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General introduction

Chapter 1

Clinical problem
In Europe, around 1 million people die annually of stroke which is the second most common
cause of death (Nichols et al. 2012). This leads to high costs, not only during stroke (direct
health care costs) but also because of productivity losses and informal care of stroke patients.
Consequently, the total estimated cost for European Union economy due to stroke is over
38 billion Euro a year (Nichols et al. 2012). The most common type of stroke is an ischemic
stroke, caused by an occluded artery due to a thrombosis or embolism. In the Netherlands,
around 6000 people die annually of ischemic stroke and around 33000 people are hospitalized
annually due to ischemic stroke, excluding day hospitalization (Koopman et al. 2014). 15-20%
of ischemic strokes are caused by the rupture of a vulnerable atherosclerotic plaque in the
carotid bifurcation or internal carotid artery (ICA) (Chaturvedi et al. 2005), resulting in thrombus formation and the release of thrombogenic material.
To prevent stroke from plaque rupture, a plaque can be removed. Currently, only the lumen
reduction of the carotid artery as caused by the plaque and expressed as the degree of stenosis, is considered when selecting patients for a carotid endarterectomy (CEA). The risk for any
stroke or death within 30 days after the CEA is around 4-6% (Hobson et al. 2004; Mas et al.
2006; Ringleb et al. 2006; Halm et al. 2009; Sidawy et al. 2009). Since the number needed to
treat (NNT) to prevent one ipsilateral stroke in the next 5 years is relatively low (NNT=6), it
is common practice to operate on patients with a recent ischemic stroke or transient ischemic
attack (TIA) and a plaque causing a lumen reduction of at least 70% (according to the NASCET criterion, see below) in the carotid bifurcation (North American Symptomatic Carotid
Endarterectomy Trial 1991; Barnett et al. 1998; European Carotid Surgery Trialists’ Collaborative 1998; Rothwell et al. 2003). Patients with a 50-70% degree of stenosis only have a moderate beneficial effect of CEA (Barnett et al. 1998; Rothwell et al. 2003). Furthermore, there
is a marked gender difference for the NNT (men 12 and women 67; (Barnett et al. 1998))
so that in daily practice only males with a 50-70% stenosis are operated on. Patients with a
degree of stenosis below 50% do not profit from a CEA (NNT=26) (Barnett et al. 1998; Rothwell et al. 2003). The benefit of surgery does not only depend on the degree of stenosis, but
is also related to age and the time between the ischemic stroke or TIA and the CEA (Rothwell
et al. 2004a; Rothwell et al. 2004b). Taken together, Dutch guidelines recommend that men
with a symptomatic stenosis above 50% and women with symptomatic stenosis above 70%
will undergo CEA preferably within two weeks after the clinical event (Nederlandse vereniging
voor Neurologie 2008). All other patients with a symptomatic stenosis will receive treatment,
consisting of cholesterol synthesis inhibitors (statins) and anti-thrombotic therapy to prevent
recurrent stroke or TIA (Nederlandse vereniging voor Neurologie 2008). However, it has
been reported that 15% of the medically treated women with a moderate stenosis (50-69%)
will experience a recurrent ipsilateral stroke within five years after the first event (Barnett et al.
1998). Between 1960 and 2009, the risk of stroke has been reduced with 1% per decade due
to improved blood pressure control and antiplatelet therapy (Hong et al. 2011). Nowadays,
the risk of recurrent stroke is lower due to better medical treatment (Park and Ovbiagele
2015) challenging the effectiveness of CEA and demanding the best possible selection of
patients who will undergo surgery.
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Anatomy of the arterial wall and carotid plaque development
To understand the development of plaque, an overview of a healthy arterial wall composition
is provided. The wall of the carotid artery consists of three main layers: tunica intima, tunica
media and tunica adventitia (Figure 1A).
The tunica intima is the inner layer of the arterial wall. It is composed of one layer of endothelial cells supported by a subendothelial layer consisting of a basement membrane and loose
connective tissue (Marieb and Hoehn 2007). In healthy subjects, the intima thickness is approximately only 0.02 mm (Salonen and Salonen 1993) and is not relevant for the mechanical
properties of the arterial wall (Holzapfel et al. 2000). The internal elastic lamina, composed
mainly of elastin, separates the tunica intima from the tunica media. The tunica media consists mostly of smooth muscle cells and elastin fibers (Marieb and Hoehn 2007). In healthy
subjects, the media has the most significant contribution to the mechanical properties of the
arterial wall (Wolinsky and Glagov 1964; Holzapfel et al. 2000). An external elastic lamina
separates the tunica media from the tunica adventitia which is the outer layer. The tunica adventitia mainly consists of collagen fibers, which reinforce the arterial wall and protect the wall
against overextension (Marieb and Hoehn 2007).
The arterial diameter varies across different arteries, from the proximal aorta with an internal
diameter of approximately 25 mm to the smallest capillaries with an internal diameter of 3
µm. The smooth muscle cells within the arterial wall have similar load-bearing properties and,
hence, the wall tension T should be similar independent of the caliber or location of the artery. The Lamé equation (Liang et al. 2001; Nichols et al. 2011) relates the wall tension to wall
thickness h, diameter d and transmural blood pressure p; 2T=pd/h. Since T/p hardly varies,
the diameter/thickness ratio should also be similar. The wall thickness of the aorta is 2 mm
(about 10% of diameter) and declines gradually towards the smallest capillaries (1 µm). The
tissue composition of the artery wall depends on vessel function. Elastic arteries are thick-walled large arteries (10-25 mm in diameter) located near the heart, such as the aorta and carotid
arteries. These arteries conduct the blood from the heart to medium-sized arteries and act

Figure 1
Carotid artery wall consists of three layers: intima, media and adventitia (A). Plaque formation in the carotid artery
wall containing lipid pools (B). Adapted from Hall and Guyton (2011).
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as a volume reservoir to attenuate the pressure pulse. Hence, these arteries contain a high
fraction of elastin. The muscular arteries (3-10 mm in diameter) deliver blood to the organs
and control the blood supply by vasoconstriction. Consequently, these arteries contain a thick
tunica media and a high fraction of smooth muscle cells (Marieb and Hoehn 2007).
Atherosclerosis is a chronic inflammatory disease which starts with pathological thickening of
the intima layer and developing lipid pools (Figure1B) (Finn et al. 2010). Early lesions consist
of subendothelial accumulation of foam cells, i.e. cholesterol-rich macrophages (Lusis 2000).
Possibly due to infiltration of macrophages into the lipid pools, a lipid-rich necrotic core develops (Finn et al. 2010). More advanced lesions additionally contain smooth muscle cells,
calcifications and hemorrhage (Lusis 2000; Finn et al. 2010). The so-called vulnerable plaques,
i.e., plaques prone to rupture, have a lipid-rich necrotic core with a thin fibrous cap (<65 µm),
accumulation of macrophages and lack of smooth muscle cells (Lusis 2000; Virmani et al.
2000; Virmani et al. 2006). According to the Mannheim consensus, advanced atherosclerotic
lesions are defined as plaques when the local wall segment is 1) protruding into the lumen
more than 500 µm, 2) larger than 50% of the surrounding intima-media thickness (IMT) and/
or 3) larger than 1500 µm (Touboul et al. 2012).
Plaques are preferentially located in junctions and curved vessels, for example in the carotid
bifurcation. The carotid arteries are located in the neck at each side, supplying the brain and
other tissues with blood. The common carotid artery (CCA) branches into the internal carotid artery (ICA) and external carotid artery (ECA). The carotid artery expands at the carotid
bifurcation to approximately 120% of the CCA cross-sectional area (Truskey et al. 2004),
which minimizes pulse wave reflections. This widening mainly occurs in the inlet of the ICA,
called the bulb or bifurcation, which contains the baro- and chemoreceptors for signaling
changes in blood pressure and carbon-dioxide concentration. The cross-sectional area of the
downstream ICA and ECA equals 50% and 32% of the CCA cross-sectional area. 70% of the
CCA blood flows towards the ICA, going into the circle of Willis within the brains, whereas
30% flows into the ECA supplying blood to the facial muscles and other tissues (Truskey et
al. 2004).
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Degree of stenosis
To quantify the lumen narrowing due to plaque formation in the carotid artery bifurcation
or ICA, the degree of stenosis is determined using imaging techniques (angiography, which
is now obsolete; CT angiography or MR angiography) according to the European Carotid
Surgery Trial (ECST) criterion (European Carotid Surgery Trialists’ Collaborative 1998) or
the North American Symptomatic Carotid Endarterectomy Trial (NASCET) criterion (North
American Symptomatic Carotid Endarterectomy Trial 1991). The ECST criterion uses the
ratio of the lumen diameter at the site of the plaque by the assumed original vessel diameter at the same location to characterise the atherosclerotic burden. The NASCET criterion
considers the ratio of the lumen diameter at the site of the plaque by the vessel diameter
just distally to the plaque location. Because the bulb normally narrows towards the ICA, the
NASCET criterion for plaques in the bulb region underestimates the atherosclerotic burden
(Staikov et al. 2000). Despite this limitation, the NASCET criterion is used in clinical guidelines
and practice. Another means to classify the degree of stenosis is by Doppler ultrasound. As
described by the Bernoulli equation, the narrowing of the lumen by a plaque will lead to a
local increase in blood flow velocity (Nichols et al. 2011). The criteria defined by the Society
of Radiologists in Ultrasound (Grant et al. 2003) linking the peak Doppler velocities with the
degree of stenosis according to NASCET criteria are shown in Table 1.
In the Netherlands, patients suspected of having a symptomatic stenosis in the carotid artery,
i.e., a ruptured plaque which led to a stroke or TIA, are screened with duplex ultrasound
(combined B- and Doppler modes, see Chapter 2) to establish whether a plaque is present
in the carotid artery and if so, which degree of stenosis is caused by that plaque. Patients
with a highest peak systolic velocity around the border criteria (125 cm/s for men and 230
cm/s for women) are referred to Magnetic Resonance Angiography (MRA) or sometimes
Computed Tomographic Angiography (CTA) for confirmation (Nederlandse vereniging voor
Neurologie 2008).
Table 1
Criteria to determine the degree of stenosis based on the highest peak systolic velocity, measured by Doppler
ultrasound.
Peak systolic velocity Degree of stenosis (NASCET)
<125 cm/s

<50%

125 - 230 cm/s

50-69%

>230 cm/s

>70%
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Mechanical properties of the arterial wall
In addition to the degree of stenosis and plaque composition, mechanical properties of the
arterial wall and of the plaque in combination with the mechanical load (dynamic blood pressure) play an important role in plaque rupture.

Common carotid artery
Atherosclerosis is associated with changes in mechanical properties of the CCA (Leone et al.
2008). The end-diastolic diameter of the CCA is about 5 - 8 mm depending on sex, age and
subject size (Engelen et al. 2015). It should be realized that the CCA diameter as measured
with ultrasound techniques is based on the estimated distance between the echoes originating
from the anterior and posterior adventitia-media transitions. Hence the quoted diameter is
larger than the true lumen diameter. This is also the case for diameters measured with angiographic techniques, of which the limited spatial resolution will extend opacification beyond the
lumen boundaries. The intima-media thickness (IMT) represents the thickness of the intima
and media layer and ranges from 300 µm for a young subject up to 1000 µm for an old subject
(Engelen et al. 2013). Since wall thickness also includes the adventitia layer (250 µm), IMT
ranges from 60-70% of the vessel wall thickness.
In a large asymptomatic population, a high IMT of the CCA is associated with an increased risk
of myocardial infarction and stroke (O’Leary et al. 1999; Silvestrini et al. 2010). In addition,
enlarged mean and maximal IMT of the CCA is a predictor of recurrent stroke in a stroke
population (Tsivgoulis et al. 2006; Roquer et al. 2011). Although IMT seems to predict the risk
of cardiovascular events, this is only true for a large population. Accordingly, including mean
IMT in the traditional cardiovascular risk prediction models does not improve the prediction
for individual subjects (Lorenz et al. 2010; den Ruijter et al. 2013; van den Oord et al. 2013;
Bots et al. 2014).
As stated earlier, the artery wall is composed of elastic material that responds to a transmural
blood pressure increase by circumferential elongation, i.e., an increase in artery diameter. The
absolute distension of the CCA, i.e., the difference between the end-diastolic and systolic
diameter, is within the range of 0.2-1.0 mm and depends on the diastolic diameter and elastic properties of the artery. Due to stiffening of the arteries, distension decreases with age
(Engelen et al. 2015). In subjects with severe ICA stenosis and no stenosis at the contralateral
ICA, the distension of the CCA and ICA at the ipsilateral side is significantly lower compared
to that of the contralateral side (Giannattasio et al. 2001), indicating a stiffer vessel due to the
atherosclerosis.

CCA plaques
Although CCA plaques are rare and less prone to rupture than ICA plaques, some studies
focused on CCA plaques (Paini et al. 2007; Beaussier et al. 2008; Beaussier et al. 2011). CCA
plaques are easily accessible for ultrasound due to their superficial location (depth 20 mm)
and the straight appearance of the CCA parallel to the skin. Type 2 diabetes, dyslipidemia
and hypertension are associated with a locally stiffer artery at the plaque in the CCA, i.e.,
exhibiting a lower distension than the adjacent proximal CCA (Paini et al. 2007; Beaussier et
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al. 2008). Furthermore, a decreased distension at the plaque location is associated with an advanced plaque phenotype, i.e. containing a lipid core, intra-plaque hemorrhage, calcifications
or thrombus (Beaussier et al. 2011).

Plaque dynamics
Since the cross-sectional area at the site of the stenosis may be reduced, the local blood flow
velocity will be increased correspondingly (while volume flow is constant). Due to the Venturi
effect, described by the Bernoulli equation, the increase in local blood flow velocity (kinetic
energy) is at the expense of potential energy, i.e. local blood pressure (Holen et al. 1987; Xu
et al. 2016). Within the stenosis, the decreased luminal blood pressure in combination with
the higher blood pressure within the local vasa vasorum affect the transmural blood pressure gradient, which may even change direction. Additionally in case of a severe stenosis, the
increased hemodynamic impedance will reflect the blood pressure waves, thereby increasing
the proximal pulse pressure and the cyclic mechanical stress acting on the proximal site of
stenosis. Therefore, plaque deformation may depend on plaque composition, pulse pressure
and wave reflections, and the degree of stenosis in combination with the Venturi effect. These
pressure dynamics and plaque features may eventually contribute to plaque rupture (Hoeks
et al. 2008; Xu et al. 2016).

1
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PARISK study
The possibility to assess the risk of rupture of a plaque will have tremendous impact on
clinical decision making and may help to reduce healthcare costs. Identifying patients at high
risk for a stroke or TIA could not only prevent a substantial number of strokes, especially in
patients with mild-to-moderate stenosis (30-70%), but could also avoid unnecessary interventions in patients with a substantial stenosis (>70%). Previous studies to evaluate the feasibility
of imaging to assess plaque vulnerability have shown a good correlation between imaging and
histology and/or clinical characteristics, but employed only one or two image modalities in
small cohorts and focused primarily on morphological plaque parameters (Biasi et al. 1999;
Gronholdt et al. 2001; Mathiesen et al. 2001; Yuan et al. 2002; Fayad et al. 2004; Takaya et al.
2006; Altaf et al. 2008; Cappendijk et al. 2008; Henneman et al. 2008; Li et al. 2008; Underhill
et al. 2008; Wintermark et al. 2008; Topakian et al. 2011) . Furthermore, these studies may
not have delivered the necessary sensitivity and specificity and/or lack adequate clinical validation to change the current clinical guidelines. Therefore, in daily practice currently only the
degree of stenosis is used as clinical guideline to assess plaques at risk.
The Plaque At RISK (PARISK) study (clinical trials.gov NCT01208025) aims to evaluate plaques at risk with multiple non-invasive imaging techniques to improve, in a final application
stage, identification of patients at increased risk of stroke, even before a first stroke or TIA has
occurred (Truijman et al. 2014). To minimize exposure to radiation and ease the procedure
for the patient, PARISK focuses on multiple non-invasive imaging techniques such as Magnetic
Resonance Imaging (MRI), multidetector CTA (MDCTA), ultrasound (US) and Transcranial
Doppler (TCD).
PARISK is an ongoing, multicenter 2-year follow-up study. Four hospitals in the Netherlands
participate in the PARISK study, i.e., Maastricht University Medical Center (MUMC), Erasmus
Medical Center (EMC), University Medical Center Utrecht (UMCU) and Amsterdam Medical
Center (AMC). Patients who recently had an ischemic stroke or TIA and had a mild-to-moderate stenosis (30-70%) in the ipsilateral ICA are included within three months after the clinical
event. They receive medical treatment and are enrolled in a 2-year follow-up study. Since in
these patients stroke or TIA occur more often than in the population at large, it will be easier
to improve identification of imaging features preceding a (recurrent) cerebrovascular event.
Image modality recordings are performed after inclusion and are repeated after two years.
PARISK aims to increase the sensitivity and specificity of the applied imaging techniques to
identify suitable plaque parameters, including morphology, composition and mechanical parameters. The study involves cross-sectional as well as longitudinal clinical validation of these
techniques. Therefore, eventually PARISK will enable to 1) diagnose plaques at an early stage
and monitor progression, 2) assess individual risk for stroke or TIA, 3) assess efficacy of
individual drug therapy and intervention for (asymptomatic) patients at risk for a (recurrent)
stroke or TIA and 4) develop surrogate endpoints of non-invasive imaging techniques in novel
drug development.
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Image modalities
Several non-invasive image modalities, i.e., MRI, MDCTA and ultrasound, will be evaluated for
feasibility to assess plaque vulnerability. All image modalities have their own spatial resolution,
i.e., the minimum distance at which two objects can be distinguished, which may also depend
on orientation (i.e. in different directions resolution might be different as well). To determine
wall and plaque dynamics, the temporal resolution (the minimum time interval between two
independent successive images) is also important. A brief description of the non-invasive
image modalities used in the PARISK study is given below.

Magnetic Resonance Imaging
MRI can identify and quantify the size and contents of a carotid atherosclerotic plaque, i.e.,
a lipid-rich necrotic core (LRNC), intraplaque hemorrhage (IPH) and the fibrous cap status.
In-plane resolution is specified by the voxel size (approximately 0.6*0.6 mm² with a 2 mm slice
thickness according to PARISK study protocol (Truijman et al. 2014)) which may vary across
pulse sequences used for acquiring the MRI images. IPH and LRNC can be determined with
MRI with high sensitivity and specificity (Cappendijk et al. 2005). The presence of a thin or
ruptured fibrous cap is associated with previous stroke or TIA (Yuan et al. 2002). Plaques with
a lipid rich necrotic core (LRNC), intraplaque hemorrhage (IPH) and a thin/ruptured fibrous
cap are associated with an increased risk of future ischemic events (Takaya et al. 2006; Gupta
et al. 2013). Finite element modelling shows that a thin fibrous cap and large lumen curvature
increase plaque stress, thereby increasing plaque vulnerability (Li et al. 2008). However, an
MRI scanner is expensive, involves waiting lines, the scanning procedure is usually long and
noisy, while post processing prevents interactive application. Furthermore, patients who are
claustrophobic or have metal objects/devices implanted are excluded from MRI. In addition,
detailed assessment of vessel wall and plaque dynamics is problematic, because of a long
acquisition time (>heart beat) of an MRI image sequence. Imaging within a heartbeat is only
possible when images over multiple heartbeats are averaged, but this is a very time-consuming
process and only allows for average heart beat information.

Multidetector computed tomographic angiography (MDCTA)
MDCTA is an accurate, noninvasive image modality to determine the degree of stenosis caused by a plaque (Koelemay et al. 2004). Plane-resolution of MDCTA is approximately 0.2-0.3
mm with 1 mm slice thickness according to PARISK study protocol (Truijman et al. 2014).
MDCTA can distinguish and quantify total, calcified and fibrous plaque area in good correlation with histology (de Weert et al. 2006). Symptomatic carotid plaques are associated
with a lower degree of calcifications determined by either MDCTA, MRI or US grey-scale
values than asymptomatic carotid plaques (Kwee 2010). Carotid plaque ulcerations can also
be determined by MDCTA and is associated with nonlacunar ischemic stroke (Homburg et
al. 2010). However, CT involves exposure to radiation and the contrast fluid used to enhance
the vessel lumen can damage kidney function. Since real time beat to beat recording is not
an option because of radiation exposure restrictions, wall and plaque dynamics can not be
determined with CT.
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Ultrasound
Ultrasound (US) is a non-invasive, safe and interactive image modality which uses high-frequency sound waves to produce echo images of structure boundaries within the body (cf.
Chapter 2). The main advantages of ultrasound are its affordability and accessibility, and its
ability to provide immediate information on both geometry and deformation. Ultrasound imaging techniques cope well with tissue motion caused by blood pressure pulsations due to its
high sustained frame rate (25 up to 500 fps) and associated temporal resolution. Therefore,
ultrasound is an excellent imaging modality to study the dynamic mechanical properties of
the carotid artery, through diameter waveform characteristics, distension and intima-media
thickness. Furthermore, ultrasound can also provide information about plaque morphology
and mechanical characteristics, and about its constituents, based on the relative grey values of
the plaque within an image.
A major disadvantage of ultrasound imaging is that it is based on the reflections originating
from transitions in acoustic impedance; a homogeneous structure does not reflect ultrasound
(Chapter 2). The shorter the emitted pulse, requiring a higher emission frequency, the higher
the spatial resolution will be. However, the absorption by tissue is reciprocally related to frequency and hence penetration depth decreases with ultrasound frequency (Chapter 2). For
superficially located arteries, i.e. at a depth of 10 to 30 mm an emission frequency of about 6
MHz with a bandwidth of 50% (3 MHz) is feasible, facilitating a depth resolution of 0.25 to 0.3
mm, which is just below the thickness of the intima-media layer (see above).
Morphological features like diameter, intima-media thickness, plaque location and plaque size,
can be reliable extracted from standard sequence of echo ultrasound images (25-40 fps) in
daily clinical practice. Grey-scale median values of standard echo ultrasound images can be
used to determine the plaque constituents. Echolucent plaques are associated with increased
risk of cerebrovascular events (Biasi et al. 1999; Gronholdt et al. 2001; Mathiesen et al. 2001;
Topakian et al. 2011). However, plaque echogenicity alone is not powerful enough to select
patients for CEA (Gupta et al. 2015). The dynamic distension of the CCA, is commonly extracted with radiofrequency phase tracking within echo images recorded at high frame rate
(>300 fps), which exchanges image width and/or line density for frame rate (Meinders et al.
2001). It requires a more expensive and dedicated ultrasound machine to apply radiofrequency phase tracking and its use is therefore restricted to a small number of specialized hospitals.

