in a future real-time implementation the 

sonographer, assisted by the automatic algorithm we proposed in Chapter 4 to 

localize an artery and visually informed about the insonation plane incidence by the 

color of intima and adventitia overlays, would be allowed to focus on proper probe 

positioning.  

 

The CCA delineation method of Chapter 6 also adjusts contour positions according 

to the relative echo amplitudes of intima and adventitia (Figs 6.3d and 6.3e) to cor-

rect for differences between the contour algorithm for the adventitia (sustain-

attack filter: SAF) and intima (multiscale anisotropic barycenter: MAB). Such equali-

zation of intimal and adventitial positions is only possible for images without satura-

tion, which is also relevant for clinical studies. It has been demonstrated in relatively 

small patient groups that CCA echo intensity is related to myocardial infarction 

(Takiuchi 2000) and wall properties (Kawasaki 2005). Referring to relative echo 

amplitudes can improve the robustness of IMT estimation in relation to wall reflec-

tivity (Ellis 2007). The effectiveness of our proposed correction for relative echo 

amplitudes in contour detection is demonstrated by the accuracy analysis per-

formed on synthetic images (Fig. 6.6, Table 6.1, Fig. 6.11). IMT estimates are more 

accurate when the adventitial and intimal contour points are placed at similar rela-

tive echo levels, even though those contours points are obtained with different 

edge detection algorithms. The synthetic image analysis also reveals that the echo 
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amplitude ratio of adventitia and intima affects IMT estimates differently for near 

and far CCA walls (see Appendix 6b). A relatively lower intima echo amplitude does 

not affect far wall estimates, whereas the same decrease for the near wall yields 

estimates with poorer accuracy and precision (Fig. 6.11). The degradation is ex-

plained by phase interference between the adventitial trailing lobe and the intima 

echo for a closely spaced intima and adventitia. This supports the notion that near 

wall and far wall IMT estimates should be considered and retained separately, not 

averaged (Touboul 2007). However, clinical studies on the prediction of cardiovas-

cular events with carotid IMT still occasionally combine near and far wall IMT values 

(Lorenz 2007). We favor the use of far wall IMT only because it is less susceptible for 

ultrasound-related artifacts. 

  

The algorithm described in Chapter 6 is both accurate and precise, showing intra-

recording beat-to-beat variations on average lower than 50 μm for IMT and external 

diameter, and lower than 100 μm for internal diameter. As shown in Figs. 3.6, 5.3 

and 6.5, the frame-by-frame delineation results in realistic CCA diameter waveforms 

even for a low frame rate (30 Hz in B-mode). The low frame rate precludes further 

smoothing of the waveforms. However, current ultrasound scanners can reach 

frame rates in the order of 100-200 Hz, which would permit regularization of diame-

ter waveforms by smoothing. A proper visualization of diameter and IMT waveforms 

in real-time, next to the segmentation overlay on the ultrasound image, would also 

improve the sonographer’s confidence in CCA scan quality. The latter, as shown in 

Fig. 6.5, could be indicated by the color of the waveforms. The dynamics of diame-

ter and IMT waveforms in combination with an active scan-plane control would help 

ascertain that observed circumferential and radial strain patterns are due to arterial 

mechanics (Carallo 1999; Paini 2007), rather than to movements of an artery rela-

tive to the ultrasonic beam.  

 

The nature of diameter waveforms as obtained in Chapters 3, 5 and 6 from B-mode 

images differs fundamentally from that of waveforms obtained with the wall track 

algorithm. The latter procedure is based on the phase behavior of RF-signals origi-

nating from the adventitia over time and readjusts dynamically the measurement 

volume to the observed displacement. This carries inherently the risk that errors will 

accumulate and the displacement waveform will exhibit drift (Brands 1999). Be-

cause of this complication, the wall track program is either restricted to a recording 

duration of maximally 5-6 seconds (respiration cycle) or is reset at each cardiac 

cycle. Displacement detection based on the B-mode image, as proposed in this the-

sis, does not suffer from drift as each subsequent image is treated independently. 