Transcranial Doppler recordings (TCD)
Transcranial Doppler (TCD) recordings of the middle cerebral artery (MCA) measure the
blood velocity and Doppler amplitude using the Doppler principle (cf Chapter 2). Short transient increases of the Doppler amplitude signal, called microembolic signals (MES), are indicative for the presence of microemboli, possibly caused by the ongoing release of thrombogenetic material and stressing the necessity of carotid endarterectomy (CEA). Due to a high
temporal variability in microemboli, it is advised to record TCD as long as possible (Forteza et
al. 1996). In the PARISK study, patients were recorded with TCD for maximal four hours, depending on patient comfort. In an asymptomatic population with at least 60% stenosis (accor-
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ding to the NASCET criterion), the presence of microemboli and cardiovascular events was
significantly reduced in patients with intensive medical therapy, i.e. use of statins and optimal
blood pressure control, compared to patients without intensive medical therapy (Spence et
al. 2010). Furthermore, MES are more frequently detected soon after cerebrovascular events
(Forteza et al. 1996). Since the PARISK TCD recordings are extensively discussed in a separate
thesis (Truijman 2016), TCD recordings are not part of this thesis.

Aim
In conclusion, each of the non-invasive imaging techniques discussed above shows potential to
identify the vulnerability of plaques and has their own (dis)advantages. On the other hand, plaque development, and eventually plaque rupture, is not yet fully understood. Previous studies
employed only one or two non-invasive imaging techniques in relatively small cohorts which
did not deliver the necessary sensitivity to change the current clinical guidelines (Nederlandse
vereniging voor Neurologie 2008). Therefore, it remains unclear which imaging technique, or
more specifically which plaque feature(s), is best to assess plaques at risk. The patients within
the PARISK study have a high prevalence for recurrent stroke (up to 5% within 2 years) (Rothwell et al. 2004b; Truijman et al. 2014), facilitating identification of plaque features related to
an increased risk of recurrent stroke. Since ultrasound imaging is cheap and versatile, widely
accessible and can be used quickly after observation of complaints, this thesis focuses on the
implementation of ultrasound techniques to identify at an early stage plaques at risk.
The main aim of this thesis is to develop and validate new ultrasound techniques to extract
mechanical properties of the carotid artery and plaques to improve non-invasive characterization of plaque at risk. The first part of this thesis will address morphological and mechanical
properties of the common carotid artery (CCA) in association with distal plaques. The second
part of this thesis will focus on plaque properties. Plaque distortion is subject to carotid distensibility, blood pressure, plaque composition and compressibility.

1

Outline thesis
This thesis works towards identification of plaques at risk with ultrasound and pertains to
the baseline ultrasound recordings (2010-2014) of the 2-year follow up PARISK study. For
this purpose, we will develop and validate a program to extract mechanical properties of the
carotid artery, such as diameter, distension and intima-media thickness (IMT), with a novel
edge detection technique applied to standard ultrasound echo images as recorded in the clinic,
favoring widespread application.
Chapter 2 of this thesis provides an overview of ultrasound principles. The basics of ultrasound and technical aspects involved are described in more detail.
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Since the internal carotid artery (ICA) is located deeply and is usually curved, we will validate
our method first for the relatively straight common carotid artery (CCA). In Chapter 3 of
this thesis we explore whether the distension extracted with edge tracking applied to standard
echo ultrasound recordings (frame rate of ±37 fps) of the CCA is as precise and accurate
as the distension obtained with radiofrequency phase tracking from high frame rate echo
ultrasound recordings. If it can be shown that the technique based on standard equipment
is applicable for the CCA of an old patient, and hence relevant, population, it allows more
widespread use of distension recordings.
Mean or maximal intima-media thickness (IMT) are not suitable to predict the risk of (future)
cardiovascular events for an individual patient (Lorenz et al. 2010; den Ruijter et al. 2013; van
den Oord et al. 2013; Bots et al. 2014). However, irregularities of the vessel wall, i.e., the IMT
inhomogeneity, could be a promising alternative. In Chapter 4 the inhomogeneity of IMT will
be correlated with the mechanical properties of the common carotid artery, as extracted with
our method, and the degree of ICA stenosis, as extracted from CT recordings.
In Chapter 5, we compare multiple wall thickness parameters of the CCA in relation to
the degree of ipsilateral ICA stenosis. We will investigate whether mainly CCA plaques with
respect to other wall thickness parameters are associated with the degree of ipsilateral ICA
stenosis. Furthermore, we consider absolute as well as normalized maximal wall thickness.
Risk classification based on CCA wall thickness for having a moderate ICA stenosis (>50%)
might be affected when wall thickness in relation to artery diameter is considered rather than
its absolute value.
CCA rise time characteristics, i.e. the rise time of the upstroke of the distension waveform,
may be influenced by wave reflections and, hence, by ICA plaque size and composition. The
associations between the rise time characteristics of the CCA, the degree of ICA stenosis and
the MRI plaque features are investigated in Chapter 6. We will investigate whether a soft distal
plaque (substantial proximal lipids and thin/ruptured fibrous cap), compared to a stable, hard
ICA plaque, may cushion the impinging blood pressure wave and thereby reduce the magnitude of the reflected pressure wave, which otherwise would interfere with the incident wave.
Consequently, we anticipate that this will have consequences for the rise time inhomogeneity
of the CCA distension distribution.
To make a step towards wall tracking of a carotid bifurcation with plaques, we consider in
Chapter 7 CCA plaques. Since automatic edge detection is challenging in the presence of
plaques, vessel wall and CCA plaques are manually segmented. We consider the intra- and
inter-observer precision of the distension and plaque compression characteristics and subsequently the association between plaque compression and echogenicity.
In Chapter 8, the discussion of the major findings and the final conclusion of this thesis will
be presented.
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Chapter 2

Basics of ultrasound
The description of the ultrasound theory in this chapter is aimed at facilitating a thorough
understanding of the next chapters of this thesis. Ultrasound is sound with a frequency above
the human hearing limit (approximately 20 kHz). For ultrasound recordings, the transducer of
an ultrasound system converts electrical energy into acoustic energy and thereby transmits a
pressure wave into the human body which is reflected by acoustic inhomogeneities (see below) and received by the transducer. The instantaneous propagation speed of the ultrasound
wave depends on elastic properties and density of the tissue. The ultrasound wave propagates very slowly in air (330 m/s), fast in bone (3500 m/s), while for most body tissues and
fluids the propagation speed c is about 1540 m/s. The wavelength λ of the ultrasound wave
is inversely proportional to the sound frequency f:

λ=

c
f

(1.1)

For the same propagation speed, a higher frequency implies a shorter wavelength.

Reflection, transmission and scattering
At tissue boundaries, ultrasound pressure waves can be reflected, transmitted (refracted)
and/or scattered, depending on the acoustic impedance properties and dimensions of both
tissues. The acoustic impedance Z [Rayl=kg/(m²s)] is a material property and describes the
local interaction of sound pressure and particle velocity (differs from sound velocity). It can
be expressed as the product of the mass density ρ and propagation speed c (Cobbold 2007;
Nichols et al. 2011):

Z = ρc

(1.2)

At transients in acoustic impedance, typically at tissue interfaces, the ultrasound wave is partially reflected and transmitted (Figure 1). Reflection of the ultrasound wave predominantly
occurs at interfaces with a dimension substantially larger than the wavelength. The angle of
the reflected wave is similar to the angle of the incident wave. Tissue interfaces perpendicular
to the transducer, i.e., incident angle is zero, are therefore reflected directly back towards the
transducer. The relation between the angle of the transmitted wave θt and incident wave θi is
described by Snell’s law (Cobbold 2007):

sin θi c1
=
sin θt c 2
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The wave direction will change when propagation speeds differ, i.e., the ultrasound wave is
refracted. In case the incident angle is zero (θi=θt=0), reflection and transmission coefficients
(R and T), describing the fraction of impinging energy that is reflected or transmitted (R+T=1)
are given by (Cobbold 2007):

 Z − Z1 
R= 2

 Z 2 + Z1 
T=

2

4 Z1Z 2
 Z 2 + Z1 

2

(1.4)

(1.5)

Reflection does not occur within a homogeneous tissue (no change in impedance), whereas
the reflection coefficient R increases for a larger acoustic impedance mismatch.
With decreasing size of the reflector, expressed in wavelengths, the pattern of the reflected
wave gradually widens and becomes omnidirectional for interfaces with a much smaller dimension than the wavelength, a process called scattering. When insonating human tissue, it is
likely that interfaces are rough, curved, and have a wide range of dimensions. Hence, the signal
received by the transducer will be a mixture of scattered and reflected signals.

2
Figure 1
At transients in acoustic impedance (Z1 and Z2), typically at tissue interfaces, the ultrasound wave with incident
angle θi is partially reflected and transmitted with reflected angle θr and transmitted angle θt; adapted from
Baumgartner (2006).
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Attenuation of waves
When an ultrasound wave travels through a medium, energy loss will occur and hence wave
attenuation. Energy loss is caused by absorption (Cobbold 2007) and involves conversion of
ultrasound energy into other energy forms, mostly heat (Cobbold 2007). The attenuation of
ultrasound has an exponential decay and depends on both tissue properties and ultrasound
frequency. The attenuation coefficient α is calculated according to:

α = −10 log10

I( x )
I(0)

(1.6)

where I(0) and I(x) are the incident intensity [W/m²] at location x=0 and x, respectively. The
attenuation coefficient varies between 0.5 and 1 dB/(cm∙MHz). So, a larger distance covered
by the ultrasound wave and a higher frequency lead to a stronger attenuation. Therefore, superficial tissues can be investigated with a relatively higher ultrasound frequency (7-15 MHz),
whereas deeper lying tissues, like the abdomen, require a lower ultrasound frequency (3-5
MHz).
Bone has a high attenuation coefficient of 10 dB/(cm MHz), implying after 1 cm transmission
with an emission frequency of 1 MHz a decrease in intensity to 1/10 of the original intensity.
Consequently, since the distance covered at reception is twice the depth at which the reflection occurred, the intensity at reception is decreased to 1/100 of the original intensity. Due to
a high acoustic impedance mismatch at the tissue-bone interface, the transmitted waves will
have a low amplitude. The reflected signal will encounter the interface again, causing further
attenuation. Hence, it is only possible to gain information of tissue interfaces behind the bone
when the emission frequency is low and bone thickness is thin, which is the case for transcranial brain investigation through the temporal bone. Similar to the tissue-bone interface, the
large acoustic mismatch between air and tissue greatly limits transmission. Moreover, air has a
very high attenuation coefficient. Therefore, ultrasound recordings in human beings are always
made with a water based gel between the transducer and the skin.
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Transducers
Bandwidth of the ultrasound pulse
Transducers, consisting of piezoelectric elements, convert electrical energy into acoustic
energy and acoustic energy back into electrical energy, involving the piezoelectric effect. The
effective bandwidth of an ultrasound pressure pulse is defined as width of the spectral distribution whereas the spectral amplitude is half the peak amplitude. The effective bandwidth B
is related to the effective time duration T of the corresponding ultrasound pulse and is limited
by B∙T≥0.5 (Gabor 1946), i.e., a larger bandwidth requires a shorter pulse duration. The minimum bandwidth-time product (0.5) is attained for a Gaussian shaped spectral distribution
but in daily practice, it can be simplified to B∙T=1 (Hoeks and Reneman 2005; Nichols et al.
2011). Transducers are made of piezoceramic material which usually exhibits a narrow, hence
unsuitable bandwidth, but this is enlarged by transducer backing (to prevent ringing) and front
layer impedance matching (Kremkau 1998) to bridge the impedance mismatch between transducer material (Z=30 MRayl) and water (Z=1.5 MRayl) (Kremkau 1998; Cobbold 2007). The
relative bandwidth Br is defined as the effective bandwidth divided by the emission frequency
(Br=B/f ). Likewise, expressing the pulse duration as the number of emitted periods τ divided
by the emission frequency (T=τ/f ), the effective number of emitted periods is inversely related to the relative bandwidth (τ=1/Br), i.e. a relative bandwidth of 50% corresponds to a
pulse length of two periods. The effective emitted pulse length sets the lower limit for the axial
resolution, as discussed later in this Chapter.

Focusing of the ultrasound beam
The shape of the ultrasound beam depends on the dimensions of the transducer and activation of the transducer elements (Nichols et al. 2011). The ultrasound beam can be narrowed
by focusing in the plane perpendicular to the scan plane as well as within the scan plane.
• Focusing in the perpendicular scan plane
• Focusing in the perpendicular scan plane can be achieved mechanically by an acoustic
lens with a propagation speed of sound deviating from the propagation speed of sound
in tissues, creating a time delay depending on velocity difference and path length.
• Focusing within the scan plan
• Focusing within the scan plan at emission is achieved by applying different time delays
to the activation of a group of adjacent transducers elements, resulting in a curved
excitation wavefront (Figure 2). Due to focusing, the ultrasound beam will converge
at a specific depth, called focal point, where all ultrasound signals will arrive in phase,
assuming that the speed of sound for all impinging directions is the same. Focusing is
only possible in the near field of the transducer. Since the ultrasound beam will diverge
further away from the focal point, the beam width will vary with depth.
• More importantly, focusing within the scan plane is also achieved at reception, shifting
dynamically the focal point (dynamic focusing) by adjusting the applied time delays
according to the anticipated depth the signals are returned from.
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Figure 2
Applying different time delays to the activation of a group of adjacent transducers elements results in a curved
excitation wavefront (Nichols et al. 2011). Assuming that the speed of sound for all impinging directions is the
same, all ultrasound signals will arrive in phase at the focal point.

Axial and lateral resolution
Assuming similar propagation speed (c=1540 m/s) through tissues, the time delay (Δt) between transmission and reception of the ultrasound pulse can be converted to the depth (d)
of the reflecting tissue interface by:

2d = ∆tc

(1.7)
The round trip distance travelled by the ultrasound pulse is twice the depth of the tissue
interface, which explains the factor 2 in the expression. The axial resolution is the smallest
distance between two tissue interfaces for which the received signals can be discerned, which
is equal to half the effective spatial pulse length (Kremkau 1998). High resolution ultrasound
systems usually have a relative bandwidth of 50% and thus emit pulses containing effectively
two periods (BT=1), resulting in a round-trip axial resolution of one wavelength (Nichols et al.
2011), which is 257 µm for an emission frequency of 6 MHz (c=1540 m/s). Since wavelength
depends on the emission frequency and emission frequency determines attenuation (see above), a trade off needs to be made between axial resolution and penetration depth.
The lateral resolution is defined as the smallest distance at which two objects can be distinguished in the direction perpendicular to the axial direction. The lateral resolution depends on
the beam width in the scan plane of the ultrasound wave and is considerably larger than the
axial resolution. By focusing of the ultrasound beam, a narrower beam width typically around
5 wavelengths, and consequently better lateral resolution (about 1.3 mm at 6 MHz) can be
accomplished (Nichols et al. 2011).
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Imaging arrays
An ultrasound probe commonly contains numerous transducer elements arranged in a phased
or linear array. A phased array (height and width on the order of 30 wavelengths) is divided
into small elements (approximately 64 elements) with an element width less than a wavelength to facilitate for each element a disperse radiation pattern (Nichols et al. 2011). The
elements together transmit and receive an ultrasound pulse. This pulse can be steered into
different directions and focused by properly setting and adjusting the applied time delays at
emission and reception, respectively. An advantage of a phased array is the small footprint of
the probe. This renders phased arrays useful for imaging through a limited physiological window, for example between the ribs for cardiac applications. A linear or curved array (40 mm
width for superficial applications) is composed of 128-256 elements. Typically, the element
width is on the order of one wavelength (Nichols et al. 2011) which allows some steering of
the beam direction. A subgroup of neighboring elements (16-32 elements), called aperture,
is used to transmit and receive an ultrasound pulse and focus the ultrasound beam at emission and reception. After an ultrasound signal has sufficiently died away due to attenuation, a
subgroup of neighboring elements shifted over one element position emits a new pulse. This
process continues for the current and is repeated for the subsequent scan lines. Straight linear
array probes are used for imaging at superficial locations while curved linear arrays (wider
scan lines for the same footprint) are preferred for deeper lying locations, such as abdominal
applications.
The sum signal received by the transducer elements is called the radiofrequency (RF) signal
and is composed of reflected and scattered ultrasound signals with a gradually decaying amplitude as function of delay time (i.e. depth). Since the ultrasound speed hardly varies for
biological tissues (except for bone), the time axis can be readily converted to a depth axis
assuming an average sound speed (1540 m/s) by expression 1.7. At a greater depth, the signal
amplitude reaches the noise level and a new pulse can be emitted without interaction (without
attenuation the echoes would never fade away). Consequently, the pulse repetition frequency
(PRF) can be high for a high ultrasound frequency or for highly attenuating media, i.e., for limited penetration depths. Therefore, the employed PRF, and hence the maximum image frame
rate, depends on the selected ultrasound frequency (Kremkau 1998).
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Ultrasound imaging modes
The display of the amplitude of the RF signal (envelope) is called amplitude mode, commonly
referred to as an echoline in A-mode (A for amplitude). Commonly, for display, the amplitude
is converted to grey scale levels based on an 8-bit data range, resulting in 256 grey levels. The
display of subsequent A-mode echolines as function of time is called motion (M-) mode. With
M-mode the brightness distribution in depth and over time reveals the location and dynamic
behavior of tissue interfaces. Steering the path of the subsequent ultrasound pulses either
with different sets of elements (aperture) or by varying the phase delay pattern of activation
produces a two-dimensional (2D) scan plane and results, after grey scale conversion, into a
2-dimensional B-mode image (B for brightness) which is sector shaped for a phased array and
rectangular for a linear array (Figure 3). Repeating the procedure produces a sequence of
B-mode images over time. In the clinic, B-mode images in superficial applications (ultrasound
frequency about 6-8 MHz) typically contain about 200 echolines covering 40 mm and have a
frame rate in the range of 25 to 50 frames per second. Fast B-mode (Figure 3) is a special case
in which a high frame rate (>300 Hz) is achieved by reducing the line density at the expense
of spatial information (Meinders et al. 2001). Recording echo images at a high frame rate requires a dedicated RF acquisition system, restricting its use to research centers or specialized
hospitals.

Compound imaging
Speckle is a grainy pattern on the ultrasound image caused by the phase interference of signals
originating from reflectors and scatterers at an interspacing of less than the resolution. Therefore, the axial and lateral resolution of the ultrasound system within and beyond the focal region are directly reflected in the speckle size (Nichols et al. 2011). To reduce speckle artifacts
and thereby improving image quality, multiple frames (usually 3) are recorded under slightly
different (oblique) angles and averaged to build up a final B-mode image. This technique, called
compound imaging, reduces the frame rate but enhances image quality by reducing speckle
artefacts. In addition, compound imaging makes reflections less susceptible for the angle of
incidence, which is relevant for curved tissue interfaces, e.g., artery walls inclined with respect
to the ultrasound probe (Entrekin et al. 2001).

Figure 3
B-mode recording obtained with a linear array (left) and radiofrequent recording in fast B-mode (right) of the
common carotid artery.
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Image processing: from US scan frames to video display
Due to attenuation the amplitude of the RF signal degrades with depth. To ensure a similar
amplitude level over depth, systems enforce an RF signal amplification that gradually increases
with depth, also known as time gain compensation (TGC). Manual fine tuning for specific
depth ranges is facilitated by slider controls. To avoid signal saturation the ultrasound system
keeps the maximum signal level within limits. To avoid that relatively bright structures dominate an image, their amplitudes are, prior to grey scale conversion, selectively reduced by
compression, a non-linear operation. Subsequently, the amplitude of the RF signal is sampled
at around one third of the axial resolution in the depth direction and interpolated in lateral
direction to arrive at square samples by a digital scan converter. The amplitude of each sample
is converted to a grey scale value and stored at corresponding pixel locations in a digital memory, representing an echo image of M x N pixels (for example 400 by 400 pixels). Since the
echo image is surrounded by supporting information, i.e., ultrasound settings, patient name
etc., the ultrasound screen monitor should accommodate larger echo images (about 1000
by 800 pixels). After grey scale conversion, post-processing techniques which vary across
ultrasound systems, i.e., smoothing techniques and edge enhancement are applied to B-mode
images to enhance the image quality.
Ultrasound recordings can be stored either in DICOM (Digital Imaging and Communications
in Medicine) or in AVI format. An advantage of the DICOM format is the preservation of the
original frame rate and image size in pixels whereas AVI format has a fixed poor image format
(600 by 400 pixels compared to 1000 by 800 pixels) and a standard frame rate of 25 fps.

2
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Artifacts
Reverberations
Parallel interfaces perpendicular to the ultrasound beam direction cause a repetitive reflection of the ultrasound pulse by both interfaces, for example between blood vessel walls. This
process is called reverberation and results in a trail of gradually decaying ghost echoes below
the second interface. Although these subsequent reflections have lower amplitude than the
original ultrasound echo, reverberations cause problems if the trail of echoes extends into
echolucent regions. Reverberations can be reduced interactively by slightly angling the ultrasound probe.

Speed of sound and refraction artifacts
Focusing and image conversion are executed under the assumption that the speed of sound
through tissues is constant (1540 m/s) and the ultrasound pulse follows a straight path. Violation of these assumption leads to blurring and improper location of tissue interfaces. Ultrasound pulse direction is affected by refraction effects leading also to improper location of
tissue interfaces.

Attenuation artefacts
To compensate for attenuation by time-gain control (TGC), an average attenuation rate
through the tissue is assumed. Underestimating or overestimating the local rate of attenuation leads to shadowing and flaring effects (Baumgartner 2006). For example, because of
the impedance mismatch ultrasound pulses hardly penetrate a calcified plaque and attenuate
more rapidly within plaques. Because of inadequate gain compensation, the region behind the
leading tissue-plaque interface appears echolucent, referred to as a shadow (Figure 4). A cyst
in tissue has the opposite effect. Because the fluid inside a cyst has a much lower attenuation
rate than expected, the attenuation compensation is overexpressed, leading to a relatively
bright region behind the cyst (Baumgartner 2006).

Out of plane motion artefacts
Due to breathing, swallowing and/or blood pressure pulsations, a blood vessel or plaque may
be translated partly and temporarily moved out of the plane of observation. If the intended
recording time is short, the patient can be asked to hold their breath to overcome this problem. Techniques for vessel wall detection are challenged by the lateral and/or axial (usually
in case of a nearby vein) and/or out of plane motion of a blood vessel. The longer the time
interval between observations (lower frame rate), the more problematic it will be to identify
properly corresponding locations.