For long-term recordings, e.g. for baroreceptor sensitivity studies, it would be ad-

vantageous to incorporate a high frame rate B-mode tracking protocol. 
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In the present study we do not consider plaques, but in a further development the 

multiscale anisotropic barycenter approach and its scan-plane control should also 

be able to cope with plaque analysis. Another future development could involve the 

application of the algorithm described in Chapter 4 to images containing more than 

one vessel. 

 

The automatic techniques described in this thesis are diverse in terms of both signal 

processing and segmentation tasks. The work is driven by the notion that acquisi-

tion and processing methods should be standardized to fully exploit the potential of 

ultrasound imaging for the prevention of cardiovascular diseases in clinical practice 

(De Groot 2004). Moreover, they should be easy to use, for screening and in popula-

tion studies, to properly address questions regarding interrelationships between 

carotid wall thickness, diameter and, ultimately, stiffness (Benetos 2002; Boutouyrie 

2008) and pressure (Meinders 2004; Laurent 2006; Wizner 2009). Relating morpho-

logical and dynamic properties of the CCA, measured non-invasively with ultra-

sound, to cardiovascular disease remains difficult because of the confounding influ-

ence of aging and pressure (hypertension) on arterial stiffness (Nichols 1998). The 

complexity should not be further aggravated by artifacts related to ultrasound im-

age processing and presentation, which impedes comparison of results from differ-

ent clinical studies (Lorenz 2007). To harmonize the outcomes of ultrasonic clinical 

trials, CCA segmentation should be based on analysis of signals retaining linear am-

plitude, followed by segmentation algorithms with improved visual feedback to the 

sonographer. Automation of routine scans (artery positioning, orientation, delinea-

tion, and scan plane control) will help ultrasound operators to improve their experi-

ence and to fully concentrate on image acquisition, rather than on distracting, tedi-

ous and unnecessary tasks. The robustness and clinical relevance of non-invasive 

vascular ultrasound would therefore benefit from the computational methods pre-

sented in this thesis. 
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Summary 

Non-invasive estimates of common carotid artery (CCA) anatomical features by 

means of ultrasound (US), including diameter and intima-media thickness (IMT), are 

gaining importance for estimation of arterial mechanical properties in relation to 

prevention and treatment of cardiovascular diseases, and assessment of cardiovas-

cular risk. Many different image processing methods are nowadays available for 

assessing CCA diameter and IMT on 2-dimensional ultrasonic images, usually based 

on the grey level gradient or on active contours. Those methods present common 

drawbacks related to user interference and to pre-processing of the ultrasound 

images for visual optimization. 

 

In this thesis we introduce new computational methods for processing of longitudi-

nal B-mode US scans of the CCA. They are based on the direct analysis of ultrasound 

radio-frequency signals, for the automatic estimation of the time-dependent CCA 

position, CCA orientation, CCA internal and external diameter, and CCA IMT of both 

near and far arterial walls. Echo-images show an artery as an area with a low signal 

level (lumen) bounded by a structure producing a double line pattern. The inner line 

is generated by the lumen-intima transition, followed by a region with a relatively 

low echo-level (the media) and a region with a rather high amplitude (the adventitia 

and surrounding tissue). We focused on implementing algorithms that can provide 

sonographers an improved feedback during ultrasound B-mode scans.  

 

Chapter 1 presents a general introduction about cardiovascular disease, and non-

invasive estimation of arterial properties by means of ultrasound. Chapter 2 intro-

duces basic concepts of ultrasound physics and technology.  

 

An in-depth analysis of the effects of non-linear ultrasound image presentation 

(logarithmic compression and signal saturation) on automatic CCA external diame-

ter estimation is provided in Chapter 3. Two different edge detection methods are 

compared on 41 acquisitions from 14 healthy subjects: sustain-attack filter and 

derivative approach. Diameter values assessed with the sustain-attack filter are 

unaffected by logarithmic compression. The estimated diameters values obtained 

with the derivative approach instead show differences in the order of 10% due to 

compression. Also saturation affects the derivative more than the sustain-attack 

filter. Therefore the sustain-attack filter is more suited for vascular ultrasound im-

age segmentation algorithms. 
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Chapter 4 introduces a novel algorithm for the automatic recognition of the CCA in 

ultrasound images, based on decimation, template matching and clustering. It al-

lows fully automatic arterial segmentation without user interference. The process-

ing parameters are tuned via off-line testing on 128 echo data recordings from 45 

subjects. Correct and fast recognition of the artery is achieved in more than 98% of 

the 6185 processed frames, proving that the proposed automatic algorithm is suit-

able for real-time recognition of the CCA. 

 

Chapter 5 describes a method, based on the sustain-attack filter, for the estimation 

of local orientation and curvature along the CCA centerline, in combination with a 

directional smoothing of the CCA walls for better precision in external diameter 

estimation. The method is tested on 30 US recordings from 10 healthy volunteers. 

The algorithm successfully detects CCA orientation, curvature and diameter for 

every subject considered. The standard deviation of wall position estimates de-

creases significantly when the proposed pre-processing is applied. Moreover, it 

allows correction of the diameter values based on local orientation. 

 

Chapter 6 introduces an automatic methodology for the combined estimation of 

internal and external CCA diameter waveforms, as well as IMT waveforms of both 

carotid walls. The algorithm, based on the sustain-attack filter and on the multiscale 

anisotropic barycenter (MAB), iteratively searches for the lumen-intima transition 

within a small region of interest. An automatic measure of the quality of the US 

beam incidence for each wall is superimposed on the CCA contour overlays for vis-

ual feedback. Validation is carried out on 36 acquisitions from 12 healthy volun-

teers, as well as on synthetic images. Results indicate good accuracy and precision, 

with Intra-recording beat-to-beat variations on average lower than 50 μm for exter-

nal diameter and IMT, and lower than 100 μm for internal diameter. Improved pre-

cision of the estimates is relevant for a parameter such as IMT, which has a small 

annual increase of less than 10 μm/y. The beam incidence control significantly in-

creases the repeatability of IMT estimates, and is intended to actively motivate 

sonographers to maintain a proper scan plane throughout the acquisition. This 

minimizes the incidence of confounding factors in non-invasive CCA ultrasonic ex-

aminations. 

 

Discussion and conclusion of the thesis are presented in Chapter 7. We conclude 

that the automatic algorithms introduced effectively reduce the variability of the 

estimates, while compensating for typical nuisances of ultrasound imaging due to 

speckle and presentation strategies. This will facilitate comparison of results from 

different clinical studies in large clinical trials, and permit population studies to 

reach clinical relevance with a lower number of recruited subjects. The methods 

introduced in this thesis allow further standardization of ultrasound protocols for 
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the assessment of CCA morphological and dynamic properties. Automation of rou-

tine scans (artery position, orientation, delineation, and scan plane control) gives 

improved feedback to sonographers, allowing them to fully concentrate on image 

acquisition and increasing the robustness of outcomes in non-invasive vascular 

ultrasound. 
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Samenvatting 

De afmetingen van de halsslagader, zoals de lumen diameter en wanddikte, spelen 

een belangrijke rol bij de bepaling van de mechanische eigenschappen van de slag-

aderwand met niet-invasieve ultrageluidstechnieken. Die mechanische eigenschap-

pen zijn van belang voor de preventie en behandeling van vasculaire afwijkingen en 

de inschatting van het vasculaire risico. In het verleden zijn er veel verschillende 

technieken voorgesteld om uit de ultrageluid echobeelden de diameter en wanddik-

te van de halsslagader te schatten. Gewoonlijk evalueren deze technieken de grijs-

waarden gradiënt om uit de twee-dimensionale afbeelding, eventueel in combinatie 

met voorwaarden aan de vorm van de contour, de positie van de wand af te leiden. 

Al deze technieken hebben als gemeenschappelijke problemen dat ze gebruikersin-

teractie vereisen en dat het resultaat afhankelijk is van de wijze waarop de afbeel-

ding wordt gemaakt en gepresenteerd. 

 

Het echobeeld van de halsslagader wordt doorgaans in de lengterichting gemaakt. 