34

Ultrasound principles

Doppler ultrasound imaging
Velocities of small moving objects, like red blood cells (with a dimension in the range of 5-8
µm which is far smaller than the wavelength causing scattering), can be determined by ultrasound employing the Doppler principle (Hoeks and Reneman 2005; Nichols et al. 2011).
The Doppler approach can be applied to moving structures as well, but requires perpendicular insonification to ensure reception of the reflected sound signal. Moving objects induce
a frequency shift fd between the emitted and reflected ultrasound pressure waves, called the
Doppler shift. The relative Doppler shift equals the relative velocity (Evans et al. 1989; Hoeks
and Reneman 2005):

fd 2 v cos α
=
fe
c

(1.8)

with fe the emitted frequency, and 2vcosα the velocity of the object along the line of observation. Emission frequencies for Doppler applications usually range from 1 to 10 MHz (Evans
et al. 1989). The Doppler shift measured with ultrasound is generally not caused by a single
red blood cell, but rather by an ensemble of red blood cells passing the insonated vessel with
unlikely the same velocity. Therefore, the received Doppler signal consists of a spectrum of
frequencies (Reneman and Spencer 1979; Evans et al. 1989).
Assuming a blood flow velocity of 1 m/s, a speed of sound of 1540 m/s and an emitted frequency of 5 MHz, the Doppler shift is about 6.1 kHz which is in the audible range (Hoeks and
Reneman 2005; Nichols et al. 2011). Generally, average blood velocities will be below 1 m/s.
At a stenosis, average blood velocities can increase up to 5 m/s (Hoeks and Reneman 2005;
Nichols et al. 2011) and large Doppler shifts are detected (Reneman and Spencer 1979). Since
BT=1 (Hoeks and Reneman 2005), the observation interval T directly dictates the spectral
resolution of the Doppler shift, which can be converted to the velocity resolution using the
Doppler equation. For a given observation interval, the velocity resolution can be improved
by higher emission frequency (though attenuation imposes an upper limit) or a more obtuse
angle α between the ultrasound pulse and the object direction (Hoeks and Reneman 2005).

2

Figure 4
B-mode image of an echogenic plaque in the internal carotid artery. Because of inadequate gain compensation,
the region behind the leading tissue-plaque interface appears echolucent, referred to as a shadow.
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Doppler systems can be either categorized into continuous wave (CW), continuously transmitting and receiving ultrasound pulses, or pulsed wave (PW), transmitting and receiving ultrasound pulses at regular intervals enabling detection of velocities at a specific depth (Evans
et al. 1989). Pulsed Doppler imaging requires at least 2 emission/reception cycles within a
short time window. The displacement in between observations should not exceed a quarter
of a wavelength to avoid observation of a false velocity direction (aliasing), setting a lower
limit for the pulse repetition frequency (as discussed earlier attenuation imposes an upper
limit). A high number of emission/reception cycles reduces velocity noise but a large temporal window (sample volume) will conflict with the dynamic nature of pulsatile flow. Changing
intermittently the beam direction and/or beam position allows the acquisition of a 2D-velocity distribution. Color flow systems superimpose the 2D velocity information, obtained by
scanning pulsed wave Doppler, in color on a B-mode image, enabling a combined presentation
of anatomical and functional (blood flow) information. Traditionally, blood flow towards the
ultrasound probe is colored red, whereas blood flow away from the probe is colored blue.
Color flow imaging enables identification of jets within and distal to severe stenoses (Figure 5)
and isolates echolucent plaques which will be missed in standard B-mode imaging (Figure 5).

Figure 5
Color Doppler image of an echolucent plaque causing a severe stenosis (>70%) in the internal carotid artery. A
jet (the area of blue colour as a consequence of aliasing) is formed near and distal to the stenosis. The echolucent
plaque is apparent only by a partial lack of colour within the vessel lumen.
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PARISK ultrasound recordings
In the PARISK study, ultrasound examinations of the common and internal carotid artery
were performed bilaterally. The entire ultrasound protocol is listed in the Appendix. A short
description of the PARISK ultrasound protocol is given below.
During the examinations, patients were in supine position with their head slightly tilted to the
opposite side. Examinations were performed with a Philips iU22 scanner (Philips Medical Systems, Bothell, USA) using compound imaging and post-processing techniques at a frame rate
of approximately 40 Hz. Different linear probes were used depending on the depth location
of the carotid artery (17-5 MHz, 12-5 MHz or 9-3 MHz). To get a quasi 3D impression of 2D
recordings, recordings of the carotid artery were acquired in the longitudinal plane at anterolateral and posterolateral angles perpendicular to each other (Figure 6). Recording duration
was at least 5 seconds to cover 3-6 heart beats. In addition to B-mode recordings, color flow
images were recorded to enable identification of echolucent plaques. To determine the degree of stenosis, the highest peak Doppler velocities at or distal of the stenosis were measured. To assess the inter-recording variation and preserve original frame rate, each recording
was repeated once and stored in DICOM format.
In addition to the standard B-mode ultrasound examination, radiofrequency fast B-mode examinations of the symptomatic CCA and ICA were performed on a Mylab70 scanner (Esaote
Europe, Maastricht, The Netherlands) using a 13-4 MHz linear probe (width 40 mm). Fast
B-mode recordings commonly have a high frame rate (around 500 Hz) with consequently a
reduced number of recording positions (e.g., 19 lines, spaced at 0.9 mm, covering 17 mm).
Since plaque length is usually larger than 17 mm, in the PARISK study fast B-mode recordings
were acquired at 31 lines, spaced at 0.9 mm and covering 29 mm, yielding a frame rate of
approximately 300 Hz. The RF signals were sampled at 50 MHz corresponding to a sample
distance of approximately 15 µm (assumed c=1540 m/s) and recorded on hard disk for
off-line evaluation.

2

Figure 6
To get a quasi 3D impression of 2D recordings, B-mode recordings of a severe stenosis (indicated by the white
arrow) in the internal carotid artery were acquired in the longitudinal plane at anterolateral (left) and posterolateral
(right) angles perpendicularly to each other.
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Arterial wall echo tracking
The phase of the RF signal is commonly used to track the displacement of the media-adventitia transitions over time. The difference of the displacement waveforms of the anterior and
posterior walls yields the diameter, and hence the distension waveform with high accuracy
and precision (Meinders et al. 2001). Several different algorithms for phase tracking have been
developed which are not interchangeable as observed distensions are significantly different
(Segers et al. 2004; Palombo et al. 2012). An efficient and commonly used algorithm for wall
tracking employs a complex cross-correlation model (Brands et al. 1997). However, the complex cross-correlation model may exhibit a minor velocity dependent bias (Brands et al. 1997).
A periodic reset, e.g. at end-diastole, is necessary to remove the associated accumulative drift.
In addition, phase tracking requires a dedicated ultrasound and RF acquisition system.
Alternatively, diameter and distension waveforms may be obtained from B-mode video sequences by so-called edge tracking which uses an amplitude threshold to determine the location of the media-adventitia transition. Algorithms for vessel wall tracking of B-mode video sequences rely, e.g. on grey-level gradient analysis (Bianchini et al. 2010) or on the first absolute
central moment (Stadler et al. 1997). Since in the clinic standard B-mode images are recorded
and the PARISK project aims at an easy to use method to follow plaque development, this
thesis proposes and explores an echo edge tracking method for standard B-mode images to
extract diameter, distension and intima-media thickness, and their inhomogeneities.
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Appendix
PARISK WP4 Ultrasound protocol
Objectives
• ambulant emboli detection
• inhomogeneity distension and IMT common carotid artery
• plaque morphology and composition (grey scale analysis)
• deformation pattern along plaque
• strain distribution within plaque (platform 1, partly platform 2)
Ambulant emboli detection
• Aaslid will prepare a transcranial Doppler system with integrated probe repositioning and
emboli detection.
• Present system is unilateral (single transducer) but can probably be extended to bilateral
• Recording time 4 hours
• Local read-out of distribution of emboli per hour and Doppler spectra
• Central (Maastricht) post-processing of Doppler waveforms (cerebral regulation) ensures
common detection criterion
Preparation ultrasound B-mode recording
• high resolution ultrasound probe (10 MHz)
• linear array
• high frame rate (>40 Hz)
• on system with
• logging of cine view recording (5 seconds)
• includes display of ECG (for timing purposes)
• and display of amplitude calibration bar (for image analysis)
• All participating centers have access to the Philips iU22 scanner
• Always use moderate gain settings (avoid saturation, relevant for grey level analysis)!
• To get feedback, a dedicated program will be made available to test on-site gain settings
(requires transfer of data to PC) or alternatively the user can employ the Dicom viewer
that comes with the system.
• The iU22 supports high-frame rate cine-view output via “Set up -> Print/Network ->Export Frame rate” to set export rate at “Acquisition rate” which can be 60 Hz depending on
depth setting. This option replaces the standard Dicom output rate of 15 or 30 Hz.
Measurement protocol
• Allow 5-10 minutes rest in supine position (stabilization hemodynamic condition)
• Use this time to
• complete forms
• attach ECG if available/standard in hospital
• Perform arm-cuff blood pressure measurements on both sides (to exclude subclavia stenosis)
• Execute left-right ultrasound measurements in random error (to avoid measurement bias)
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• Screen common carotid artery (CCA), carotid bulb, internal carotid artery (ICA) and external carotid artery for plaques
• Note kinky/twisted morphology of arteries
• Note position of plaques with bulb bifurcation as reference
• Make ultrasound recording of CCA in plane of bulb bifurcation (upper tip probe 1 cm
proximal to flow divider); longitudinal view; frame rate >40 Hz.
• Store 5 seconds
• Repeat measurement at orientation shift of 90 degrees, longitudinal view
• Repeat measurement in bulb (plane of bifurcation), longitudinal view
• If plaque, then it should be centered in image plane
• Repeat B-mode measurement in cross-sectional view while sliding transducer within 5 seconds from (normal part of ) CCA to ICA over a distance of 8 cm (note distance)
• Make pulsed Doppler recordings CCA and carotid bulb (sample volume 1 mm).
• Store 5 seconds
• Repeat in color Doppler mode (store 5 seconds)
• Repeat sequence for other side
• Repeat everything (intrasubject variation).
Off-line analysis (Maastricht)
• Select images in end-diastole (R-top)
• Identify region of interest
• Measure lumen diameter and wall thickness
• Perform grey-scale analysis
• For image sequences, wall-lumen transitions will be identified on a frame-to-frame base
providing spatial distribution of wall displacement and changes in lumen diameter over time
(cooperation with Pie Medical Imaging)
• Inhomogeneity in IMT and wall displacement (healthy) common carotid artery (serves also
as reference for bulb)
• Inhomogeneity in wall displacement along plaque is indicative of site-dependent pressure
or deformation (link to WP 3)
• Maastricht will add to the above analysis off-line processing of radio frequency signals (see
Appendix) to obtain wall strain distributions (perpendicular observation), according to
same acquisition protocol, but with another type of system.
Werner Mess, Department of Clinical Neurophysiology, azM, T: 043-3875273, Werner.
Mess@mumc.nl; Arnold Hoeks, Department of Biomedical Engineering, Maastricht University, T: 043-3881668, A.Hoeks@bme.unimaas.nl
Maastricht, February 2010
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RF signal acquisition protocol
• Allow 5-10 minutes rest in supine position (stabilization hemodynamic condition)
• Use this time to
• complete forms
• attach ECG
• attach Nexfin finger cuffs
• Perform regularly arm-cuff blood pressure measurements at least twice before and after
the RF measurements (also to validate finger pressures)
• Execute intermittently fingercuff blood pressure calibration
• Make B-mode clip of the plaque
• During the RF measurements: keep the light of the probe to the head
• Make RF ultrasound recording of CCA in plane of bulb bifurcation using 31 lines (upper tip
probe 1 cm proximal to flow divider); longitudinal view
• Repeat measurement at orientation shift of 90 degrees, longitudinal view
• Repeat measurement in bulb (plane of bifurcation) using 31 lines, longitudinal view
• If plaque, then it should be centered in image plane
• Repeat measurement in bulb (plane of bifurcation) using 19 lines, longitudinal view
• Repeat sequence in bulb at orientation shift of 90 degrees
• Repeat sequence for other side
• Repeat everything (intrasubject variation).
Maastricht, May 2012
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Abstract
Local arterial stiffness can be assessed with high accuracy and precision by measuring arterial
distension based on phase tracking of radiofrequency ultrasound signals acquired at a high
frame rate. However, in clinical practice B-mode ultrasound registrations are made at a low
frame rate (20-50 Hz). We compared in symptomatic carotid artery patients the accuracy and
intra-subject precision of edge tracking and phase tracking distension. B-mode US-recordings
(40 mm, 37 fps) and radiofrequency recordings (31 lines covering 29 mm, 300 fps) were
acquired from the left common carotid artery of 30 patients (age 45-88 yrs.) with recent cerebrovascular events. To extract the distension, semi-automatic echo edge and phase tracking
algorithms were applied to B-mode and RF recordings, respectively. Both methods exhibited
a similar intra-subject precision for distension (SD=44 μm and SD=47 μm, p=0.66) and mean
distension (difference:-6±69 μm, p=0.67). Intra-subject distension inhomogeneity tends to
be larger for edge tracking (difference: 15±35 μm, p=0.04). Standard B-mode scanners are
suitable to measure local artery characteristics in symptomatic carotid artery patients with
good precision and accuracy.
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Introduction
Arterial stiffness, quantified with carotid-femoral pulse wave velocity (cfPWV), is associated
with risk of coronary heart disease, cerebrovascular events and all-cause mortality (Laurent
et al. 2001; Mattace-Raso et al. 2006; Karras et al. 2012). Alternatively, arterial stiffness can
be assessed locally by means of the distensibility coefficient, the relative change in diameter
with respect to the local change in pressure over the cardiac cycle. Although arterial stiffness,
quantified with the distensibility coefficient, is also associated with coronary heart disease
(Leone et al. 2008) and vascular disease (van Sloten et al. 2014), it has not been validated as
extensively as cfPWV (Boutouyrie et al. 2014). One important reason is that it requires an
accurate and precise assessment of the distension, i.e., the diameter change over the cardiac
cycle, in combination with the measurement of local pulse pressure, and is therefore technically challenging (Laurent et al. 2006; Boutouyrie et al. 2014), requiring dedicated hardware
and analysis software.
Atherosclerosis, an important contributor to cardiovascular disease, affects arteries locally. A
major advantage of arterial stiffness assessment using the distensibility coefficient is that this
method allows assessment of local features of an artery whereas cfPWV provides average
stiffness over a long trajectory, masking local information. The distension measurement, needed for distensibility assessment, reveals also intra-subject spatial distension inhomogeneity,
i.e., variation of distension along a short arterial wall segment. Spatial distension inhomogeneity of the common carotid artery (CCA) is associated with focal atherosclerotic plaques in the
carotid bulb (Graf et al. 2010) and can therefore be a clinically important marker of advanced
atherosclerosis.
To assess arterial distension, the phase of the radiofrequency (RF) signal is used to track the
displacement curves, of both the anterior and posterior media-adventitia transitions over
time, and take the difference. An efficient and frequently used algorithm for phase tracking
employs a complex cross-correlation model for signals with a Gaussian shaped spectral distribution (Brands et al. 1997) , providing high accuracy and precision (Meinders et al. 2001). It
is applied to unprocessed RF ultrasound signals sampled at a moderate frequency (typically 4
times the carrier frequency) at a high repetition rate (>200 Hz). Consequently, this method
requires a dedicated ultrasound and RF acquisition system, limiting its use to a small number
of specialized hospitals.
The instantaneous diameter can also be extracted directly by processing the acquired videosequence with B-mode edge tracking. In clinical practice, B-mode ultrasound registrations are made at a low frame repetition rate (20-50 Hz), and are subjected to various video
smoothing, compounding and compression techniques which vary across ultrasound systems.
Consequently, these techniques may alter the apparent lumen diameter and wall thickness as
demonstrated in phantoms (Potter et al. 2008) as well as in humans in the CCA (Rossi et al.
2009). These studies only considered the diastolic diameter; the effect of video processing on
arterial distension measurements is unknown.
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It remains unclear whether distension obtained with B-mode edge tracking is as accurate and
precise as obtained with RF phase tracking in a clinical population having tortuous, motile or
irregular arteries, e.g., elderly people suffering from cerebrovascular events with atherosclerotic plaques. To plan clinical studies, it is essential to know the accuracy and precision of the
tracking methods, especially for technically and clinically challenging patients. Therefore, the
aim of this study is to compare the accuracy and precision of the distension determined using
B-mode edge tracking and RF phase tracking within a clinically relevant population with carotid
atherosclerotic plaques. More specifically, we will 1) evaluate the intra-subject precision of
edge and phase tracking distension, 2) compare B-mode edge tracking distension and RF phase tracking distension, and 3) compare the beat-to-beat variation and the intra-subject spatial
inhomogeneity of both methods.
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Methods
Study subjects
30 patients with a recent ischemic stroke or transient ischemic attack and a 30-69% stenosis
of the ipsilateral internal carotid artery were randomly selected from the Plaque At RISK
(PARISK) study (clinical trials.gov NCT01208025) (Truijman et al. 2014). The study was approved by the Medical Ethics Committee of Maastricht University Medical Center (MUMC).
All patients gave written informed consent after explanation of the study.

Data acquisition
Ultrasound examinations of the left CCA were performed in duplicate on all patients, irrespective of side of symptoms, with two different ultrasound scanners. Recordings were
acquired in a longitudinal plane at an anterolateral angle for at least 5 seconds, covering 3-6
complete heart cycles. During all ultrasound examinations, the patients were in supine position with their head slightly tilted towards the opposite side. The standard B-mode ultrasound
examinations were performed with a Philips iU22 scanner (Philips Medical Systems, Bothell,
USA) using a 17-5 MHz linear probe (width 40 mm) using compound imaging and post-processing techniques, i.e., smoothing, at a frame rate of 37 Hz. The image sequence with a pixel
size of 66*66 µm was stored in DICOM format (Digital Imaging and Communications in Medicine). The RF examinations were performed on a Mylab70 scanner (Esaote Europe, Maastricht, The Netherlands) using a 13-4 MHz linear array transducer (width 40 mm), operating
in fast B-mode, i.e., B-mode with a high frame rate of approximately 300 Hz but consequently
a reduced number of recording positions (31 lines, spaced at 0.9 mm, covering 29 mm). The
RF signals were sampled at 50 MHz, enabling a sample distance in depth of approximately 15
µm, and recorded on hard disk for off-line evaluation. A summary of all recording settings is
shown in Table 1.
Table 1
Specifications of recording settings of B-mode and RF recordings.
B-mode recordings (IU22)

RF recordings (Mylab)

Transducer [Mhz]

17-5

13-4

Frame rate [Hz]

37

300

Image width [mm]

40

29

Lines per image [-]

Unspecified (>100)

31

Sample width [μm]

66

900

Sample depth [μm]

66

15

ECG [-]

No

Yes

Recording time [s]

>5

>5

3
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Vessel wall tracking
The distension of the artery was extracted with either edge tracking for the B-mode recordings or phase tracking for the RF recordings (Figure 1). Both tracking methods require
initialization to determine the initial positions of the media-adventitia transition. After the
explanation of wall tracking initialization, both tracking methods will be explained in detail.

Wall tracking initialization
For the initialization for B-mode edge tracking, the video movie (pixel size 66 by 66 μm) was
reviewed to select a video-sequence without recording artifacts. A region of interest (ROI)
was selected with at least 2.4 mm of tissue above and below the CCA and a width of 29
mm. On the first frame, 4 media-adventitia transitions were manually identified on the anterior (left, right) and posterior (left, right) walls (Figure 2). Linear extrapolation yielded a first
guess for the media-adventitia transition of both the anterior and posterior wall. To reduce
speckle artifacts (Welch 1967) a local spatial average over multiple echo lines was considered
for actual edge detection rather than individual lines. For that purpose, the ROI was divided
into approximately 25 segments with an 80% overlap and with a width of 4.5 mm, which is
on the order of three times the lateral resolution of the ultrasound systems used. To improve
precision of edge detection, the image was interpolated in depth with a factor 4, resulting
eventually in a sample distance of 16.5 μm. The media-adventitia transitions of the anterior
and posterior walls were automatically determined for each segment using a 1.6 mm search
window symmetrically around the initial media-adventitia transition. A threshold of 65% of
the trailing maximal grey value was used within the search window, likely the echo of the local
adventitia wall. Subsequently, the detected media-adventitia transitions across the image were
presented on screen, allowing manual adjustment if needed (Figure 3, left).

Figure 1
Flow chart for edge tracking (left) and phase tracking (right).
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For phase tracking initialization, the RF signal was transformed into a complex signal using the
Hilbert transformation. Its envelope, the absolute value of the complex signal, is used to obtain gray scale images of the RF recordings. A sequence of gray scale images without recording
artifacts was selected for further analysis. A ROI was selected (width 29 mm) and the initial
wall positions across the image were identified and manually adjusted if needed, similarly as
for edge tracking (Figure 3, right).

Figure 2
Media-adventitia transition markers on the anterior and posterior walls for wall initialization.

3
Figure 3
Example of wall initialization of B-mode recording (left) and RF recording (right) of CCA. Blue line and yellow dots
indicate initial wall positions of the media-adventitia transition. The B-mode image has a high line density and
is generated and post-processed by advanced image processing algorithms. Envelope of the RF signal provides
a coarse gray scale image with a large interline distance (0.9 mm) where individual lines are clearly discernibly.
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B-mode edge tracking
Edge wall tracking of the B-mode recordings was done with dedicated software developed
by Maastricht University Medical Centre (MUMC, Maastricht, The Netherlands) based on
previously published algorithms (Rossi et al. 2009). To track the media-adventitia transitions,
for each segment a window was symmetrically placed around the media-adventitia transition
of that particular segment as obtained in the previous frame. As a result, the total image region for wall initialization was reshaped into a rectangular form (Figure 4 left), with the wall
transitions, as produced by the edge detection algorithm (Figure 4 right), distributed along a
straight line. Incidental large deviations from the lumen center line were limited to the mean
± standard deviation of the observed deviations. The observed deviations were added to the
input position, generating an updated wall edge distribution. In a final step the wall positions
were smoothed across the image with a 2nd order Savitsky-Golay filter with a 7 mm window.
The detection process was independently executed for the anterior and posterior wall and
repeated for the subsequent frames. The local difference between anterior and posterior
media-adventitia transition provides an estimate for the instantaneous local lumen diameter
within each segment.
After wall tracking, the distension waveforms of the edge segments were discarded to
suppress possible errors from spatial filtering. The remaining distension waveforms were
smoothed over time with a 2nd order Savitsky-Golay low pass filter, using a filter span of 0.2 s,
which corresponds effectively to a 10 Hz cut-off frequency. The mean distension waveform
over all segments was calculated to identify end-diastolic frames.

RF-based phase tracking
After wall initialization, the complex cross-correlation model (Brands et al. 1997), applied to a
sliding window starting at the identified media-adventitia transitions, was used to track the wall
motion over the cardiac heart cycle. The sliding correlation window had a size of 0.4 mm * 4.5
mm * 10 ms, corresponding to 26 sample points in depth, 5 lateral positions and 3 time points.
The local difference between anterior and posterior media-adventitia displacement waveforms provides an estimate for the instantaneous local diameter. All distension waveforms
were smoothed over time with a 2nd order low pass Butterworth filter (cut-off frequency
40 Hz). Phase tracking, using the complex cross-correlation model (Brands et al. 1997), may
exhibit a slight velocity dependent drift over the cardiac cycle, necessitating wall initialization
at each end-diastolic frame. For that purpose one may use a simultaneously recorded ECG as
time reference. In the current study we used the end-diastolic frames extracted similarly as for
edge tracking from the mean distension waveform, to prevent discrepancy between methods.
At those end-diastolic frames, the initial wall positions were adjusted interactively (see wall
initialization) when necessary and distension waveforms were corrected accordingly.
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Statistical analyses
After wall tracking, the distension was extracted from each distension waveform by taking
its peak-to-peak difference, i.e., the difference between systolic and diastolic diameter. The
end-diastolic diameter and distension for a recording were defined as the median over all image segments and subsequently all available heart beats. To calculate the intra-subject precision,
the difference between both individual recordings and their average is considered, the average
being the gold standard. Intra-subject precision is then calculated as the standard deviation
(SD) of differences over all recordings and all patients and evaluated with an F-test. The temporal beat-to-beat variation is defined as the standard deviation over all available heart beats.
For both edge and phase tracking, the average diameter and distension over two repeated recordings of a subject were calculated and subjected to a paired t-test. Coefficient of variation
is defined as intra-subject precision (standard deviation) divided by the mean.
Intra-subject inhomogeneity, i.e., spatial variation, of end-diastolic diameter and of distension
were calculated as the standard deviation over the segments, averaged over heart beats and
evaluated with a paired t-test. The average distension and its intra-subject inhomogeneity
were also evaluated by Bland-Altman plots, illustrating the differences between edge and phase tracking with respect to each other. Values are quantified as mean ± standard deviation
(SD) and the significance level is set at p<0.05.

3
Figure 4
Example of detected media-adventitia transitions of the posterior wall for all segments. The selected image
region, reshaped into a rectangular form, is displayed in the left panel. The identified media-adventitia transitions,
indicated by black dots, are distributed along a straight line. A-mode signals of the posterior artery wall for all
segments are shown in the right panel, with the dots marking the detected media-adventitia within the search
region (thick bottom line).
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Results
Of the 30 patients included in the study, three patients were excluded from image analysis due
to either substantial out of plane motion, poor image quality or missing data. Therefore, 27
patients (mean age 68±10 yrs.) were used for final analysis. 13 patients had a stroke and 14
had a TIA. Further clinical characteristics are listed in Table 2.
Table 2
Patient characteristics of symptomatic carotid artery patients. Data are presented as mean ± standard deviation.
N

27

Age [years]

68±10

Male/female [-]

17/10

BMI [kg/m ]

26±4

Diastolic blood pressure [mmHg]

85±10

Systolic blood pressure [mmHg]

156±17

Heart rate [beats/min]

65±19

Stroke / TIA [-]

13/14

Side of symptoms [left/right]

13/14

Range of bulb stenosis [%]

30-69

2

Diastolic diameter
The intra-subject precision of end-diastolic diameter, defined as the standard deviation over
all recordings and all patients, is significantly lower (i.e., better) for edge tracking than for phase tracking (SD=120 μm and SD=170 μm, respectively, F-test: p-value=0.01), shown in Table
3. Also, the temporal beat-to-beat variation is significantly smaller for edge tracking (difference
-76±55 μm, paired t-test: p-value<0.001). The B-mode edge tracking yields significantly smaller end-diastolic diameters than the RF-based phase tracking (difference -269±339 μm, paired
t-test: p-value<0.001). Despite the differences in intra-subject precision and mean end-diastolic diameter, both tracking methods exhibit a similar, very low, coefficient of variation for the
end-diastolic diameter (CV≈2%).
End-diastolic diameter inhomogeneity, defined as the standard deviation of end-diastolic diameter over the segments, is also shown in Table 3. Intra-subject precision of diameter inhomogeneity is similar for both tracking methods (SD=56 μm and SD=57 μm, respectively,
F-test: p-value=0.84). However, temporal beat-to-beat variation is smaller for edge tracking
(difference -29±24 μm, paired t-test: p-value<0.001), similarly as the beat-to-beat variation of
end-diastolic diameter. The average end-diastolic diameter inhomogeneity over all patients is
similar for both tracking methods (difference -8±184 μm, paired t-test: p-value=0.83).

Distension
An example of distension waveforms over two heart beats of the same patient obtained with
edge and phase tracking is shown in Figure 5. The raw distension waveforms obtained with
edge tracking exhibit speckle noise (Figure 5 left), which is removed by the low pass filter
(Figure 5, middle). The distension waveforms obtained with phase tracking (Figure 5, right),
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lowpass filtered with a cut-off frequency of 40 Hz, retain more temporal detail than those
obtained with edge tracking. The tracking waveforms obtained with edge tracking seem to be
more dispersed than those obtained with phase tracking.
Despite the differences in distension waveforms, phase tracking as well as edge tracking exhibit similar intra-subject precision (SD=44 μm and SD=47 μm, F-test: p-value=0.66) and coefficient of variation (CV=12%) for distension, as shown in Table 4. However, temporal beatto-beat variation is significantly larger for edge tracking (difference 10±19 μm, paired t-test:
p-value=0.014).
Table 3
End-diastolic diameter and its inhomogeneity of the CCA determined by edge and phase tracking. Values are
presented as mean ± standard deviation. Intra-subject precision is defined as standard deviation of differences
over all recordings and all patients. Temporal beat-to-beat variation is defined as the standard deviation over the
heart beats.
End-diastolic
diameter

(N=27)

Edge tracking

Phase tracking

P-value

Intra-subject precision [μm]

120

170

0.01

Beat-to-beat variation [μm]

46±22

121±52

<0.001

Diameter [μm]

7909±614

8178±684

<0.001

CV [%]

1.5

2.1

56

57

0.84

24±14

53±25

<0.001

269±182

277±103

0.83

End-diastolic
Intra-subject precision [μm]
diameter inhoBeat-to-beat variation [μm]
mogeneity
Inhomogeneity [μm]
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Figure 5
Example of distension waveforms over two heart beats of unfiltered edge tracking (left), filtered edge tracking
(middle) and phase tracking (right) of the same patient. Edge tracking distension waveforms exhibit more noise;
phase tracking distension waveforms retain more temporal detail.

Figure 6
Boxplot of median distension obtained with edge- and phase tracking. Whiskers represent the minimum and
maximum distension. Mean distension obtained with B-mode edge tracking and with RF phase tracking is similar.
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For both methods, the distribution of the median distension, averaged over image segments
and heart beats, is shown in Figure 6. Despite the differences in distension waveforms, edge
and phase tracking have a similar average distension (difference is -6±69 μm, paired t-test:
p-value=0.67). The Bland-Altman plot (Figure 7) shows good concordance between edge
tracking and phase tracking distension.
The spatial distension inhomogeneity, defined as the standard deviation of distension over the
segments, is shown in Table 4. Intra-subject precision of distension inhomogeneity is similar
for edge and phase tracking (SD=19 and SD=17 μm, respectively, F-test: p-value=0.46). Despite similar intra-subject precision, the average distension inhomogeneity (Figure 8) tends to
be larger for edge tracking (inter-method difference 15±35 μm, p-value=0.042) and at higher
mean inhomogeneity (SD=25 μm upper 50% and SD=10 μm lower 50%), implying relative
rather than absolute errors. A similar trend is seen for intra-subject precision of distension
inhomogeneity for both methods (edge tracking: SD=25 μm upper 50% and phase tracking:
SD=22 μm upper 50%). The temporal beat-to-beat variation of distension inhomogeneity
is significantly larger for edge tracking (difference is 8±10 μm, paired t-test: p-value<0.001),
similarly as for the beat-to-beat variation of distension.
Table 4
Distension and its inhomogeneity of the CCA determined by edge and phase tracking. Values are presented
as mean ± standard deviation. Intra-subject precision is defined as standard deviation of differences over all
recordings and all patients. Temporal beat-to-beat variation is defined as the standard deviation over the heart
beats.

End-diastolic
diameter

(N=27)

Edge tracking

Phase tracking

P-value

Intra-subject precision
[μm]

44

47

0.66

Beat-to-beat variation
[μm]

37±16

27±18

0.01

Diameter [μm]

377±122

383±128

0.67

CV [%]

12

12

19

17

0.46

21±12

13±8

<0.001

78±33

64±28

0.04

End-diastolic
Intra-subject precision
diameter inho- [μm]
mogeneity
Beat-to-beat variation
[μm]
Inhomogeneity [μm]
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Figure 7
Bland-Altman plot of edge- and phase tracking distension shows good concordance (difference is -6±69 μm).

Figure 8
Bland-Altman plot of distension inhomogeneity obtained with edge- and phase tracking shows a minor bias (bias
15±35 μm). The increasing spread at higher values originates from variations in positioning and orientation of
the scan plane.
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Discussion
We evaluated the performance of two ultrasonography methods, namely edge tracking using
standard B-mode data and phase tracking using high frame rate B-mode and dedicated hardware. Both methods extracted end-diastolic diameter, distension and their spatial inhomogeneity in an elderly population with carotid artery disease who recently suffered from cerebrovascular symptoms. Despite differences in distension waveforms, the intra-subject precision
of distension (SD=44 μm and SD=47 μm) as well as the mean artery distension are similar
(accuracy: difference -6±69 μm). Although distension inhomogeneity tends to be larger for
edge tracking (difference 15±35 μm), the intra-subject precision is similar (SD=19 μm and
SD=17 μm). Therefore, in clinical practice scanners operating in B-mode provide a good
alternative to measure local artery characteristics.
The distension obtained with RF phase tracking has been compared to B-mode tracking previously, using either first absolute central moment (Bianchini et al. 2010) or grey-level gradient
analysis (Stadler et al. 1997). In both studies, the distension reproducibility of RF phase tracking and B-mode tracking were similar. However, Bianchini et al. found similar mean distension
whereas Stadler et al. found significantly lower distension with RF tracking than with B-mode
tracking (447 and 509 µm; respectively). Both studies did not consider spatial distension inhomogeneity and in both studies a mixed group of subjects, i.e., healthy subjects and patients
with different pathologies, were enrolled.
In the current study elderly symptomatic carotid artery patients are considered. Compared to
younger individuals, elderly often have curved arteries that generally exhibit high spatial inhomogeneity, i.e., more irregularities in the vessel wall. In addition, arteries of elderly frequently exhibit motion artifacts. Due to high spatial inhomogeneity and artery motility in elderly,
reproducibility or intra-subject precision might be poorer than in young healthy individuals.
However, it is important to focus on an elderly population with a recent TIA or stroke since
these individuals will typically require a workup of their vascular status. If ultrasound systems
are capable of evaluating the aforementioned vascular parameters properly in this technically
most challenging patient group, it is likely that they will also work properly in younger patients
or those without overt atherosclerotic disease. To make our tracking robust for challenging
patients, we preferred to use a semi-automatic tracking method with wall initialization, above
a fully automatic method or semi-automatic method with manual correction afterwards.
For both systems and repeated acquisitions, focus, emission frequency and bandwidth were
kept constant, hence the ultrasound depth resolution and lateral resolution were also similar
(estimated value 300 µm and 1.3 mm, respectively, for both systems). To prevent discrepancies between methods, processing steps were similar, i.e., wall initialization, ROI width,
segment length and segment overlap. In literature, diastolic-time points for phase tracking
are usually referenced to the R-wave in the ECG signal, recorded simultaneously with the
ultrasound registration. In contrast, we choose to use the mean distension waveform obtained with edge tracking to identify the diastolic time-points for both methods. This approach
circumvents simultaneous ECG-registration, simplifying the acquisition protocol.
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One of the major differences between edge and phase tracking is the end-diastolic reset
of phase tracking. Phase tracking considers multiple frames to calculate the phase shift and,
hence, wall displacement, whereas edge tracking determines the position of the wall edge
for each frame separately. Therefore, during phase tracking drift may occur due to a velocity
dependent bias in the estimation algorithm (Brands et al. 1997), necessitating wall initialization
at every end-diastolic frame. Because of intermittent manual repositioning, phase tracking
will be more labor-intensive and probably more observer dependent than edge tracking, especially for end-diastolic diameter. Another major difference is the tracking window used to
identify the movement of the media-adventitia transition. Phase tracking uses the average
displacement from the tracking window (size=0.4 mm * 4.5 mm * 10 ms) whereas edge tracking considers a single point within a search window, i.e., where the amplitude threshold value
is crossed. Diameter and distension obtained with edge tracking are therefore dependent
on a single threshold value. Due to speckle pattern perturbations, the echo amplitude may
fluctuate substantially between segments (see, e.g., Figure 4) but also over time, which may
result in noisier signals. To avoid aliasing, phase tracking requires a substantially higher frame
update rate (~300 fps) than edge tracking. The latter method will function properly at lower
frame rates because the algorithm requires that the echo edge remains within a relatively wide
search window of 1.6 mm.
A high frame rate is preferred to properly capture the frequency content of distension waveforms. In the present study, the ultrasound system supported in B-mode a frame rate of
37 fps, which, in combination with the lowpass filtering, explains the difference in temporal
details in Figure 5. Processing video sequences with lower frame rates (25/30 Hz) will further
degrade temporal detail. Therefore, waveform details, e.g., the dicrotic notch, may be masked
at lower frame-rates with B-mode edge tracking compared to RF phase tracking. Since reliable
identification of time points, other than diastolic or systolic diameter, might be difficult for
edge tracking, it is recommended to use RF phase tracking when more advanced waveform
analysis is needed, i.e., wave intensity analysis, augmentation index etc.
Mean end-diastolic diameter of edge tracking (7.9 mm) is significant lower than of phase tracking (8.2 mm). The smoothing and compression techniques applied to the video images will
broaden the adventitia complex and, hence, reduce the diastolic diameter. We examined the
compression of the B-mode images with a special algorithm and it appeared that no or very
little compression was applied (results not shown here). Phase tracking depends on manually
adjusted wall positions at each heartbeat introducing manual errors. This may explain the
larger intra-subject precision (170 µm, Table 3) and temporal beat-to-beat variation (121±52
µm) in end-diastolic diameter for phase tracking compared to edge tracking.
Phase tracking results in a higher end-diastolic diameter and a slightly higher intra-subject precision and temporal beat-to-beat variation than previously reported by others (7.6 mm and
7.8 mm, precision: 150 µm and beat-to-beat variation: 110 µm) (Meinders et al. 2003; Graf
et al. 2010; Rossi et al. 2010). The coefficient of variation (2.1%) is similar as determined with
cross-correlation (2.6%) (Yli-Ollila et al. 2013). In contrast to a higher end-diastolic diameter,
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the average distension of our population (phase tracking 383±128 µm) is lower than values
found in literature (450±120 µm) (Graf et al. 2010) and substantially lower than for a healthy
young population. The average distension was 802 µm in a healthy young population with a
mean age of 25 years (Kornet et al. 2002) and 500 µm for a healthy male population with a
mean age of 37 years (Meinders et al. 2003). This clearly indicates that arteries stiffen with
ageing. The observed differences in distension and diameter are probably due to the fact that
our population was relatively old and had symptomatic carotid artery disease.
The observed intra-subject precision of distension (44 and 47 µm) is similar to the subgroups
of Graf et. al. (Graf et al. 2010) with plaques in the ipsilateral or contralateral common or
internal carotid artery. Similar intra-subject precision is expected since all stroke patients in
our study have at least a plaque in one or both carotid bifurcations. It should be noted that we
calculated the intra-subject precision with the average as reference (see section on statistical
analysis) while Graf et. al. used one measurement as reference, yielding a value which is two
times higher than in our approach. The coefficient of variation (12%) is similar as determined
with B-mode cross-correlation (11%) (Yli-Ollila et al. 2013), but substantially higher than determined with RF phase tracking (6%) (Bianchini et al. 2010). However, both studies considered young healthy subjects.
Intra-subject beat-to-beat variation of distension is significantly larger for edge tracking (37±16
µm) compared to phase tracking (27±18 µm), which is probably caused by noise in the edge
tracking signals. Beat-to-beat variation is mainly determined by physiological variations in pulse
pressure (10% variation), which will not differ for both video and RF recordings. Beat-to-beat
variation of distension obtained with phase tracking is similar as observed by Meinders et. al.
(males 40 µm and females 30 µm) (Meinders et al. 2003).
The spatial distension inhomogeneity (Figure 8) tends to be larger for edge tracking (78±33
µm) than for phase tracking (64±28 µm). One of the reasons could be an echogenic intima-media complex where a threshold of 65% might cause an intermittent detection of the lumen-intima rather than the media-adventitia transition. Therefore, the edge tracking algorithm
might be improved by incorporating an extra check that prevents switching. The differences
between edge and phase tracking inhomogeneity are larger for higher mean inhomogeneity,
implying relative rather than absolute errors. The concordance between inter-method and
intra-subject precision corroborates the notion that the inhomogeneity highly depends on
the incidental location of a wall irregularity. Apparently distention inhomogeneity, probably
caused by wall irregularities, is more susceptible for location and scan plane variations.
The spatial inhomogeneity of our elderly stroke population (64±28 µm for phase tracking)
is higher than values reported for an elderly healthy population (50 µm male; 40 µm female)
(Meinders et al. 2003). Moreover, the difference between spatial inhomogeneity in our study
and observed by Meinders et.al. suggests that inhomogeneity is correlated with the presence of carotid atherosclerotic disease. This corroborates the findings of Graf et al., where
distension inhomogeneity of the CCA is associated with focal atherosclerotic lesions within
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the carotid bulb. Despite the limitation of a single threshold for edge tracking algorithm, the
intra-subject precision of inhomogeneity is similar to that of the phase tracking algorithm.
Moreover, both methods have an intra-subject precision and beat-to-beat variation of average
diameter, distension and its inhomogeneity that is substantial smaller than the inter-subject
variation, which is essential to discriminate patients.
The observed difference in distension between edge and phase tracking is smaller than its
intra-subject precision. A better estimate can be obtained by increasing the number N of repeated measurements, resulting in a reduction of the inter-registration variation by a factor of
square-root of N. However, even for five repeated measurements, the observed difference
between methods (distension difference 6 µm, Table 4) remains smaller than the inter-registration variation (about 20 µm) and is, therefore, insignificant. A larger number of repeated
measurements is unrealistic for clinical studies considering time issues.
A great advantage of using a standard B-mode scanner is the superior image quality due to
the utilization of advanced image processing techniques, e.g., spatial compounding, edge enhancement and smoothing. These techniques facilitate acquisition of high quality images and
may thereby reduce the operator dependency. In addition, the high image quality may facilitate
easier identification of the media-adventitia transition for wall initialization, which positively
influences end-diastolic diameter determination. Moreover, a wider exploration width of 40
mm has the advantage of easier identification of recording location and also improves detection of the spatial inhomogeneity. Furthermore, standard B-mode scanners are widely available
in contrast to RF scanners which are limited to a small number of specialized hospitals.
Limitations of our study include the absence of a fixed recording site as well as a fixed angle
of observation, causing differences in parameters between the RF and B-mode recordings.
Some patients exhibited indeed large differences in diameter, distension and spatial distension
inhomogeneity between the duplicate recordings. However, slightly different recordings sites
resemble the real situation in clinical practice. Another limitation of this study is the use of a
single B-mode scanner. It is not known whether other scanners provide the same results since
recording settings, i.e., compound imaging, and post-processing techniques, i.e., compression
and smoothing techniques, can be different. It is known that compression may substantially
alter the end-diastolic diameter in the CCA (Rossi et al. 2009). Since distension of both methods was similar, video processing techniques used in our study did not alter the distension
whereas it seems to have altered the end-diastolic diameter. During recording, compound
imaging was used, a technique where three frames recorded under slightly different angles are
averaged. The main advantage of compounding is reduction of speckle and clutter artefacts
which improves image quality, especially for arteries which are not parallel to the ultrasound
probe, e.g., curved vessel walls (Entrekin et al. 2001). Since the specific effect of compression
and compound imaging is not considered in our study, its effect on distension remains open
for future investigation.
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Because a similar distension and a 3% smaller end-diastolic diameter were found for edge
tracking (Table 3), the relative distension will be on average 3% higher. This is substantially
smaller than the observed intra-subject coefficient of variation (12%, Table 4). Hence, B-mode
scanners can be used to extract relative distension.
In conclusion, scanners operating in standard B-mode are suitable to measure local morphological and physiological artery characteristics with good precision and accuracy in symptomatic
carotid artery patients. However, waveform details may be masked at lower frame-rates,
impeding the use of B-mode for more advanced waveform analysis.
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Abstract
Purpose
Inhomogeneity of arterial wall thickness may be indicative for distal plaques. This study investigates the intra-subject association between relative spatial intima-media thickness (IMT)
inhomogeneity of the common carotid artery (CCA) and degree of stenosis of plaques in the
internal carotid artery (ICA).

Materials and Methods
We included 240 patients with a recent ischemic stroke or transient ischemic attack and a
mild-to-moderate stenosis in the ipsilateral ICA. IMT inhomogeneity was extracted from
B-mode ultrasound recordings. The degree of ICA stenosis was assessed on CT angiography
according to the European Carotid Surgery Trial method. Patients were divided into groups
with a low (≤2%) and a high (>2%) IMT inhomogeneity scaled with respect to the local end-diastolic diameter.

Results
182 patients had both suitable CT and ultrasound registrations. Relative CCA-IMT inhomogeneity was similar for the symptomatic and asymptomatic side (difference: 0.02%, p=0.85).
High relative IMT inhomogeneity was associated with a larger IMT (difference: 235µm,
p<0.001) and larger degree of ICA stenosis (difference: 5%, p=0.023) which remained significant (p=0.016) after adjustment for common risk factors.