De structuur van slagaders komt in dit echobeeld naar voren als een gebied met een 

zeer lage intensiteit (het lumen), dat begrensd wordt door een 2-lijns structuur. De 

eerste lijn komt van de lumen-intima overgang, gevolgd door een smal gebied met 

een relatief lagere echo-intensiteit (de media) en een gebied met een aanzienlijk 

hogere signaal amplitude (de adventitia en het weefsel waarin de slagader is inge-

bed). In dit proefschrift introduceren we nieuwe methoden om uit het ruwe onder-

liggende echo-signaal de positie, oriëntatie, interne en externe diameter en de 

wanddikte van de halsslagader af te leiden. Bij de ontwikkeling van de analyse  

methoden hebben we de nadruk gelegd op die technieken die echo-laboranten 

gerichte feedback bieden tijdens het maken van een echo-registratie. 

 

Hoofdstuk 1 bevat een algemene introductie over cardiovasculaire ziekten en de 

beschikbare ultrageluidstechnieken om de vaatwandeigenschappen niet-invasief te 

bepalen. Hoofdstuk 2 geeft de fysische achtergrond van de gebruikte ultrageluids-

technieken. 

 

In Hoofdstuk 3 worden de effecten van signaal verzadiging (oversturing) en signaal 

compressie (logaritmische versterking) op de bepaling van de externe diameter van 

de halsslagader bekeken. Daartoe worden 41 registraties van 14 gezonde vrijwilli-

gers geanalyseerd met 2 contourdetectie technieken. De ene techniek gaat uit van 

een lokaal maximum (de adventitia) om een drempel te vinden voor de media-

adventitia overgang. De andere techniek kijkt juist naar de gradiënt van de echoin-
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tensiteit kijkt zoals deze optreedt bij de overgang van de media naar de adventitia. 

Voor de evaluatie is de compressie en de mate van oversturing achteraf gevarieerd. 

Het blijkt dat contourdetectie uitgaande van het lokale maximum niet beïnvloed 

wordt door compressie, maar de gradiëntmethode vertoont diameterafwijkingen in 

de orde van 10%. De gradiëntmethode is ook gevoeliger voor signaaloversturing en 

is daarom minder geschikt voor segmentatie van ultrageluidsbeelden. 

 

In Hoofdstuk 4 wordt een nieuwe methode besproken om de halsslagader automa-

tisch in echobeelden herkennen door achtereenvolgens de beeldinformatie te de-

cimeren, met een sjabloon naar een lumen-wand-overgang te zoeken en de samen-

hang tussen de gevonden posities (clusteren) na te gaan. Met deze benadering is 

het mogelijk om zonder gebruikersinteractie de aanwezigheid, positie en oriëntatie 

van de halsslagader in een echobeeld vast te stellen. De instellingen voor de sig-

naalverwerking zijn verkregen door 128 echoregistraties (6 seconden) van 45 perso-

nen te analyseren. De halslagader werd in 98% van de 6185 echobeelden herkend, 

wat demonstreert dat het voorgestelde algoritme bruikbaar is voor automatische, 

real-time, herkenning van de halsslagader. 

 

In Hoofdstuk 5 wordt dieper ingegaan op de methode om automatisch de lokale 

oriëntatie en de kromming van de halsslagader uit het echobeeld af te leiden. De 

middeling van de wandposities overeenkomstig de gevonden lokale oriëntatie ver-

betert de precisie van de schatting van de externe wandpositie. Deze methode is 

uitgetest op 30 echoregistraties van 10 gezonde vrijwilligers. In alle gevallen bleek 

het algoritme in staat te zijn om zonder gebruikersinteractie, dus volledig automa-

tisch, de positie, oriëntatie, kromming en externe diameter van de halsslagader te 

bepalen. De voorgestelde methode leidt tot een aanzienlijk lagere standaard-

deviatie van de geschatte wandposities. Bovendien kan de waargenomen diameter 

gecorrigeerd worden voor de lokale oriëntatie. 