Conclusion
High relative CCA-IMT inhomogeneity is, independently of common risk factors, associated
with a larger degree of ICA stenosis and, hence, indicative for atherosclerotic disease. The
predictive value of CCA-IMT inhomogeneity for plaque progression and recurrence of cerebrovascular symptoms will be determined in the follow-up phase of PARISK.
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Introduction
Atherosclerosis involves changes in structural and mechanical properties of an artery, specifically of the intima. Increased mean and maximal intima-media thickness (IMT) of the common
carotid artery (CCA) are associated with the presence of an atherosclerotic plaque in the
internal carotid artery (ICA) (Persson et al. 1994; Bonithon-Kopp et al. 1996; Rundek et al.
2015). In addition, after adjustment for cardiovascular risk factors such as age, smoking and
diabetes mellitus, enlarged maximal CCA-IMT is associated with increased risk on myocardial
infarction and stroke in a large population without stroke at enrollment (O’Leary et al. 1999;
Silvestrini et al. 2010). In a stroke population, enlarged mean and maximal IMT is a predictor
of recurrent stroke (Tsivgoulis et al. 2006; Roquer et al. 2011). In addition, in stroke patients
mean CCA-IMT may also be used to discriminate brain or lacunar infarction from intracerebral
hemorrhage (Vemmos et al. 2004; Tsivgoulis et al. 2005). Although mean IMT is a significant
predictor of prevalent cardiovascular disease on a population base (Polak et al. 2010), including mean IMT does not improve the traditional cardiovascular risk prediction models on an
individual base (Lorenz et al. 2010; den Ruijter et al. 2013; van den Oord et al. 2013; Bots et al.
2014). Although IMT progression is more pronounced in patients with cardiovascular events
(Uthoff et al. 2008), drug therapies inducing regression or slower progression of IMT do not
improve clinical outcome, i.e., reduction in cardiovascular events (Costanzo et al. 2010).
As an alternative, one may consider the CCA-IMT irregularity. It increases with age and is
significantly larger in patients with coronary artery disease (CAD) compared to patients
without CAD (Schmidt-Trucksass et al. 2003). Similarly, dialysis patients with cardiovascular
disease (CVD) exhibit larger IMT irregularity than dialysis patients without CVD (Hermans
et al. 2007). Furthermore, abnormal IMT irregularity is more often observed in subjects who
recently had a stroke or transient ischemic attack (TIA) than in asymptomatic subjects (Saba
et al. 2012).
The association between IMT and cardiovascular disease is only present in studies involving
large patient groups. Moreover, IMT exhibits a wide distribution across gender, age and within
the same age category (Engelen et al. 2013). IMT can therefore not be used to predict the risk
of (future) cardiovascular events for an individual patient. As an alternative, the intra-subject
spatial IMT inhomogeneity, defined as the wall thickness irregularity along the vessel within
a B-mode ultrasound image, might be a promising tool. In a mixed population of cerebroand cardiovascular diseased patients, wall irregularity as deduced from duplicate B-mode recordings is associated with nearby atherosclerosis (Graf et al. 2009). Alternatively, one may
consider within a single ultrasound measurement the spatial IMT inhomogeneity (Meinders et
al. 2001), either in absolute terms or relative to the artery diameter. An irregular vessel wall,
i.e., high inhomogeneity, may affect the wall stress distribution and local hemodynamics. IMT
inhomogeneity might provide, therefore, additional information on top of IMT as extracted
from the same recording.
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The aim of the present study is to investigate whether spatial CCA-IMT inhomogeneity is
related to plaque burden of the carotid bifurcation or ICA in patients with recent ischemic
stroke or TIA. More specifically, we will 1) compare the relative CCA-IMT inhomogeneity
between ipsilateral and contralateral arteries and 2) investigate the association between relative CCA-IMT inhomogeneity and degree of ICA stenosis. This study pertains to the baseline
measurements of a 2-year follow-up study which will relate wall inhomogeneity and future/
recurrent cerebrovascular events.

Methods
Study subjects
A total of 240 patients with a recent ischemic stroke, TIA or amaurosis fugax were recruited
for the Plaque At RISK (PARISK) study (clinical trials.gov NCT01208025) (Truijman et al.
2014). This is an ongoing, prospective multicenter (MUMC, EMC, UMCU, AMC) observational cohort study which investigates (a combination of ) non-invasive imaging techniques to improve identification of patients at increased risk of recurrent stroke during a 2-year follow-up.
Patients who had an ipsilateral mild-to-moderate carotid artery stenosis were included within
three months after the clinical event. Details of the study protocol, including cardiovascular
risk factors considered, have been previously described (Truijman et al. 2014). The study was
approved by the Medical Ethics Committees of all four participating centers. All patients gave
written informed consent.

Data acquisition
Ultrasound examinations of the CCA were performed bilaterally on 233 patients with a Philips iU22 scanner (Philips Medical Systems, Bothell, USA) operating in B-mode at a frame rate
of approximately 40 Hz using a 17-5 MHz, 12-5 MHz or 9-3 MHz probe, depending on the
depth of the CCA. Two-dimensional recordings were acquired in duplicate from anterolateral and posterolateral angles (i.e. four CCA recordings per patient) for about five seconds,
covering on average 5 heartbeats. In addition, blood pressure was measured from the brachial
artery using a semi-automatic oscillometric device (Omron 705IT, OMRON Healthcare Europe B.V., Hoofddorp, Netherlands). Due to CT contra-indications only 201 patients had a
multidetector CT angiogram (MDCTA) for further analysis of the degree of stenosis in the
carotid bifurcation or ICA. Maximum degree of stenosis perpendicular to the central lumen
line was manually scored according to the European Carotid Surgery Trial (ECST) criteria (European Carotid Surgery Trialists’ Collaborative 1998) by a trained observer using a Siemens
workstation with dedicated 3D analysis software.

Edge tracking
To extract wall thickness and diameter statistics, edge detection and tracking of B-mode images of the CCA (image width 4 cm), was performed by a trained observer blinded to the
MDCTA results using dedicated software developed by Maastricht University Medical Centre
(MUMC, Maastricht, The Netherlands) (Steinbuch et al. 2016). A clear section of the artery
of the B-mode image was selected and divided into approximately 15 half-overlapping seg-
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ments (width 3.7 mm, 7-23 segments depending on section length). Media-adventitia edge
detection was performed within a short window of 1.6 mm in depth following the same
procedure as previously described (Steinbuch et al. 2016). Edge threshold was set at 65% of
the maximal grey value of the local adventitia at the anterior and posterior. To prevent erratic
switching towards the lumen-intima transition in case of an echogenic intima boundary, wall
detection was repeated with a threshold of 83%. If a large difference (>0.23 mm) between
the threshold positions of 65% and 83% was observed, the edge position for the highest threshold (adventitia transition) was used. The local difference between anterior and posterior
media-adventitia transition provides an estimate for the instantaneous adventitia- adventitia
local diameter. The above procedure was repeated for all subsequent frames. The resulting
distribution of diameter waveforms was smoothed over time with a 2nd order Savitsky-Golay
filter (filter span 0.2 s). The end-diastolic frames were identified from the mean diameter waveform after spatial averaging of the waveform distribution.At those end-diastolic phases, the
lumen-intima transition across the artery section was identified. Starting from the observed
media-adventitia position (Figure 1), the first local minimum of the first derivative was found
for each segment within a 0.68 mm depth window. Starting from this minimum position, the
local maxima of the first derivative were found using a sliding window with a width of 0.45
mm, which is approximately 2 times the depth resolution. A local maximum is identified if the
same peak is observed twice within consecutive window positions (spaced at one depth resolution). The last maximum found is considered the lumen-intima transition provided its value is
not lower than 60% of the first maximum after the minimum. The distribution of the lumen-intima transitions along the artery section was corrected interactively if necessary (Figure 1).

4

Figure 1
Example of edge detection of the lumen-intima transition for one segment (left) and of a CCA with irregular IMT
(right). In the left image, the blue line indicates the echo signal for the posterior wall and the green line indicates
its first derivative, scaled by a factor 5 for visibility. Starting from the media-adventitia edge position (black dot),
the first minimum of the derivative is found which is followed by an iterative search for a local maximum. In the
right image, the yellow line indicates the media-adventitia transition and the green line indicates the lumen-intima
transition, which can be manually modified if necessary.
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Statistical processing
The IMT was defined as the end-diastolic difference between the lumen-intima and media-adventitia transitions at the posterior wall. The median of end-diastolic diameter, distension
(i.e. diameter change over the cardiac cycle), and IMT over all segments were calculated. To
correct for diameter related variations (Liang et al. 2001; Nichols et al. 2011), IMT was scaled
relative to the local end-diastolic adventitia-adventitia diameter. The spatial standard deviation
of the distension and relative IMT over all segments is considered as a measure for distension
inhomogeneity and relative IMT inhomogeneity (intra-recording variation), e.g., a zero IMT
inhomogeneity implies that the IMT has everywhere the same value. Intra-subject precision of
all parameters was calculated by the standard deviation of differences, i.e., between duplicate
recordings and their average, over all recordings and patients. All other parameters were averaged over all available beats and recordings. Degree of stenosis was averaged over the left and
right ICA for each patient to obtain a global measure of atherosclerosis.
A paired t-test was used to compare the relative IMT inhomogeneity between ipsilateral and
contralateral arteries, before data was averaged over both common carotid arteries (CCAs)
for each patient. The intra-subject precision and inter-subject values of wall characteristics of
the four centers were compared with an F-test and ANOVA. Small random variations in IMT
are expected due to the limitations imposed by the depth resolution of the ultrasound system
used (300 µm), which converts to a maximum variation in IMT of 150 µm, i.e., a relative IMT
inhomogeneity of 2% for an 8 mm end-diastolic diameter. A Student t-test was used to assess
the difference in CCA wall characteristics and degree of ICA stenosis between patients with
low and high relative IMT inhomogeneity, using the noise cut-off level of 2%. Additionally,
Pearson correlation and stepwise linear regression were used to further investigate the association between relative IMT inhomogeneity and degree of ICA stenosis. To adjust for the effect
of traditional risk factors, i.e., age, BMI, smoking, diabetes mellitus and hypertension on the
association, those risk factors were included as confounders in the linear regression model.
Values are quantified as mean ± standard variation (SD). Significance level was set at p<0.05.
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Results
In total, 194 patients received both MDCTA and US examination of both carotid arteries.
7 US examinations and 2 MDCTA registrations were unsuitable for further analyses due to
technical recording failure (N=5) or quality (N=4). In addition, degree of ICA stenosis could
not be determined in 3 patients due to an occluded ICA or stent on the contralateral side.
So, 182 patients (mean age 68±9 years) were available for a complete data analysis. Patient
baseline characteristics are shown in Table 1. Because the relative IMT inhomogeneity of the
ipsilateral CCA was similar of that of the contralateral CCA (difference 0.02%, paired t-test:
p-value=0.85), data were averaged over both CCAs of each patient.

Wall characteristics across participating centers
Intra-subject precision of all wall characteristics (Table 2), except IMT, was larger for one center (EMC, F-test, p-value<=0.03 compared to MUMC). Inter-subject values (Table 2) were
not significantly different across the four centers (ANOVA: p-value=>0.1, respectively), allowing pooling of data.
Table 1
Patient characteristics. Data are presented as mean ± standard deviation.
N [-]

182

Age [years]

68±9

Male [%]

73

BMI [kg/m ]

27±4

Diastolic blood pressure (during US) [mmHg]

79±10

Systolic blood pressure (during US) [mmHg]

140±19

Classification event [%]
Stroke
TIA
Amaurosis fugax

46
43
11

2

Current smoking [%]

23

Diabetes mellitus1 [%]

20

Hypercholesterolemia1 [%]

56

Hypertension1 [%]

57

4

¹Definitions of diabetes mellitus, hypercholesterolemia or hypertension as previously described (Truijman et al.
2014)
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IMT inhomogeneity
Figure 2 shows the relative CCA-IMT inhomogeneity as function of the degree of ICA stenosis. Patients with high relative IMT inhomogeneity (>2%) are more often seen with a larger
degree of stenosis, whereas patients with low relative inhomogeneity have a wide range of
plaque sizes.
Table 3 shows the wall characteristics for low and high relative IMT inhomogeneity with a 2%
cut-off. Mean end-diastolic diameter and distension were similar for both groups (difference
54 µm and 12 µm, respectively, Student t-test: p-value>0.6). The 40 patients (28%) with
a high relative IMT inhomogeneity exhibited a higher mean IMT (difference 235 µm, Student t-test: p-value<0.001) and distension inhomogeneity (difference 16 µm, Student t-test:
p-value=0.01) compared to patients with low relative IMT inhomogeneity. Moreover, a high
relative IMT inhomogeneity in the CCA was associated with a larger degree of ICA stenosis (difference 5%, Student t-test: p-value=0.023). Furthermore, relative IMT inhomogeneity
was significantly correlated with the degree of ICA stenosis (Pearson correlation: ρ=0.21,
p=0.004). After adjustment for risk factors, i.e., age, BMI, smoking, diabetes mellitus and
hypertension, only hypertension and relative IMT inhomogeneity remained independently associated with the degree of ICA stenosis (standardized β=0.27, p<0.001 and standardized
β=0.18, p=0.016, respectively).

Figure 2
Relative CCA-IMT inhomogeneity as function of degree of ICA stenosis. Patients with high relative inhomogeneity
(>2%) have a larger degree of stenosis, whereas patients with low relative inhomogeneity have a wide range of
plaque sizes.
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Intra-subject precision

IMT

IMT
Intra-subject precision
inhomogeneity Inhomogeneity

IMT

32

47
137±74

54
136±68

136±59

70

99

97
1002±228 1003±164

99

104±34

1007±202

25
94±37

27
98±36

481±181

86

47
431±154

59
440±153

Intra-subject precision

Distension

260

176
8063±927 7860±876

194
8012±960

Intra-subject precision

45

EMC

Diameter

98

182

N

Distension
Intra-subject precision
inhomogeneity inhomogeneity

Distension

end-diastolic
Diameter

MUMC

All
115

11

AMC

137±75

45

1007±168

106

106±36

23

433±97

39

126±34

57

1070±171

91

83±23

26

369±92

52

8145±1038 7834±1362

154

28

UMCU

Table 2
Wall characteristics for the four centers. Values are presented as mean ± standard deviation. Intra-subject
precision is defined as the standard deviation of differences between all recordings and arteries. IMT, intima-media
thickness; MUMC, Maastricht University Medical Center; EMC, Erasmus Medical Center; UMCU, University
Medical Center Utrecht; AMC, Academic Medical Center

0.96

-

0.77

-

0.12

-

0.11

-

0.51

-

-

P-value
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Table 3
Wall characteristics of the CCA and degree of ICA stenosis determined for patients with low and high relative IMT
inhomogeneity (cut-off 2%).
IMT inhomogeneity /
diastolic diameter

74

P-value

≤2%

>2%

N

142

40

-

Age

67±9

69±8

0.18

Diastolic diameter [µm]

8000±1004

8054±797 0.75

IMT [µm]

956±132

1190±285 <0.001

IMT/diastolic diameter [%]

12±2

15±3

Max. IMT [µm]

1335±329

2028±456 <0.001

Distension [µm]

437±146

449±176

0.66

Distension/diastolic diameter [%]

5.5±1.8

5.6±2.0

0.79

Distension inhomogeneity [µm]

94±34

<0.001

111±38

0.01

Distension inhomogeneity/diastolic diameter [%] 1.2±0.4

1.4±0.5

0.008

Degree of distal stenosis [%]

52±11

0.023

47±13

High spatial IMT inhomogeneity associated with degree of ICA stenosis

Discussion
We evaluated the characteristics of the CCA wall in patients who recently experienced an
ischemic stroke or TIA and had a mild-to-moderate plaque in the carotid artery bifurcation
or ICA. Ipsilateral and contralateral arteries had a similar relative IMT inhomogeneity. A high
(>0.2%) relative CCA-IMT inhomogeneity is associated with a larger mean IMT, higher distension inhomogeneity and a larger degree of ICA stenosis. The association between relative
CCA-IMT inhomogeneity and degree of ICA stenosis remained significant after adjustment
for common risk factors, i.e., age, BMI, smoking, diabetes mellitus and hypertension.
The intra-subject precision of all wall characteristics, except IMT, was larger for one participating center, i.e., the wall characteristics were less precisely determined. Due to a diverging
CCA near the bifurcation and slightly different locations of the CCA scanning plane for duplicate recordings, spatial changes in wall characteristics can be expected. Despite differences
in precision, inter-subject values were not significantly different across centers, so data can
be pooled. Multiple centers are necessary to provide a large sample size to ensure sufficient
power for the follow-up phase. Similar values across centers imply that this method can be
easily implemented in clinical practice.
The degree of stenosis was defined according to ECST criterion, i.e., lumen diameter divided
by vessel diameter at the same location. In clinical practice, the degree of stenosis according to
the North American Symptomatic Carotid Endarterectomy Trial (NASCET) criterion (North
American Symptomatic Carotid Endarterectomy Trial 1991) is commonly used for selecting
patients with severe plaques for carotid endarterectomy. In the latter case the lumen diameter at the site of the plaque is divided by the vessel diameter of the ICA just distally. Since
the degree of stenosis according the NASCET criterion underestimates the actual burden of
atherosclerosis (Staikov et al. 2000), we decided to use the ECST criterion.
The mean IMT of our population (1007±202 µm) is substantially larger compared to the IMT
reference value (677 µm) of a 68 year old healthy male (Engelen et al. 2013). Additionally, it
was also larger than values reported for patients with cardiovascular disease (779±196 µm)
(Schreuder et al. 2009) and with plaques in the bifurcation (760±180 µm) (Graf et al. 2009).
Moreover, the spatial IMT inhomogeneity (136±68 µm) is also substantially higher than values
reported for an elderly healthy population (50 µm male; 40 µm female) (Meinders et al. 2003)
and reported for an elderly patient population (59±49 µm) obtained with duplicate recordings
(Graf et al. 2009). All our patients suffered from a recent cerebrovascular event associated
with atherosclerosis, which explains the higher IMT and its inhomogeneity.
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Since wall thickness is related to end-diastolic diameter (Liang et al. 2001; Nichols et al. 2011),
we looked at relative IMT inhomogeneity. Patients with a mean end-diastolic diameter in the
first quartile (25%, <7287 µm, N=47) indeed had a significantly lower IMT and IMT inhomogeneity (mean difference IMT 193 µm and IMT inhomogeneity 47 µm, Student t-test, p-value<=0.005) than patients with a mean end-diastolic diameter in the fourth quartile (75%,
>8646 µm, N=38). Nonetheless, absolute IMT inhomogeneity showed a similar trend as relative IMT inhomogeneity, i.e., a higher IMT inhomogeneity is associated with a larger degree
of distal stenosis.
In this study, a cut-off of 2% is chosen for relative IMT inhomogeneity to account for the baseline random fluctuations due to US resolution. Low relative IMT inhomogeneity is therefore
considered a normal stochastic variation. Further studies are needed to determine whether
the selected cut-off is the most optimal value.
Patients with a low relative IMT inhomogeneity exhibit a wide range of plaque sizes, as shown
in Figure 2, without a direct relationship between relative IMT inhomogeneity and degree of
ICA stenosis. On the other hand, a high relative inhomogeneity is associated with a larger
degree of ICA stenosis and, hence, indicative for atherosclerotic burden. However, most plaques with a high degree of ICA stenosis do not necessarily have a larger IMT inhomogeneity,
which might be possibly explained by a different plaque composition.
Relative IMT inhomogeneity reflects an irregular vessel wall and will increase for a higher
maximal IMT. Therefore, it remains unclear whether irregularity itself is a valuable parameter
on top of maximal CCA-IMT values , as already noted by Bots (Bots and den Ruijter 2012).
Nonetheless, the observed association between IMT inhomogeneity and degree of stenosis,
which remained significant after adjustment for common risk factors, may indicate the clinical
value of IMT inhomogeneity. Whether this is mainly driven by maximal IMT or irregularity
itself is not important as long as its effect is stronger than the individual values. The follow-up
phase of the PARISK study will consider the value of IMT inhomogeneity independent of
maximal IMT values in relation to recurrent cerebrovascular events.
One of the limitations of the current study is that patients were included after a recent ischemic stroke or TIA, which may be years after the initial development of atherosclerotic plaques. The current cross-sectional study can only demonstrate an association between high
relative IMT inhomogeneity and larger plaque size when plaques have already developed.
Whether IMT inhomogeneity is also present prior to plaque development and whether IMT
inhomogeneity can predict new plaque development is subject for future longitudinal studies.
In conclusion, a high relative CCA-IMT inhomogeneity is associated with a larger degree of
ICA stenosis, independent of common risk factors, and hence indicative for atherosclerotic
burden. In the follow-up of the PARISK study, we will analyse if IMT inhomogeneity can predict plaque progression and/or the occurrence of recurrence of cerebrovascular symptoms.

76

High spatial IMT inhomogeneity associated with degree of ICA stenosis

References
Bonithon-Kopp C, Touboul PJ, Berr C, Leroux C, Mainard F, Courbon D, Ducimetiere P. Relation of
intima-media thickness to atherosclerotic plaques in carotid arteries. The Vascular Aging (EVA) Study.
Arterioscler Thromb Vasc Biol 1996;16:310-316.
Bots ML, den Ruijter HM. Variability in the intima-media thickness measurement as marker for cardiovascular risk? Not quite settled yet. Cardiovasc Diagn Ther 2012;2:3-5.
Bots ML, Groenewegen KA, Anderson TJ, Britton AR, Dekker JM, Engstrom G, Evans GW, de Graaf
J, Grobbee DE, Hedblad B, Hofman A, Holewijn S, Ikeda A, Kavousi M, Kitagawa K, Kitamura A,
Ikram MA, Lonn EM, Lorenz MW, Mathiesen EB, Nijpels G, Okazaki S, O’Leary DH, Polak JF, Price JF,
Robertson C, Rembold CM, Rosvall M, Rundek T, Salonen JT, Sitzer M, Stehouwer CD, Franco OH,
Peters SA, den Ruijter HM. Common carotid intima-media thickness measurements do not improve
cardiovascular risk prediction in individuals with elevated blood pressure: the USE-IMT collaboration.
Hypertension 2014;63:1173-1181.
Costanzo P, Perrone-Filardi P, Vassallo E, Paolillo S, Cesarano P, Brevetti G, Chiariello M. Does carotid
intima-media thickness regression predict reduction of cardiovascular events? A meta-analysis of 41
randomized trials. J Am Coll Cardiol 2010;56:2006-2020.
den Ruijter HM, Peters SA, Groenewegen KA, Anderson TJ, Britton AR, Dekker JM, Engstrom G, Eijkemans MJ, Evans GW, de Graaf J, Grobbee DE, Hedblad B, Hofman A, Holewijn S, Ikeda A, Kavousi
M, Kitagawa K, Kitamura A, Koffijberg H, Ikram MA, Lonn EM, Lorenz MW, Mathiesen EB, Nijpels G,
Okazaki S, O’Leary DH, Polak JF, Price JF, Robertson C, Rembold CM, Rosvall M, Rundek T, Salonen JT,
Sitzer M, Stehouwer CD, Witteman JC, Moons KG, Bots ML. Common carotid intima-media thickness
does not add to Framingham risk score in individuals with diabetes mellitus: the USE-IMT initiative.
Diabetologia 2013;56:1494-1502.
Engelen L, Ferreira I, Stehouwer CD, Boutouyrie P, Laurent S, Reference Values for Arterial Measurements C. Reference intervals for common carotid intima-media thickness measured with echotracking:
relation with risk factors. Eur Heart J 2013;34:2368-2380.
European Carotid Surgery Trialists’ Collaborative G. Randomised trial of endarterectomy for recently
symptomatic carotid stenosis: final results of the MRC European Carotid Surgery Trial (ECST). The
Lancet 1998;351:1379-1387.
Graf IM, Schreuder FH, Hameleers JM, Mess WH, Reneman RS, Hoeks AP. Wall irregularity rather than
intima-media thickness is associated with nearby atherosclerosis. Ultrasound Med Biol 2009;35:955961.
Hermans MM, Kooman JP, Brandenburg V, Ketteler M, Damoiseaux JG, Tervaert JW, Ferreira I,
Rensma PL, Gladziwa U, Kroon AA, Hoeks AP, Stehouwer CD, Leunissen KM. Spatial inhomogeneity of common carotid artery intima-media is increased in dialysis patients. Nephrol Dial Transplant
2007;22:1205-1212.
Liang YL, Shiel LM, Teede H, Kotsopoulos D, McNeil J, Cameron JD, McGrath BP. Effects of Blood
Pressure, Smoking, and Their Interaction on Carotid Artery Structure and Function. Hypertension
2001;37:6-11.
Lorenz MW, Schaefer C, Steinmetz H, Sitzer M. Is carotid intima media thickness useful for individual
prediction of cardiovascular risk? Ten-year results from the Carotid Atherosclerosis Progression Study
(CAPS). Eur Heart J 2010;31:2041-2048.
Meinders JM, Brands PJ, Willigers JM, Kornet L, Hoeks AP. Assessment of the spatial homogeneity of artery dimension parameters with high frame rate 2-D B-mode. Ultrasound Med Biol 2001;27:785-794.
Meinders JM, Kornet L, Hoeks AP. Assessment of spatial inhomogeneities in intima media thickness along
an arterial segment using its dynamic behavior. Am J Physiol Heart Circ Physiol 2003;285:H384-391.

77

4

Chapter 4

Nichols WW, O’Rourke MF, Vlachopoulos C. McDonald’s blood flow in arteries : theoretic, experimental, and clinical principles. 6th. Hodder Arnold, London, 2011.
North American Symptomatic Carotid Endarterectomy Trial C. Beneficial effect of carotid endarterectomy in symptomatic patients with high-grade carotid stenosis. N Engl J Med 1991;325:445-453.
O’Leary DH, Polak JF, Kronmal RA, Manolio TA, Burke GL, Wolfson SK, Jr. Carotid-artery intima and
media thickness as a risk factor for myocardial infarction and stroke in older adults. Cardiovascular
Health Study Collaborative Research Group. N Engl J Med 1999;340:14-22.
Persson J, Formgren J, Israelsson B, Berglund G. Ultrasound-determined intima-media thickness and
atherosclerosis. Direct and indirect validation. Arterioscler Thromb 1994;14:261-264.
Polak JF, Pencina MJ, Meisner A, Pencina KM, Brown LS, Wolf PA, D’Agostino RB, Sr. Associations of
carotid artery intima-media thickness (IMT) with risk factors and prevalent cardiovascular disease:
comparison of mean common carotid artery IMT with maximum internal carotid artery IMT. J Ultrasound Med 2010;29:1759-1768.
Roquer J, Segura T, Serena J, Cuadrado-Godia E, Blanco M, Garcia-Garcia J, Castillo J, Study A. Value of
carotid intima-media thickness and significant carotid stenosis as markers of stroke recurrence. Stroke
2011;42:3099-3104.
Rundek T, Gardener H, Della-Morte D, Dong C, Cabral D, Tiozzo E, Roberts E, Crisby M, Cheung K,
Demmer R, Elkind MS, Sacco RL, Desvarieux M. The relationship between carotid intima-media thickness and carotid plaque in the Northern Manhattan Study. Atherosclerosis 2015;241:364-370.
Saba L, Meiburger KM, Molinari F, Ledda G, Anzidei M, Acharya UR, Zeng G, Shafique S, Nicolaides A,
Suri JS. Carotid IMT variability (IMTV) and its validation in symptomatic versus asymptomatic Italian population: can this be a useful index for studying symptomaticity? Echocardiography 2012;29:1111-1119.
Schmidt-Trucksass A, Sandrock M, Cheng DC, Muller HM, Baumstark MW, Rauramaa R, Berg A, Huonker M. Quantitative measurement of carotid intima-media roughness--effect of age and manifest
coronary artery disease. Atherosclerosis 2003;166:57-65.
Schreuder FH, Graf M, Hameleers JM, Mess WH, Hoeks AP. Measurement of common carotid artery
intima-media thickness in clinical practice: comparison of B-mode and RF-based technique. Ultraschall
Med 2009;30:459-465.
Silvestrini M, Cagnetti C, Pasqualetti P, Albanesi C, Altamura C, Lanciotti C, Bartolini M, Mattei F, Provinciali L, Vernieri F. Carotid wall thickness and stroke risk in patients with asymptomatic internal carotid
stenosis. Atherosclerosis 2010;210:452-457.
Staikov IN, Arnold M, Mattle HP, Remonda L, Sturzenegger M, Baumgartner RW, Schroth G. Comparison of the ECST, CC, and NASCET grading methods and ultrasound for assessing carotid stenosis.
European Carotid Surgery Trial. North American Symptomatic Carotid Endarterectomy Trial. J Neurol
2000;247:681-686.
Steinbuch J, Hoeks AP, Hermeling E, Truijman MT, Schreuder FH, Mess WH. Standard B-Mode Ultrasound Measures Local Carotid Artery Characteristics as Reliably as Radiofrequency Phase Tracking in
Symptomatic Carotid Artery Patients. Ultrasound Med Biol 2016;42:586-595.
Truijman MT, Kooi ME, van Dijk AC, de Rotte AA, van der Kolk AG, Liem MI, Schreuder FH, Boersma E,
Mess WH, van Oostenbrugge RJ, Koudstaal PJ, Kappelle LJ, Nederkoorn PJ, Nederveen AJ, Hendrikse
J, van der Steen AF, Daemen MJ, van der Lugt A. Plaque At RISK (PARISK): prospective multicenter
study to improve diagnosis of high-risk carotid plaques. Int J Stroke 2014;9:747-754.
Tsivgoulis G, Vemmos K, Papamichael C, Spengos K, Manios E, Stamatelopoulos K, Vassilopoulos D,
Zakopoulos N. Common carotid artery intima-media thickness and the risk of stroke recurrence.
Stroke 2006;37:1913-1916.

78

High spatial IMT inhomogeneity associated with degree of ICA stenosis

Tsivgoulis G, Vemmos KN, Spengos K, Papamichael CM, Cimboneriu A, Zis V, Zakopoulos N, Mavrikakis M. Common carotid artery intima-media thickness for the risk assessment of lacunar infarction
versus intracerebral haemorrhage. J Neurol 2005;252:1093-1100.
Uthoff H, Staub D, Meyerhans A, Hochuli M, Bundi B, Schmid HP, Frauchiger B. Intima-media thickness
and carotid resistive index: progression over 6 years and predictive value for cardiovascular events.
Ultraschall Med 2008;29:604-610.
van den Oord SC, Sijbrands EJ, ten Kate GL, van Klaveren D, van Domburg RT, van der Steen AF,
Schinkel AF. Carotid intima-media thickness for cardiovascular risk assessment: systematic review and
meta-analysis. Atherosclerosis 2013;228:1-11.
Vemmos KN, Tsivgoulis G, Spengos K, Papamichael CM, Zakopoulos N, Daffertshofer M, Lekakis JP,
Mavrikakis M. Common carotid artery intima-media thickness in patients with brain infarction and
intracerebral haemorrhage. Cerebrovasc Dis 2004;17:280-286.

4

79

Definition of common carotid
wall thickness affects risk classification in relation to degree of
internal carotid artery stenosis:
The Plaque At RISK (PARISK)
study

Steinbuch J, Van Dijk AC, Schreuder FHBM, Truijman MTB, Hendrikse J, Nederkoorn PJ, Van
der Lugt A, Hermeling E, Hoeks APG, Mess WH. Definition of common carotid wall thickness
affects risk classification in relation to degree of internal carotid artery stenosis: The Plaque At
RISK (PARISK) study. Cardiovasc Ultrasound 2017;15:9.

Chapter 5

Abstract
Background
Mean or maximal intima-media thickness (IMT) is commonly used as surrogate endpoint in
intervention studies. However, the effect of normalization by surrounding or median IMT
or by diameter is unknown. In addition, it is unclear whether IMT inhomogeneity is a useful
predictor beyond common wall parameters like maximal wall thickness, either absolute or
normalized to IMT or lumen size. We investigated the interrelationship of common carotid
artery (CCA) thickness parameters and their association with the ipsilateral internal carotid
artery (ICA) stenosis degree.

Methods
CCA thickness parameters were extracted by edge detection applied to ultrasound B-mode
recordings of 240 patients. Degree of ICA stenosis was determined from CT angiography.

Results
Normalization of maximal CCA wall thickness to median IMT leads to large variations. Higher
CCA thickness parameter values are associated with a higher degree of ipsilateral ICA stenosis (p<0.001), though IMT inhomogeneity does not provide extra information. When the
ratio of wall thickness and diameter instead of absolute maximal wall thickness is used as risk
marker for having moderate ipsilateral ICA stenosis (>50%), 55 arteries (15%) are reclassified
to another risk category.

Conclusion
It is more reasonable to normalize maximal wall thickness to end-diastolic diameter rather
than to IMT, affecting risk classification and suggesting modification of the Mannheim criteria.
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Introduction
An irregular intima-media thickness (IMT) of the common carotid artery (CCA) is indicative
for atherosclerotic burden (Graf et al. 2009; Steinbuch et al. 2016b) and hence, might be a
useful predictor in risk assessment. In a vascular diseased patient population CCA-IMT irregularity is associated with nearby atherosclerosis (Graf et al. 2009). Furthermore, in symptomatic patients high CCA-IMT irregularity is associated with a higher degree of stenosis of distal
plaques (Steinbuch et al. 2016b) and is more prominent in symptomatic than in asymptomatic
subjects (Saba et al. 2012). However, as previously discussed by Bots et al. (Bots and den Ruijter 2012), it remains unclear whether IMT irregularity itself is a useful predictor in addition to
maximal IMT. It has been shown that after adjustment for coronary risk factors the combined
IMT irregularity of CCA, bulb and internal carotid artery (ICA) is a more accurate predictor
for coronary artery disease than mean and maximum IMT (Ishizu et al. 2002). But, for patients
with cerebrovascular disease and ICA stenosis it is still unknown.
CCA-IMT progression is commonly used as surrogate endpoint for cardiovascular risk for
evaluating drug therapy in interventional studies (Huang et al. 2013; Davidson et al. 2014;
Ishigaki et al. 2014; Oyama et al. 2016). However, CCA-IMT is affected by the dynamic range
and frequency bandwidth of the ultrasound system employed (Gaarder and Seierstad 2015),
while for an elderly subject population image quality is generally poorer than for young healthy
subjects. As a consequence the observed IMT distribution is subject to large relative errors.
Moreover, CCA-IMT measures vary across studies (Qu and Qu 2015), e.g., mean or maximal
CCA-IMT with or without CCA plaque. According to the Mannheim consensus (Touboul et
al. 2012), plaques are defined as having a wall thickness 1) extending more than 500 µm into
the lumen, 2) and higher than 50% of surrounding IMT and/or 3) higher than 1500 µm. Therefore, the Mannheim criteria use absolute maximal wall thickness (criterion 3) or wall thickness
normalized to surrounding IMT (criterion 2) or a combination of both (criterion 1). Because
IMT values are slightly higher than the ultrasound resolution (about 0.3 mm for commonly
used ultrasound systems), normalization of maximum wall thickness with respect to the surrounding IMT (criterion 2) will introduce wide variations. Considering the interrelationship between wall thickness and artery diameter according to the Lamé’s equation (Liang et al. 2001;
Nichols et al. 2011) and the wider range in CCA diameter (6-9 mm) in a healthy population
(Engelen et al. 2015), it seems physiologically more reasonable to normalize absolute maximal
wall thickness by diameter. Using local wall thickness normalized to either IMT (i.e., thicknessto-IMT ratio) or diameter (i.e., thickness-to-diameter ratio) instead of the CCA-IMT as surrogate endpoint may affect the interpretation of drug therapy results. In addition, normalized
wall thickness may lead to reclassification of CCAs towards another risk category, e.g. risk of
having more than 50% degree of ICA stenosis. This study analyses the baseline results of a
2-year follow-up PARISK study in which the association between CCA wall parameters and
risk of plaque rupture will be investigated (Truijman et al. 2014). As a first step, we will investigate the interrelationship of CCA-IMT parameters and their association with the degree of
ipsilateral ICA stenosis. More specifically, we will investigate in a large group of symptomatic
subjects 1) the relevance of absolute and normalized maximal wall thickness with or without
CCA plaques, 2) their relation with CCA-IMT inhomogeneity and 3) the association between
absolute wall thickness, thickness-to-diameter ratio, thickness-to-IMT ratio, CCA plaques and
CCA-IMT inhomogeneity with the degree of ipsilateral ICA stenosis.
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Methods
Study subjects
240 patients with mild-to-moderate ICA stenosis (<70% according to the NASCET criteria)
and recent ischemic stroke, transient ischemic attack or amaurosis fugax, were included in
the Plaque At RISK (PARISK) study (clinical trials.gov NCT01208025), an ongoing multicenter
cohort study with 2-year follow-up. Details of the study were previously described (Truijman
et al. 2014). The study was approved by the Medical Ethics Committees of the participating
centers and all patients gave written informed consent. Currently, only baseline observations
are available.

Data acquisition
Longitudinal ultrasound B-mode recordings (40 mm width, 5 seconds, 37 fps) of both CCAs
were acquired in duplicate of 233 patients at anterolateral and posterolateral angles with a
Philips iU22 scanner (Philips Medical Systems, Bothell, USA) using different probes (17-5, 12-5
or 9-3 MHz) depending on the CCA depth. The distal end of the recorded CCA segment was
located 1-2 cm proximal to the flow divider. During ultrasound recordings, patients lay in supine position with their head slightly tilted to the opposite side. Due to contra-indications (low
renal clearance (<60 ml/minute) or allergy to CT contrast media), only 201 patients were
subjected to multidetector computed tomography angiography (MDCTA).

Echo edge detection
Wall thickness was extracted at end-diastole by edge detection of B-mode images with dedicated software developed by Maastricht University Medical Center (MUMC, Maastricht, The
Netherlands) (Steinbuch et al. 2016a) by a trained observer blinded to the MDCTA results.
The intra-subject precision of the adopted software for absolute IMT of an artery segment,
i.e. the standard deviation of differences between duplicate recordings and their average, is on
average 99 µm (Steinbuch et al. 2016b). The maximum variation of IMT expected due to the
ultrasound depth resolution is 150 µm (Steinbuch et al. 2016b). For each B-mode frame, automatic wall detection of the media-adventitia transition at the anterior and posterior wall was
performed for half-overlapping segments (width 3.7 mm) using a threshold of 65% (or half
of the difference between this threshold and the maximum, i.e., 83%, in case of an echogenic
lumen-intima boundary) of the maximal grey value of the adventitia segment (Steinbuch et
al. 2016b). The local diameter was defined as the local difference along the ultrasound beam
between anterior and posterior media-adventitia transitions.
The diameter waveforms, as extracted by edge detection, were smoothed over time (0.2 s filter span) with a 2nd order zero-phase Savitsky-Golay filter. After discarding the end-segments,
the mean diameter waveform was calculated and the end-diastolic frames identified. At those
frames, the lumen-intima transition along the posterior wall was identified, based on the maximum of the first derivative of the echo amplitude, and corrected manually when necessary
(Steinbuch et al. 2016b). The spatial IMT distribution was obtained as the differences along the
ultrasound beam between the posterior lumen-intima and media-adventitia transitions over
the artery segment.
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Absolute and normalized maximal wall thickness
For each end-diastolic image, the diameter and IMT were obtained as the spatial median while
the maximal wall thickness as spatial maximum, and averaged (median) over all available heart
beats (on average 5). Absolute maximal wall thickness was normalized to the median end-diastolic diameter, defined as thickness-to-diameter ratio, and to the median IMT, defined as
thickness-to-IMT ratio. All parameters were averaged (median) over all ipsilateral recordings.
IMT inhomogeneity
Absolute IMT inhomogeneity was defined as the standard deviation of the IMT over the artery segment and averaged (median) over available heart beats and all ipsilateral recordings
(anterolateral, posterolateral, duplicate). IMT inhomogeneity was also normalized to the local
end-diastolic diameter, i.e., relative IMT inhomogeneity.

Degree of ICA stenosis
MDCTA images were analyzed with dedicated 3D analysis software (Leonardo and syngo.
via; Siemens, Erlangen, Germany). Degree of stenosis in both carotid arteries (bifurcation or
ICA), based on the European Carotid Surgery Trial criteria (European Carotid Surgery Trialists’ Collaborative 1998), was manually assessed perpendicularly to the central lumen line by
a trained observer.

Statistical analysis
To compare the maximal wall thickness parameters, the parameters were transformed to a
normal z-score distribution using the expression (value-mean)/SD. The mean and standard
deviation (SD), used as reference in this equation, were derived for CCA arteries without
plaques according to the Mannheim criteria. To compare maximal wall thickness parameters
with IMT inhomogeneity, correlation coefficients were calculated.
Optimal cut-offs for absolute maximal wall thickness, thickness-to-diameter ratio and thickness-to-IMT ratio for the presence of a >50% ipsilateral stenosis were derived from ROC
curves. The optimal cut-off follows from the shortest distance towards the upper left corner
of the ROC curve. In addition, a Student t-test was used to assess the difference in degree
of ICA stenosis for ipsilateral CCA arteries with low and high wall thickness parameters. To
establish the risk for having more than 50% degree of ipsilateral ICA stenosis, the CCAs were
divided into low and high absolute maximal wall thickness, thickness-to-diameter ratio and
thickness-to-IMT ratio according to the ROC defined cut-offs. Since the variation in IMT due
to the ultrasound depth resolution (conservatively estimated at 300 µm) is about 150 µm, i.e.
2% for an end-diastolic diameter of 7.5 mm, the cut-off level for relative IMT inhomogeneity
was tentatively set at 2% (Steinbuch et al. 2016b). To investigate the effect of wall thickness
parameters as risk markers on the defined risk categories, reclassification of arteries was defined as the number of CCAs that switched to another risk category, using either the maximal
wall thickness parameters instead of the Mannheim criteria or thickness-to-diameter ratio
instead of absolute maximal wall thickness. Values are quantified as mean±SD. Significance
level was set at p<0.05.
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Results
In total, 197 patients received an MDCTA as well as an ultrasound examination. Five patients
were excluded due to insufficient quality of MDCTA (N=2) or due to failure to have an ultrasound registration of both CCAs (N=3). In addition, patients with an ICA occlusion or stent
(N=3) were excluded, leading to 189 included patients (371 CCAs; mean age 68±9 yrs). Patient characteristics are shown in Table 1. Prior to the study we estimated the B-mode depth
resolution both from the spatial speckle frequency (ensemble average power spectral density
across image) and from the width at half-maximum of distinct lumen-intima echoes (average
of 10 independent observations) at 264 and 267 µm, respectively.
Table 1
Patient characteristics. Data are presented as mean ± SD (range or number of patients).
N

189

Age [years]

68±9 (39-88)

Male [%]

73 (N=138)

BMI [kg/m ]

27±4 (17-43)

Systolic blood pressure [mmHg]

140±19 (97-210)

Diastolic blood pressure [mmHg]

79±9 (54-105)

Pulse pressure [mmHg]

61±16 (27-117)

Stroke / TIA/ amaurosis fugax [%]

46/42/12 (N=87/80/22)

Current smoking [%]

23 (N=43)

Diabetes Mellitus [%]

21 (N=41)

Hypercholesterolemia [%]

57 (N=107)

Hypertension [%]

59 (N=111)

2
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Absolute and normalized maximal wall thickness
Figure 1 contains a boxplot of absolute and normalized maximal wall thickness, expressed
as normal z-scores. CCA arteries with plaques (N=140) according to the Mannheim criteria
clearly have a higher absolute maximal wall thickness, thickness-to-diameter ratio and thickness-to-IMT ratio than CCAs without plaques (N=231; mean difference 5, 5 and 4, respectively, Student t-test p-value<0.001). The values of the thickness-to-IMT ratio of CCAs with
plaques are spread over a wider range than the other wall thickness parameters (Figure 1)
due to resolution related variations. Therefore, thickness-to-IMT ratio is not considered for
correlation with IMT inhomogeneity.

Maximal wall thickness and IMT inhomogeneity
Absolute maximal wall thickness is strongly correlated with absolute IMT inhomogeneity
(R=0.76, Figure 2). In addition, maximal thickness-to-diameter ratio is also strongly associated
with relative IMT inhomogeneity (R=0.73, Figure 2).

5
Figure 1
Absolute maximal wall thickness, thickness-to-diameter ratio and thickness-to-IMT ratio of the CCA as function of
the presence of CCA plaque. Values are presented as normal z-scores, based on the mean and SD of the thickness
parameters for arteries without CCA plaques. Arteries with CCA plaques clearly have a significantly larger wall
thickness. Normalized thickness-to-IMT has a wider distribution than maximal wall thickness and thickness-todiameter ratio.
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Maximal wall thickness and degree of ipsilateral ICA stenosis
ROC curves of absolute and normalized maximal wall thickness for detecting an ipsilateral
ICA stenosis greater than 50% are shown in Figure 3. Optimal cut-offs for absolute maximal
wall thickness, thickness-to-diameter ratio and thickness-to-IMT ratio are 1277 µm, 17% and
129%, respectively. When only the side with the highest ICA plaque is considered, optimal
cut-offs are 1191 µm, 16% and 124%, respectively.