 

In Hoofdstuk 6 introduceren we een automatische schattingsmethode van de golf-

vorm van zowel de interne als externe diameter van de halslagader over de hartcy-

clus, uitgaande van verandering in wanddikte van de voor- en achterwand als func-

tie van de tijd. De analyse combineert de bepaling van de externe wandpositie uit-

gaande van het lokale maximum van het echo-signaal (hoofdstuk 3: media-

adventitia overgang) met een iteratieve zoekprocedure naar de positie van de lu-

men-intima overgang. Het verschil tussen de externe en interne wandpositie is dan 

de lokale instantane wanddikte. De kwaliteit van de echoregistratie, die in hoge 

mate afhankelijk is van oriëntatie van de slagader in het echobeeld en gebaseerd is 

op de geïdentificeerde wanddikte, wordt in kleur gecodeerd in het echobeeld mee-

gegeven. We hebben de methode experimenteel toegepast op 36 registraties van 

12 gezonde vrijwilligers en op gesimuleerde data. De precisie voor de 4-6 hartslagen 
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in de registratie blijkt beter te zijn dan 50 µm voor de externe diameter en beter 

dan 100 µm voor de interne diameter. De verbeterde precisie is met name van be-

lang voor een parameter als de wanddikte, die normaal een jaarlijkse toename 

heeft van minder dan 10 µm/jaar. De kwaliteitsindicatie van de echoregistratie 

heeft een gunstige invloed op de betrouwbaarheid van de wanddikteschatting. Het 

zal de echo-laboranten ook aanmoedigen om gedurende de registratie hetzelfde 

scanvlak te handhaven. 

 

Hoofdstuk 7 bevat een algemene discussie van de behaalde resultaten en conclusie. 

De ontwikkelde automatische analysemethoden leiden daadwerkelijk tot een lagere 

variatie van de schattingen doordat ze de registratie-afhankelijke effecten, zoals 

speckle en niet-lineare beeldbewerking, onderdrukken. De lagere standaarddeviatie 

van de schatting in combinatie met het gestandaardiseerde analyseprotocol maakt 

onderlinge uitwisseling van resultaten tussen samenwerkende instituten mogelijk 

en reduceert ook het aantal vereiste deelnemers voor klinische testen. De automa-

tisering van routinematige scans (herkenning slagader, contourdetectie, oriëntatie, 

kromming en kwaliteitscontrole) verbetert tevens de terugkoppeling naar de echo-

laboranten. Daardoor kunnen ze zich volledig concentreren op de kwaliteit van de 

beeldregistratie. Dat verbetert de precisie van de schattingen en dus ook de resulta-

ten van vasculair ultrageluidsonderzoek. 
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Sommario 

La stima non invasiva tramite ultrasonografia dei parametri anatomici della carotide 

comune, quali diametro dell’arteria e spessore del complesso intima-media 

(“intima-media thickness” o “IMT”), sta acquisendo crescente importanza per la 

misura delle propietà meccaniche arteriali, in relazione a prevenzione e cura di 

problemi cardiovascolari e stima dei fattori di rischio ad essi correlati. Sono 

oggigiorno disponibili vari metodi di analisi d’immagine per le misure di diametro ed 

IMT in scan ultrasonografici bidimensionali, usualmente basati sul gradiente dei 

livelli di grigio oppure su contorni attivi. Tali metodi presentano generalmente 

svantaggi legati alla necessità di inizializzazione manuale ed al pre-processing delle 

immagini ad ultrasuoni, necessario per una visualizzazione ottimale. 

 

In questa tesi di dottorato vengono presentati nuovi metodi computazionali, 

applicati a sezioni longitudinali in B-mode della carotide comune e basati sull’analisi 

diretta di segnali ultrasonografici a radio frequenza, per la stima automatica delle 

dinamiche temporali della carotide comune in termini di posizione, orientamento, 

diametro interno ed esterno, ed IMT su entrambi i lati. Immagini ecografiche 

longitudinali mostrano l’arteria come un’area a bassa ecogenicità (il lume) 

delimitata superiormente ed inferiormente da echi aventi una struttura “a doppia 

linea”. La linea interna è generata dalla transizione lume-intima, ed è seguita da una 

regione ad ecogenicità relativamente bassa (tunica media), e da un eco avente 

ampiezza elevata (tunica avventizia e tessuti circostanti). Gli algoritmi sono stati 

implementati in modo da poter fornire un feedback migliorato agli operatori 

durante le acquisizioni ultrasonografiche. 