Risk Stratification
Arteries were divided into two risk categories according to the ROC defined cut-offs for an
ICA stenosis (see above). When thickness-to-IMT ratio instead of Mannheim criteria is used
as risk marker, a large number of arteries (Table 2, N=95, 26%) are reclassified to another
risk category. Moreover, thickness-to-diameter ratio reclassifies 53 arteries (14%), whereas
absolute maximal wall thickness reclassifies 56 arteries (15%). Since thickness-to-IMT ratio is
more prone to resolution related variations (Figure 1), only absolute maximal wall thickness
and thickness-to-diameter ratio are considered for further analyses.

Figure 2
Absolute maximal wall thickness as function of absolute IMT inhomogeneity (left) and thickness-to-diameter ratio
as function of relative IMT inhomogeneity (right). A strong correlation exists between absolute maximal wall
thickness and absolute IMT inhomogeneity (R=0.76) and between thickness-to-diameter ratio and relative IMT
inhomogeneity (R=0.73).
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Figure 3
ROC curve for absolute maximal wall thickness (black line), thickness-to-diameter ratio (grey line) and thicknessto-IMT ratio (dotted line) for determination of a >50% ipsilateral ICA stenosis. Optimal cut-off values with the
shortest distance (0.60, 0.61 and 0.64, respectively) towards the left upper corner are 1277 µm for absolute
maximal wall thickness, 17% for thickness-to-diameter ratio and 129% for thickness-to-IMT ratio.
Table 2
Number of arteries with low or high maximal wall thickness parameters, stratified according to CCA plaque
presence (Mannheim criteria). Using maximal wall thickness parameters as risk markers instead of Mannheim
criteria results in reclassification of subjects towards another risk category. For example, the thickness-to-IMT ratio
(right columns) reclassifies 70 and 25 subjects towards a higher and lower risk category, respectively, in total 26%.
CCA plaque Absolute maximal
wall thickness
No

Thickness-to-dia- Thickness-tometer ratio
IMT ratio

<1277 µm

>1277 µm

<17%

>17%

<129%

>129%

176

55

185

46

161

70

Yes

1

139

7

133

25

115

Total

177

194

192

179

186

185
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Patients with absolute maximal wall thickness below 1277 µm have a wide range of degree of
ipsilateral ICA stenosis (N=174), whereas patients with absolute wall thickness above 1277
µm (N=197) exhibit a higher degree of ICA stenosis (Figure 4). Both absolute maximal wall
thickness and thickness-to-diameter ratio above cut-off values are associated with a higher
ipsilateral stenosis degree (Table 3 and 4, 52±15% and 52±16%, respectively) than below the
cut-off values (mean difference 8% and 7%, Student t-test p-value<0.001). This association
remains borderline significant after excluding patients with CCA plaques (Table 3 and 4, mean
difference 7% and 5%, Student t-test p-value 0.02 and 0.15, respectively). Moreover, similar
trends are seen when only the side with the highest ICA plaque is considered (Table 3 and 4).
In addition, CCAs with a plaque (N=140) exhibit a stronger association with a higher distal
stenosis degree than arteries without a plaque (N=231; 52±15% and 46±19%, respectively,
mean difference 7%, Student t-test p-value<0.001). When thickness-to-diameter ratio instead
of absolute maximal wall thickness is used as risk marker for having more than ipsilateral 50%
degree of ICA stenosis, 55 CCAs (15%) are reclassified towards the other risk category (of
which N=20 towards a higher category).

IMT inhomogeneity and degree of ipsilateral ICA stenosis
Arteries with a relative IMT inhomogeneity above 2% (N=81) are associated with a higher
degree of ipsilateral ICA stenosis (53±11%) than arteries (N=290) with a relative IMT inhomogeneity below 2% (mean difference 6%, Student t-test p-value<0.001).

Figure 4
Absolute maximal wall thickness of the CCA as function of degree of ipsilateral ICA stenosis. Patients with absolute
maximal wall thickness below the ROC defined cut-off (dashed line) have a wide range of plaque sizes whereas
patients with absolute maximal wall thickness above the ROC defined cut-off have larger degree of ICA stenosis.
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Table 3
ICA stenosis degree according to the ipsilateral absolute maximal wall thickness cut-off for ICA stenosis at either
side or for the largest ICA stenosis. Data are presented as mean ± SD. A high absolute maximal wall thickness is
indicative for a higher degree of ipsilateral ICA stenosis.
ICA Plaque

N ICAs CCA plaque Cut-off

ICA stenosis p-value

Either side

174

<1277 µm

44±20%

>1277 µm

52±15%

<1277 µm

44±20%

>1277 µm

51±16%

<1191 µm

55±14%

>1191 µm

60±11%

<1191 µm

55±14%

>1191 µm

60±12%

yes/no

197
173

no

58
Largest

64

yes/no

121
64

no

54

<0.001
0.02

0.006
0.04

Table 4
ICA stenosis degree according to the ipsilateral thickness-to-diameter ratio cut-off for ICA stenosis at either side
or for the largest ICA stenosis. Data are presented as mean ± SD. A high thickness-to-diameter ratio is indicative
for a higher degree of ipsilateral ICA stenosis.
ICA plaque N ICAs

CCA plaque

Cut-off

ICA stenosis p-value

Either side

yes/no

<17%

45±19%

>17%

52±16%

no

<17%

45±19%

>17%

50±18%

<16%

56±13%

>16%

61±12%

<16%

56±13%

>16%

58±12%

192
179
185
46

Largest

91

yes/no

94
90
23

no

<0.001
0.15

0.03

5

0.3
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Discussion
We evaluated the absolute and normalized maximal wall thickness and CCA-IMT inhomogeneity in patients with a recent cerebrovascular accident and mild-to-moderate ICA stenosis.
Normalization by median IMT leads to large variations. Absolute maximal wall thickness and
thickness-to-diameter ratio are strongly correlated with absolute and relative IMT inhomogeneity, respectively. IMT inhomogeneity does not provide extra information on top of absolute
maximal wall thickness or thickness-to-diameter ratio in relation to the degree of ipsilateral
ICA stenosis. Mainly CCA plaques are strongly associated with a higher degree of ipsilateral
ICA stenosis. Although a similar trend is seen for both absolute maximal wall thickness and
thickness-to-diameter ratio, 15% of CCAs are reclassified when thickness-to-diameter ratio
instead of absolute maximal wall thickness is used as risk marker for a >50% ipsilateral ICA
stenosis.
Maximal wall thickness is normalized by the median end-diastolic diameter as well as the
median IMT. As expected, patients with CCA plaques have a significantly higher absolute and
normalized maximal wall thickness (p<0.001). Normalization by the median IMT leads to
similar values for arteries without CCA plaques, whereas a large variation is found for CCA
arteries with large plaques (Figure 1).

Risk stratification
Optimal cut-offs for absolute and normalized maximal wall thickness are derived from ROC
curves for a >50% ipsilateral ICA stenosis (Figure 3). We have chosen those plaques since the
smaller plaques in the curved carotid bulb hardly induce hemodynamic changes (Ahmed and
Giddens 1983; Gijsen et al. 1996). 96 CCAs (Table 2; 26%) are reclassified towards another
risk category when thickness-to-IMT ratio rather than the Mannheim criteria are used as a
risk marker for a >50% ipsilateral ICA stenosis. Since observed IMT values are generally noisy
because they are slightly higher than the ultrasound depth resolution, normalization of maximum wall thickness with respect to median IMT will introduce wide variations. Therefore, it
is questionable whether the Mannheim criterion (Touboul et al. 2012), defining a plaque if the
maximum thickness is 50% greater than the surrounding IMT, is consistent. Moreover, “surrounding IMT” is quite arbitrary (where does a plaque begin or end); that is why we decided
to normalize the maximum thickness by the median IMT.
For the risk stratification of individual patients an optimal cut-off is needed. Although maximal
wall thickness and thickness-to-diameter ratio show similar associations with the degree of ipsilateral ICA stenosis (Table 3 and 4), 55 arteries (15%) are reclassified when thickness-to-diameter ratio instead of absolute maximal wall thickness is used as risk marker for a >50% ipsilateral ICA stenosis.. Alternately, an age dependent cut-off for absolute maximal wall thickness
may be considered to correct for differences in CCA diameter (Engelen et al. 2013; Engelen et
al. 2015). However, our population has a wide diameter distribution (8083±1048 µm; range
5769-11702 µm), which cannot be explained by age differences only (68±9 yrs; range 39-88
yrs). Since the vessel diameter depends on subject size, and diameter and wall thickness are
interrelated via the Lamé’s equation (Liang et al. 2001; Nichols et al. 2011), it seems more
reasonable to use normalized rather than absolute maximal wall thickness values.
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Wall thickness parameters and ipsilateral stenosis degree
High relative IMT inhomogeneity and high thickness-to-diameter ratio are both associated
with a higher degree of ICA stenosis (mean difference 6% and 7%, respectively, Student t-test
p-value<0.001). Since we look at local CCA features, the current p-value is lower than observed when the average relative IMT inhomogeneity of both CCAs is considered (Steinbuch et
al. 2016b). Because maximal wall thickness and thickness-to-diameter ratio are highly correlated with absolute and relative IMT inhomogeneity (Figure 2) and similar trends are observed
in relation to degree of stenosis, absolute or relative IMT inhomogeneity does not provide
extra information on top of maximal wall thickness or thickness-to-diameter ratio. Mainly the
presence of a CCA plaque dominates the association with a higher degree of ICA stenosis
(mean difference 7%, Student t-test p-value<0.001).

Plaques and wall thickness
Almost all CCAs with plaques according to the Mannheim consensus have a high maximal wall
thickness and thickness-to-diameter ratio according to the cut-off derived with the ROC. Our
population has a high incidence of CCA plaques (140 of 371 arteries; 38%). The presence of
CCA plaques is rare in a healthy population, male 6% and female 3% (Johnsen et al. 2007), and
is more prevalent (22%) in older subjects (>65 yrs) (Scuteri et al. 2009). The relatively high
incidence of CCA plaques in our population is attributable to the fact that subjects exhibited
cerebrovascular symptoms and, therefore, belong to a diseased population.
It is questionable whether IMT and plaque formation are driven by the same process. IMT is
strongly associated with hypertension and age (Al-Shali et al. 2005) and is inheritable (Fox et
al. 2003; Juo et al. 2004; Moskau et al. 2005). However, the heritability of plaque is less strong
(Moskau et al. 2005) and attributed to various genes (Al-Shali et al. 2004; Moskau et al. 2005;
Pollex and Hegele 2006). Furthermore, since the intima thickness is approximately only 0.02
mm (Salonen and Salonen 1993), IMT is mainly affected by hypertensive medial hypertrophy
(Spence 2006) whereas atherosclerosis is an inflammatory process where plaque formation
starts with pathological intimal thickening and lesions containing lipid pools (Finn et al. 2010).
Therefore, IMT and plaque formation are likely different phenotypes (Spence and Hegele
2004; Hegele et al. 2005; Spence 2008). Our study shows that the association between ICA
stenosis and ipsilateral CCA plaques is highly significant (Table 3), which is in line with the
concept of atherosclerosis as a more widespread instead of a focal disease, prompting a global rather than a focused vascular examination. Whether elevated CCA wall parameters are
present before development of an ICA stenosis cannot be established in our study.
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Conclusion
In conclusion, to evaluate wall thickness it is more reasonable to normalize maximal wall thickness by end-diastolic diameter rather than by IMT, suggesting a modification of the Mannheim
criteria. Absolute or relative IMT inhomogeneity does not provide extra information on top
of maximal wall thickness or thickness-to-diameter ratio. Mainly CCA plaques are strongly
associated with a higher degree of ipsilateral ICA stenosis. Although a similar trend is seen
for both absolute maximal wall thickness and thickness-to-diameter ratio, 55 arteries (15%)
are reclassified when thickness-to-diameter ratio instead of absolute maximal wall thickness
is used as risk marker for a >50% ICA stenosis. Whether this reclassification is clinically important and relative IMT inhomogeneity and thickness-to-diameter ratio have predictive value
for plaque progression and cerebrovascular events will be evaluated in the follow-up phase of
the PARISK study.
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Abstract
Purpose
Diastolic-systolic risetime characteristics of the distension waveform distribution might be
modified by pressure wave reflections from distal plaques. We investigated the association
between risetime characteristics of the common carotid artery (CCA) and the internal carotid
artery (ICA) plaque properties.

Materials and Methods
The distension waveform distribution, derived from B-mode ultrasound CCA recordings of
patients with symptomatic mild-to-moderate ICA stenosis, provided the risetime inhomogeneity. 3T-MRI was used to determine plaque composition: lipid-rich necrotic core (LRNC),
intraplaque hemorrhage (IPH), and thin/ruptured fibrous cap (TRFC). Degree of stenosis was
determined by CT-angiography.

Results
211 patients were included. CCA risetime inhomogeneity did not vary with stenosis degree
nor with IPH (p=0.99 and 0.3, respectively). Compared to stable plaques, risetime inhomogeneity was significantly lower for plaques with a TRFC or LRNC (p=0.012 and 0.045,
respectively). Furthermore, risetime inhomogeneity was significantly lower for patients with a
LRNC (>10%) in the proximal part of the plaque than for patients without LRNC (p=0.002)
and equal for contralateral sides without substantial stenosis (<30%; p=0.36).

Conclusion
CCA risetime inhomogeneity is significantly lower for vulnerable ICA plaques (LRNC>10%
and TRFC) as compared with stable plaques, indicating a cushioning effect on wave reflection.
This might offer a non-invasive and inexpensive method to characterize the nature of distal
plaques.
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Introduction
In Europe, around 1.1 million people die annually of stroke, the second most common cause
of death (Nichols 2012). Rupture of atherosclerotic plaques in the supplying internal carotid
artery (ICA), and subsequently embolism to the brain, plays an important role in the pathogenesis of ischemic strokes. Vulnerable plaques are characterized by a lipid-rich necrotic core
(LRNC), intraplaque hemorrhage (IPH) and/or a thin or ruptured fibrous cap (TRFC) (Naghavi et al. 2003) and are associated with an increased risk of future ischemic events (Gupta
et al. 2013). Therefore, identifying vulnerable plaques might contribute to treatment optimization for individual patients.
Despite the fact that vulnerable plaques have a higher risk for rupture, it remains unclear
why. Mechanical plaque characteristics in combination with mechanical load exerted by blood
pressure play important roles in plaque rupture. Due to pressure wave reflections the pulse
pressure proximal to and across the stenosis will increase. In addition, due to the Venturi
effect, an increase of local blood velocity caused by a smaller lumen area at the stenosis is
accompanied with a decrease in local blood pressure (Holen et al. 1987; Xu et al. 2016); the
transmural blood pressure gradient is reduced or even reversed (Hoeks et al. 2008; Xu et al.
2016). The pressure wave reflections in combination with the inwards directed transmural
blood pressure gradient and plaque composition may lead to plaque deformation, subsequent
plaque fissuring, intraplaque hemorrhage, and eventually plaque rupture (Hoeks et al. 2008;
Xu et al. 2016). Since pressure wave reflections play a role in plaque rupture and may be modulated by degree of luminal obstruction and plaque composition, wave reflection parameters
might identify plaque vulnerability.
We hypothesize that pressure wave reflections, originating from an ICA plaque, affect the
distension waveform distribution as observed at a more proximal location, e.g., the ipsilateral
common carotid artery (CCA). Particularly, the distension amplitude and the diastolic-systolic risetime mean and inhomogeneity across the distension waveform distribution might be
affected.
The aim is to investigate the association between the characteristics of the distension waveform distribution observed in the CCA and degree of stenosis and plaque composition
(presence of LRNC, IPH and/or TRFC) of plaques located distally. More specifically, we will
evaluate 1) median distension, 2) median diastolic-systolic risetime and 3) spatial inhomogeneity of diastolic-systolic risetime.
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Methods
Study subjects
In total, 240 patients who recently (<3 months) had an ischemic stroke, transient ischemic
attack (TIA) or amaurosis fugax and an ipsilateral mild-to-moderate carotid artery stenosis
(<70% according to NASCET criteria (North American Symptomatic Carotid Endarterectomy Trial 1991)) were included in the multicenter Plaque At RISK (PARISK) study (clinical trials.
gov NCT01208025) (Truijman et al. 2014). The study is composed of a baseline and a 2-year
follow-up assessment and was approved by the Medical Ethics Committees of all centers
involved. All patients gave written informed consent. The present evaluation pertains only to
the baseline characteristics.

Ultrasound data acquisition
Both the ipsilateral (i.e. symptomatic) and contralateral CCAs of 233 patients were recorded
in duplicate with standard ultrasound B-mode (40 mm, 5 s, approximately 37 fps) at anteroand posterolateral angles with a Philips iU22 scanner (Philips Medical Systems, Bothell, USA)
using different probes (17-5 MHz, 12-5 MHz or 9-3 MHz) depending on the depth of the
scanned artery. All patients lay in supine position with their head slightly turned away from the
examined side.

Edge detection
Distension waveforms were extracted by edge detection with dedicated software developed
by MUMC (Maastricht University Medical Centre, Maastricht, The Netherlands) (Steinbuch
et al. 2016a). For arterial wall detection, an artery region of sufficient quality was divided into
approximately 15 half-overlapping segments (width 3.7 mm). Wall detection of the anterior
and posterior media-adventitia transition was performed using a threshold of 65% of the
maximal adventitia grey value (or 83% in case of an echogenic intima boundary) (Steinbuch et
al. 2016b). For each segment, the local diameter was defined as the difference between the
media-adventitia transition of the anterior and posterior walls. Wall detection was repeated
for each frame providing a diameter and distension waveform distribution along the artery
over a few cardiac cycles.
Distension waveforms of all segments were smoothed in time with a zero phase 4th order Butterworth lowpass filter with a 6 Hz cut-off (response time 54 ms). All distension waveforms
were interpolated in time with a factor 25, resulting in a sample point distance of approximately 1 ms. The spatial average of the distribution allowed identification of the end-diastolic and
systolic frames, and, hence, the distension defined as the change from end-diastolic to systolic
diameter. The distension was averaged over all segments and heart beats (median). Since a
distension below 2% relative to the diameter is rare according to reference values (Engelen
et al. 2015), segments with a value lower than 2% were excluded for further analyses. The
diastolic-systolic risetime was defined as the time difference between the 20% and 80% of
the diastolic-systolic upstroke in the distension waveforms (Figure 1) with linear interpolation
between sample values. The risetime for each segment was averaged over heart beats (median). The median and spatial standard deviation of the risetime over all segments provided the
median risetime and its inhomogeneity. Precision was calculated as the standard deviation of
differences between the values obtained in duplicate recordings and their average.
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Figure 1
Raw and zero-phase filtered distension waveform (one heartbeat of one segment) as function of time. Black dots
indicate minimum and maximum distension and white dots indicate 20 and 80% levels of the distension upstroke.
Risetime is defined as the time difference between 20 and 80% of the distension upstroke, as indicated by the
arrows.

MRI analysis of plaque composition
To determine plaque composition, 229 of the 240 patients (limited due to contra-indications)
got a 3T magnetic resonance imaging (3T-MRI) scan of the ipsilateral ICA (Achieva or Ingenia; Philips Healthcare, Best, The Netherlands, or Discovery MR750 system; GE Healthcare,
Milwaukee, WI) using a dedicated phased-array carotid coil (Shanghai Chenguang Medical
Technologies Co, Shanghai China or Machnet B.V., Roden, The Netherlands). A standardized
protocol for carotid plaque MRI was used (Truijman et al. 2014) to determine plaque components (LRNC, IPH and TRFC) according to previously described criteria (Cai et al. 2005; Cappendijk et al. 2008; Kwee et al. 2009). Multiple trained observers scored plaque components
on a per-slice basis using vessel wall analysis software (VesselMASS; Leiden University Medical
Center, Leiden, the Netherlands), blinded for the ultrasound results. LRNC and IPH were
classified as either “present” or “not present”. FC status was classified as “thick and intact” or
“thin and/or ruptured”. In addition, by dividing the plaque defined by the slices with a vessel
wall thickness larger than 2 mm into three equal parts in a longitudinal direction, the proximal
LRNC area was determined by the sum of LRNC areas across all MRI slices of the proximal
part of the plaque. The relative LRNC size (%) was defined as the LRNC area divided by the
cumulative area.
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MDCTA analysis of degree of ICA stenosis
To determine the degree of ICA stenosis, 201 of the 240 patients (limited due to contra-indications) got a multidetector computed tomography angiogram (MDCTA). The ipsilateral (i.e.
symptomatic) and contralateral degree of ICA stenosis was determined using the European
Carotid Surgery Trial (ECST) criteria (European Carotid Surgery Trialists’ Collaborative 1998)
on a Siemens workstation by a trained observer blinded to the MRI and ultrasound results.