 

Il Capitolo 1 consiste in un’introduzione generale sui problemi cardiovascolari, e 

sulla stima non invasiva delle proprietà arteriali tramite ultrasuoni. Il Capitolo 2 

introduce concetti di base riguardanti la fisica e la tecnologia dell’imaging 

ultrasonografico.  

 

Un’analisi approfondita degli effetti che la presentazione non lineare di immagini 

ecografiche (compressione logaritmica e saturazione) ha sulla stima automatica del 

diametro esterno della carotide comune è fornita nel Capitolo 3. Due differenti 

metodi per la detezione di contorni vengono utilizzati in 41 acquisizioni (ognuna 

delle quali contenente numerose immagini ecografiche) effettuate su 14 soggetti 

senza problemi cardiovascolari. Gli algoritmi utilizzati analizzano gli inviluppi dei 

segnali a radio frequenza, e sono il cosiddetto “filtro sustain-attack” ed un approccio 
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basato sulla derivata locale. I valori di diametro ottenuti con il filtro sustain-attack 

non sono influenzati dalla compressione logaritmica. I valori ottenuti con l’approccio 

derivativo invece mostrano differenze nell’ordine del 10% dovute alla 

compressione. Anche la saturazione influenza l’approccio derivativo maggiormente 

rispetto al filtro sustain-attack. Quest’ultimo è quindi più adatto per algoritmi di 

segmentazione di immagini ultrasonografiche vascolari. 

 

Il Capitolo 4 presenta un nuovo algoritmo per il riconoscimento automatico della 

carotide comune in immagini ad ultrasuoni, basato su decimazione, template 

matching e clustering. Il metodo permette di implementare una segmentazione 

dell’arteria completamente automatica senza necessità di inizializzazione manuale. I 

valori ottimali dei parametri dell’algoritmo sono ottenuti tramite l’analisi off-line di 

128 acquisizioni ultrasonografiche effettuate su 45 pazienti. Un veloce e corretto 

riconoscimento automatico della carotide comune avviene in più del 98% delle 6185 

immagini analizzate, e ciò dimostra come l’algoritmo sia adatto per un 

riconoscimento in tempo reale della carotide comune. 

 

Il Capitolo 5 descrive un metodo, basato sul filtro sustain-attack, per la stima di 

orientamento e curvatura locali della carotide comune, in combinazione con un 

filtraggio direzionale delle pareti arteriose nell’immagine ad ultrasuoni per ottenere 

una migliore precisione nella stima del diametro esterno. Il metodo è testato su 30 

acquisizioni ultrasonografiche effettuate su 10 volontari, e rileva correttamente 

orientamento, curvatura e diametro per ogni soggetto considerato. La deviazione 

standard della posizione stimata delle pareti arteriose diminuisce significativamente 

quando il filtraggio direzionale viene applicato. Inoltre, l’algoritmo permette di 

correggere i valori di diametro in base all’orientamento locale dell’arteria. 

 

Il Capitolo 6 presenta una metodologia automatica per la stima combinata delle 

forme d’onda temporali di diametro interno ed esterno della carotide comune, così 

come quelle relative all’IMT di entrambe le pareti arteriose visibili nello scan 

longitudinale. L’algoritmo, basato sul filtro sustain-attack e sul “baricentro 

anisotropo multiscala” intodotto nella presente tesi, cerca iterativamente la 

transizione lume-intima a partire dal centro del lume. Una misura automatica della 

qualità dell’angolo di inidenza tra il fascio ultrasonico e le pareti arteriose è 

codificata nei colori dei contorni sovrapposti all’immagine. La validazione è 

effettuata su 36 acquisizioni provenienti da 12 soggetti, così come su immagini 

sintetiche. I risultati indicano accuratezza e precisione elevate, con variazioni intra-

acquisizione in media inferiori a 50 μm per diametro esterno ed IMT, ed inferiori a 

100 μm per il diametro interno. Un miglioramento della precisione è molto rilevante 

per un parametro come l’IMT, che presenta incrementi nell’ordine di 10 μm 

all’anno. Il controllo dell’incidenza del fascio ultrasonico aumenta significativamente 
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la ripetibilità delle stime di IMT, ed è stato sviluppato per perettere agli operatori di 

sistemi ad ultrasuoni di mantenere un piano di sezione corretto durante 

l’acquisizione. Ciò minimizza l’intererenza di fattori confondenti nell’interpretazione 

dei risultati delle stime ultrasonografiche non invasive. 

 

Discussione e conclusioni della tesi sono contenute nel Capitolo 7. Si conclude 

constatando che gli algoritmi automatici introdotti riducono efficacemente la 

variabilità dei risultati, e permettono di neutralizzare fattori che tipicamente 

introducono rumore nell’imaging ultrasonografico, per esempio lo “speckle pattern” 

o le strategie di presentazione dell’immagine. Ciò può rivelarsi molto utile per 

facilitare il confronto di risultati provenienti da diversi sudi clinici, e può permettere 

che test su diverse popolazioni cliniche abbiano bisogno di un minor numero di 

soggetti analizzati per raggiungere rilevanza statistica. I metodi presentati in questa 

tesi permettono un’adeguata standardizzazione dei protocolli ultrasonografici per la 

stima delle proprietà morfologiche e dinamiche della carotide comune. 

L’automazione degli esami di routine sulla carotide comune, riguardante posizione, 

orientamento, delineazione delle pareti e controllo del piano di sezione, dà un 

feedback migliorato agli operatori, permettendo loro di concentrarsi appieno 

sull’appropriata acquisizione delle immagini ed in questo modo aumentando la 

robustezza delle procedure di stima ultrasonografica non invasiva di parametri 

cardiovascolari. 
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Fig. 3.5 (Chapter 3, page 49) – a) and b) Sustain-attack filter (blue lines) applied to a linear and 

a log-compressed image, respectively. c) and d) Derivative approach (orange lines) applied to a 

linear and a log-compressed image, respectively. All images are unsaturated, and refer to a 

ROI consisting of 64 lines of sight, centered on the carotid lumen and covering a depth of 16 

mm. No post-processing was performed on the results, in order to properly assess the effect 

of different pre-processing conditions on the outcome of the two basic edge detectors. 
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Fig.  5.5 (Chapter 5, page 92) - Left: no directional smoothing; right: results obtained with di-

rectional smoothing, remapped on the original ROI. The red lines are obtained with the sus-

tain-attack filter. The processing occurs on linear envelopes, but here images are shown with 

logarithmic compression for visual convenience. 
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Fig. 6.2 (Chapter 6, page 100) – Delineation of adventitial contours and centerline. a) The out-

come of the sustain-attack filter (red lines) is fitted with a third-order polynomial (blue lines); 

b) outlier rejection is performed; c) an additional third-order fit is performed (red lines) in or-

der to smoothly follow the arterial curvature; the centerline (yellow line) follows from the an-

terior and posterior wall positions. 
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Fig.  6.3 (Chapter 6, page 103) – a) MAB method acting across one vertical line; top panel: near 

wall; bottom panel: far wall; the initial seed points are placed at 2 mm from the CCA centre-

line. The evaluation domain (white circles) changes size at each iteration according to the pre-

viously detected adventitial position. The smoothing domain (blue circles, here shown only at 

the first iteration for visual convenience) extends 716 µm in depth and 945 µm in width. The 

yellow circles/points refer to the final iteration. b) The algorithm acts on the 61 centremost 

signals in the ROI. c) Intimal contour outliers are rejected. In this example the IMT unbiasing 

procedure involves equalization, subsequent to re-alignment and lateral averaging, for far wall 

adventitia (d, left panel) with respect to far wall intima (d, right panel), and for near wall ad-

ventitia (e, left panel) with respect to near wall intima (e, right panel). f) Final result of the 

automatic CCA segmentation. 
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Fig. 6.4 (Chapter 6, page 105) – Examples of automatic CCA segmentation. An “in-plane” con-

dition is symbolized by a green intimal contour and a red adventitial contour. When the auto-

matic scan plane control yields an “out plane” result, the contours are displayed in orange. 
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