Statistical analysis
The risetime inhomogeneity of the contralateral CCA in patients with less than 30% degree
of contralateral ICA stenosis was considered as baseline reference level. A Student t-test
was used to assess the relations between median distension, risetime and its inhomogeneity,
degree of ICA stenosis (50% ECST as threshold since <50% hardly induce hemodynamic
changes) and plaque composition (LRNC, IPH and TRFC). Furthermore, a Student t-test and
ANOVA were used to assess the relationship between the spatial risetime inhomogeneity
and the proximal LRNC size using either a threshold (10% LRNC size)or LRNC percentage.
Values are quantified as mean ± standard variation (SD). Significance level is set at p<0.05.
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Results
In total, 224 patients underwent both an ultrasound and MRI examination of the ipsilateral
(symptomatic) carotid artery. After exclusion due to insufficient quality (US: N=4; MRI: N=4)
or technical recording failure (US: N=4; MRI: N=1), US and MRI recordings of 211 patients
were available for further analysis. The degree of stenosis was available in a subset of patients
(N=178). Baseline patient characteristics are shown in Table 1. Intra-subject precision and
mean of distension waveform characteristics are given in Table 2. Median diameter and distension were similar across centers (ANOVA p-value 0.9 and 0.2, respectively). For one center
the median risetime and inhomogeneity was significantly lower (largest mean difference 10 ms
and 5 ms, ANOVA Bonferroni corrected p-value<0.001 and 0.006, respectively).
64% of the plaques (N=134) in the ipsilateral ICA had an LRNC of which 63% (N=84) had
a TRFC and 62% (N=83) included IPH. TRFC could not be determined in 7 patients. An
LRNC was found in the proximal part of the plaque in 48% of the patients (N=101). 36% of
the patients (N=76) also had an ipsilateral CCA plaque. Median CCA distension and median
diastolic-systolic risetime did not vary with ICA plaque composition (Table 3; p-value>=0.2)
nor with the degree of ICA stenosis (Table 4; p-value>0.7).
33 patients (16%) had a small or no plaque (<30% ECST) at the contralateral ICA. For those
patients, risetime inhomogeneity of the contralateral CCA was approximately 15±6 ms (Table
3), providing a baseline reference level for risetime inhomogeneity. Plaques without LRNC induced a significantly higher risetime inhomogeneity than plaques with LRNC: mean difference
2.7 ms; p=0.045 (Table 3). Moreover, patients with a thick fibrous cap had a significantly higher
risetime inhomogeneity than patients with a TRFC: mean difference 3.4 ms; p=0.012. On the
other hand, CCA risetime inhomogeneity was similar for ICA plaques with or without IPH
(mean difference 1.4 ms; p=0.3) and similar for patients with or without CCA plaques (mean
difference 1.5 ms; p=0.28).
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Table 1
Patient characteristics. Values are presented as mean ± standard deviation (range or N).
N

211

Age [years]

69±9 (39-89)

Male [%]

69 (N=146)

BMI [kg/m²]

27±4 (17-42)

Systolic blood pressure (during US) [mmHg]

142±19 (97-210)

Diastolic blood pressure (during US) [mmHg]

79±10 (54-105)

Pulse pressure (during US) [mmHg]

63±16 (27-117)

Type of cerebrovascular event
Stroke/TIA/amaurosis fugax [%]

45/44/11
(N=94/93/24)

Current smoking [%]

23 (N=48)

Diabetes Mellitus [%]

21 (N=44)

Hypercholesterolemia [%]

53 (N=112)

Hypertension [%]

62 (N=130)

Table 2
Wall characteristics for the ipsilateral CCA of all patients. Intra-subject precision is defined as the standard
deviation of differences between the mean and all recordings. Values are presented as mean ± standard deviation
(range).
N

211

End-diastolic Diameter [μm]

Intra-subject precision

185

Diameter

8150±1007 (5847-11567)

Relative distension [%]

Intra-subject precision

0.7

Distension

5±1.6 (2-11)

Risetime [ms]

Intra-subject precision

7

Risetime

96±14 (63-158)

Risetime inhomogeneity [ms]

Intra-subject precision

6

Inhomogeneity

17±9 (4-73)

106

5.3±1.3

93±15

15±6

Relative median
distension [μm]

Median Risetime
[ms]

Risetime inhomogeneity [ms]

16±8

95±15

5.2±1.6
0.42
0.045

97±12
18±11

16±8

96±16

5.1±1.6

0.98

5.1±1.7

IPH
83

p-value

17±10

96±13

5.2±1.6

128

No IPH

0.29

0.84

0.81

p-value

14±8

94±15

5.1±1.6

84

18±10

96±13

5.2±1.6

120

Thin FC Thick FC

Intraplaque hemorage (IPH) Fibrous cap (FC)

77

No LRNC

LRNC
134

<30% degree

33

N

Lipid-rich necrotic core (LRNC)

Cont. side

Table 3
Waveform characteristics in relation to composition of the whole plaque. Values are presented as mean ± standard
deviation.

0.012

0.29

0.89

p-value
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Table 4
Waveform characteristics in relation to degree of stenosis. Values are presented as mean ± standard deviation.

N

Cont. side

Ipsilateral side

<30% degree

<50% degree

>50% degree

33

63

115

5.2±1.4

5.2±1.8

0.72

Relative median distension [μm] 5.3±1.3

p-value

Median Risetime [ms]

93±15

96±12

95±15

0.79

Risetime inhomogeneity [ms]

15±6

16±8

16±9

0.99

Patients with a large proximal LRNC (>10%, N=50) had a significantly lower risetime inhomogeneity than patients without or with a small LRNC (<=10% LRNC, N=161): mean difference
3.7 ms; p=0.002 (Figure 2). This association remained significant when only patients with
more than 50% ICA stenosis were selected (mean difference 3.9 ms; p=0.008). Compared
to the reference group, i.e., patients with less than 30% stenosis at the contralateral ICA,
the CCA risetime inhomogeneity of patients with or without proximal LRNC was similar
(mean difference 1.3 ms; p=0.36), respectively borderline (mean difference 2.4 ms; p=0.085).
Combining a TRFC and proximal LRNC (>10%) results in the largest difference in risetime
inhomogeneity compared to a stable ICA plaque (without proximal LRNC and thick fibrous
cap): 14±6 ms and 18±11 ms, respectively, mean difference 4.4 ms; p=0.001. The relation
between a decline in risetime inhomogeneity and the area percentage of proximal LRNC, as
may be apparent from Figure 3, was not significant (Table 5; ANOVA p-value=0.06), indicating
the inhomogeneity reached its baseline level for contents exceeding 10%.

Table 5
Risetime inhomogeneity in relation to the size of proximal LRNC (%) in distal plaque. Values are presented as
mean ± standard deviation.

108

Proximal LRNC

0%

0-10%

10-30% >30%

p-value

N

108

53

35

15

ANOVA

Risetime inhomogeneity [ms]

18±11

16±9

13±6

15±6

0.06
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Figure 2
Boxplot of the risetime inhomogeneity for contralateral CCA arteries (left) with less than 30% ICA stenosis
(reference artery), and for ipsilateral arteries with more (center) or less (right) than 10% proximal LRNC in
the ICA plaque. The risetime inhomogeneity of the CCA distension waveform distribution is significantly lower
for patients with LRNC than for patients with no or small LRNC size in the proximal part of the ICA plaque. No
significant difference was found between arteries with proximal LRNC at ipsilateral side and the reference artery.

6

Figure 3
Risetime inhomogeneity in the common carotid artery in relation to the size of LRNC in the proximal part of
the ICA plaque. It should be noted that only plaques with proximal LRNC were taken into account. Risetime
inhomogeneity seems to decline with proximal LRNC, but this relationship is not significant for content exceeding
10%.
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Discussion
Median CCA distension and median risetime are not associated with stenosis degree nor the
composition of ipsilateral ICA plaques. However, the current study demonstrates that CCA
risetime inhomogeneity is significantly lower for ICA plaques with an LRNC or with a TRFC.
Moreover, the association is even stronger if specifically plaques with a large proximal LRNC
(>10%) or a combination of vulnerable plaque features (plaques with a proximal LRNC and
TRFC) are considered. However, there is no trend between the proximal LRNC size and risetime inhomogeneity, indicating the latter is at its baseline reference if the LRNC size exceeds
10%. Only stable plaques without LRNC induce risetime inhomogeneity while LRNC within
the ICA plaque, especially in its proximal part, has a cushioning effect on wave reflection.
Median risetime and its inhomogeneity were significantly lower for one center (ANOVA p-value Bonferroni corrected: <0.001 and 0.006, respectively). Only 20% of the patients in this
center had a stable plaque (no LRNC), which could explain differences with other centers.
Because the intra-subject reference is composed of contralateral arteries with less than 30%
stenosis, wave reflections will be limited. The CCA risetime inhomogeneity of the reference
artery is of the same order as for ipsilateral plaques with a large proximal LRNC (Figure 2).
ICA plaques with small LRNC induce a significantly higher CCA risetime inhomogeneity than
plaques with large proximal LRNC (Figure 2). Proximal LRNC appears to be more important
for the risetime inhomogeneity than LRNC of the whole plaque, possibly because the former
is the impact site of the pressure wave.
However, for the group with a large LRNC size (>10%) in the proximal part of an ICA plaque
risetime inhomogeneity does not vary with the LRNC size (Table 5). This can be explained by
the low number of patients with a large proximal LRNC in combination with a few outliers
(Figure 3) dominating the standard deviation. More likely, the moderating effect of plaque
LRNC size on the reflection wave and, hence, on CCA risetime inhomogeneity is quickly
maximal as is corroborated by the similar inhomogeneity for the ipsilateral and the reference
artery (Table 5, Figure 2 and 3).
An inhomogeneous distribution of distension waveforms, as observed in the CCA, may be
caused by inhomogeneous local artery wall characteristics. Indeed we previously have shown
that CCA wall thickness inhomogeneity is directly related to the presence of CCA plaques
(Steinbuch et al. 2017). The present study demonstrates that CCA distension, risetime and
risetime inhomogeneity are not associated with the CCA plaques. One would expect that the
degree of ICA stenosis affects pressure wave reflection and, hence, the characteristics of the
CCA distension distribution. However, we could not establish such an association, which may
result from our population who only had a mild-to-moderate ICA stenosis (<70% according
to NASCET criteria).
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Risetime inhomogeneity is slightly lowered by an LRNC or TRFC (Table 3). However, we
could not demonstrate an effect of IPH, which is another strong predictor of stroke recurrence (Altaf et al. 2007; Altaf et al. 2008; Gupta et al. 2013; Kwee et al. 2013; Saam et al. 2013).
We believe that the absence of an association between risetime characteristics and IPH might
be caused by the more diffuse distribution of IPH over the plaque instead of pooling in the
proximal part (Saam et al. 2005; Cappendijk et al. 2008).
As an alternative to determine plaque composition and thereby plaque vulnerability with ultrasound, grey scale values of the plaque can be used. Echolucent plaques are associated with
hemorrhage and LRNC (Gronholdt et al. 1997; Schulte-Altedorneburg et al. 2000). However,
the grey scale median of a plaque on ultrasound is predominantly determined by the elastin
and calcium content of the plaque (Goncalves et al. 2004) rather than LRNC or fibrous cap
status. Since plaques with an LRNC and a TRFC are associated with an increased risk of future
ischemic events (Gupta et al. 2013), risetime inhomogeneity might have more potential than
grey scale values to identify non-invasively the plaque nature and thereby plaque vulnerability.
Our study has several possible limitations. First, risetime is often defined as the time difference between 10 and 90% of the diastolic upstroke in the distension waveform recorded at a
high frame rate (>300 fps) (Hoeks et al. 1990). Since our ultrasound recordings are made at
a lower frame rate (around 37 fps), the blurring effect of filter response time on transients in
the distension derivative will be more pronounced. To exclude this filter effect, we decided
to define the risetime as the time difference between 20 and 80% of the systolic upstroke.
Another limitation of this study is the absence of reference values for risetime inhomogeneity
for an elderly healthy population. To compensate for this limitation, we considered as reference level the risetime inhomogeneity in the contralateral CCA in a subset of patients (<30%
ICA stenosis). Disadvantages of this approach are a relatively small reference group suffering
from atherosclerosis although the contralateral ICA stenosis is less than 30%.
In conclusion, CCA risetime inhomogeneity is significantly lower for vulnerable plaques (proximal LRNC>10% and/or TRFC) than for a stable plaque (proximal LRNC<10% and thick
fibrous cap). This may indicate a cushioning effect of LRNC at the proximal part of a plaque
on wave reflection and might offer a non-invasive and inexpensive additional diagnostic test
to characterize the nature of a distally located plaque in patients with symptomatic carotid
stenosis.
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Abstract
To properly assess morphological and dynamic parameters of arteries and plaques, we propose the concept of orthogonal distance measurements, i.e. perpendicularly to the local lumen
axis rather than along the ultrasound beam (vertical direction for a linear array). The aim of
this study is to compare the orthogonal and vertical lumen diameter at the site of the plaque
and to investigate the interrelationship of orthogonal diameters and plaque size and the association of artery parameters with plaque echogenicity in the common carotid artery (CCA). In
29 patients a longitudinal B-mode US-recording was acquired of CCA plaques at the posterior
wall. Following semi-automatic segmentation, parameters were extracted orthogonally along
the lumen axis. To establish inter-observer variability of parameters obtained at the location
of maximal plaque thickness, a second observer repeated the analysis (subset N=21). Orthogonal adventitia-adventitia and lumen diameter and distension could be determined with
good precision (coefficient of variation: 1-5% and 21-50%, respectively). Orthogonal lumen
diameter was significantly smaller than the vertical lumen diameter (p-value<0.001). Surprisingly, the CCA plaques in our population did not cause outward remodeling, i.e., a local
increase in adventitia-adventitia distance. The intra- and inter-observer precision of plaque
compression were poor and of the same order as the standard deviation of plaque compression. The orthogonal relative lumen distension was significantly lower for echogenic plaques,
indicating a higher stiffness, than for echolucent plaques (p-value<0.01). In conclusion, we
demonstrated the feasibility to extract orthogonal CCA and plaque dimensions, albeit that the
proposed approach was inadequate to quantify plaque compression.
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Introduction
Understanding of mechanical plaque properties would be beneficial to improve plaque risk assessment. In a stroke population, the adventitia-adventitia distension of the common carotid
artery (CCA) and the internal carotid artery (ICA) at the stenotic side is significantly lower
than at the contralateral side (Giannattasio et al. 2001), indicating a stiffer vessel. Furthermore, decreased distension at plaque location is associated with advanced plaques (containing
a lipid core, hemorrhage, calcifications or thrombus), as characterized by MRI (Beaussier et
al. 2011). A plaque induces pressure wave reflections (Nichols et al. 2011). Moreover, it will
locally increase blood flow velocity and, thereby, wall shear stress, stimulating the endothelium
to release vasodilators to restore local wall shear stress to normal level (Glagov et al. 1997;
Samijo et al. 1998; Dammers et al. 2003). As a consequence, it is expected that the adventitia-adventitia diameter at the plaque is larger, which is referred to as outward remodeling.
Indeed, patients with CCA plaques who have type 2 diabetes, dyslipidemia or hypertension
are associated with a decreased adventitia-adventitia distension and larger adventitia-adventitia diameter at the CCA plaque (Paini et al. 2007; Beaussier et al. 2008).
In standard transcutaneous ultrasound applications, echoes and scattered signals from tissue
transitions are received as function of depth. Therefore, distance or displacement measurements of echo transitions to quantify e.g. lumen diameter or wall thickness are performed
along the ultrasound beam (vertical direction for a B-mode linear array image), also ensuring
best depth resolution. For tissue structures parallel to the skin surface, e.g., the CCA, distance
measurements along the ultrasound beam will hardly deviate from distance measurements
along the radius, even for a deviation of 10 degrees from perpendicular insonation. However,
for tortuous structures oriented oblique to the skin surface, e.g., the carotid bifurcation and
ICA, distance and displacement measurements along the ultrasound beam increasingly lose
their relevance depending on the angle between ultrasound beam and the orientation of the
structure under examination. Especially the presence of plaques, where the local relevant
tissue orientation may reach angles of 45 degrees with respect to the beam direction, may
lead to large differences between orthogonal, i.e. perpendicularly to the local lumen axis, and
perpendicular distance assessment.
For proper assessment of local adventitia-adventitia and lumen diameters and distensions, distances and displacements between echo transitions should preferentially be measured along
the vessel radius, i.e., perpendicular to the local orientation of the blood vessel or lumen axis.
In this study, we propose the concept of orthogonal distance measurements and apply it to
morphological CCA (plaque) measurements. It is based on semi-automatic outlining of the
anterior and posterior lumen-intima and media-adventitia transitions. , Subsequently based on
an iterative search for the shortest cross-sectional diameter, the local radius orientation and
associated distances are automatically extracted at an interspacing of 1 mm along the length
of the vessel. The procedure is executed for the diastolic as well as the systolic images of a
B-mode video providing estimates of diastolic to systolic changes.
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The dynamic parameters, i.e., lumen and adventitia-adventitia distension and plaque compression, are likely influenced by plaque composition and the pressure wave. Plaque composition
can be qualified by plaque echogenicity (Elatrozy et al. 1998; Kakkos et al. 2007), quantified by
the (normalized) grey-scale median (GSM). Echolucent plaques are associated with increased
risk of cerebrovascular events (Biasi et al. 1999; Gronholdt et al. 2001; Mathiesen et al. 2001;
Topakian et al. 2011). Patients with recurrent ischemic events have a plaque with a large lipid
core and lower echogenicity (Salem et al. 2012), while plaque echogenicity increases with time
from stroke or transient ischemic attack (TIA) onset (Martinez-Sanchez et al. 2012). The latter
has consequences for the local dynamic behavior of lumen and plaque.
The aim of this study is to introduce the concept of orthogonal measurements and to investigate the association between dynamic parameters and plaque echogenicity for plaques in the
common carotid artery. More specifically, 1) we will evaluate the intra- and inter-observer
precision of morphological/dynamic parameters, i.e., adventitia-adventitia diameter, lumen
diameter and distension and plaque compression, 2) evaluate the difference between orthogonal and vertical mean lumen diameter along the plaque, 3) we will consider plaque thickness and compare parameters at the site of the plaque with those of the adjacent proximal
or distal segments and 4) we will associate dynamic plaque parameters with normalized grey
scale values specifically for plaques with a high echogenicity.
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Methods
Study subjects
The Plaque At RISK (PARISK) study (clinical trials.gov NCT01208025) is an ongoing multicenter cohort study with 2-year follow-up (Truijman et al. 2014). The study was approved
by the Medical Ethics Committees of the participating centers and all patients gave written
informed consent. For the current substudy, we selected the B-mode ultrasound recordings
of 29 patients (70±9 yrs) with at least one plaque present at the posterior wall in either left
or right CCA.

Data acquisition
During the ultrasound examination, the patient lay in supine position with the head slightly
tilted to the side opposite to the one investigated. A Philips iU22 scanner (Philips Medical
Systems, Bothell, USA) with a 9-3 MHz linear array probe (width 40 mm), operating at a
frame rate of approximately 40 frames per second, was used to locate the CCA plaque and
to select a plane of observation with maximum plaque cross-section. Subsequently, a single
longitudinal B-mode ultrasound recording of about 6 seconds was acquired. Subject characteristics and relevant clinical data (e.g., age, gender, clinical reason for ultrasound examination)
were collected.

Image analysis: Manual edge tracking
To identify end-diastolic and systolic frames, an artery section proximal or distal to the plaque
(or with a minimum of plaque interference) is selected. This section is divided into half-overlapping segments with a width of 2 mm which is on the order of 2 times the lateral ultrasound
resolution (about 1.3 mm). The diameter waveform of each segment is extracted by automatic edge tracking of the media-adventitia transitions of the anterior and posterior wall using
a threshold of 65% of the maximal grey value of the local adventitia, as previously described
(Steinbuch et al. 2016a; Steinbuch et al. 2016b). The end-diastolic and systolic frames follow
from the local minima and maxima of the spatial average of the diameter waveforms of all
segments.
Before manual outlining an artery, image frames are interpolated by a factor of 2 in depth and
width. Subsequently, the positions of the lumen-intima and media-adventitia transitions for
both the anterior and posterior walls are manually identified (Fig.1) for the first diastolic frame
at 1 mm spacing (note: smaller than the lateral resolution). Media-adventitia and lumen-intima
transitions are smoothed with Savitsky-Golay filter of the 3rd order and with a span of seven
wall markers (7 mm), providing continuous outlines (Figure 1). Next, a first guess is made
for the adventitia-adventitia and lumen centerline by averaging corresponding anterior and
posterior endpoints along the (vertical) depth axis. Subsequently, the anterior and posterior
endpoints are shifted in opposite direction (diameter rotation) until the distance between
anterior and posterior outlines reaches a minimum, providing the orthogonal orientation and
orthogonal diameters. If either endpoint enters a margin of 3 mm at any side of the image
segment, it is excluded. Finally, the centerlines are recalculated. The final result (Figure 1)
serves as a template for the next frame which improves precision and reduces process time.
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The local wall and (hence) plaque thickness is defined as the difference between the media-adventitia and lumen-intima transitions along the orthogonal orientation at both the anterior or
posterior wall, respectively. The local orthogonal adventitia-adventitia and lumen distensions
are the difference between corresponding orthogonal systolic and end-diastolic diameters.
Relative distension is the ratio of distension and end-diastolic diameter. The diameter and distension are determined both at the location of maximal plaque thickness and over the entire
image segment by taking the median over all orthogonal diameters or distensions.
The plaque compression at either anterior or posterior wall is defined as the difference between systolic and end-diastolic vessel wall thickness at the location of maximal plaque thickness. All parameters are averaged (median) over all available heart beats.

Figure 1
Manual outlining (left) at an interspacing of 1 mm of the anterior and posterior lumen-intima (green dots) and
media-adventitia transitions (red dots) of a CCA plaque. Manual outlining (left) is followed by automatic extraction
(right) of the local radius orientation (red and green lines) and associated distances using the lumen (yellow dots)
or adventitia-adventitia centerlines (blue dots).

Grey-scale median analysis
Grey scale analysis is performed by a trained observer blinded for the results of artery outlining. At each end-diastolic and systolic frame, the plaque contour is manually segmented. For
normalization, a reference box is positioned at the lumen-intima transition covering both the
adventitia vessel wall and lumen. The grey value of the lumen within the reference box is set to
0 and the adventitia value is set to 199. Grey scale values of the plaque are normalized accordingly. The calcium content of the plaque likely determines most of the local vessel stiffness
and is reflected by a higher echogenicity, quantified by the 75th percentile of the normalized
grey value (GS75), and averaged (median) over all heartbeats.
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Statistical analysis
Manual outlining of the CCA was performed twice by an observer without knowledge of the
grey scale results. The analysis was repeated by a second observer for a subset of the patient
population (N=21). Intra- and inter-observer precision of morphological and dynamic parameters, i.e., adventitia-adventitia and lumen diameters and distensions, and plaque compression, were quantified by the standard deviation of the differences between the observer and
the assumed ground truth, i.e., the observed subject average. To compare the orthogonal and
vertical lumen diameters along the plaque, the mean lumen diameter of the 40% smallest diameters along the radius of the CCA was calculated. Subsequently, the vertical lumen diameter
was calculated for the same points. A paired t-test was used to compare the orthogonal and
vertical lumen diameter and to compare the orthogonal diameter and plaque thickness with
that of segments proximally or distally with an average intima-media thickness less than 1500
µm. The relation between parameters at maximal plaque thickness and the 75th percentile of
the normalized grey scale value (GS75) was tested by Pearson correlation and Student t-test.
Significance level was set at p<0.05. Values are presented as mean ± standard variation (SD).

7

121

Chapter 7

Results
In total, 6 patients were excluded due to insufficient image quality (N=2), unclear media-adventitia wall because of a shadow (N=1) or out of plane motion of the plaque (N=3). In total,
CCA images of 23 patients (age 70±9 yrs) were analyzed. The degree of stenosis according to
the European Carotid Surgery Trial (ECST) criterion (European Carotid Surgery Trialists’ Collaborative 1998) was 48±13%. Six patients (26%) had a plaque covering more than the width
of the ultrasound image (40 mm). Patient characteristics are listed in Table 1. After exclusion
of the 6 patients, the intra- and inter-observer precision was determined in 15 subjects of the
selected subset (N=21).

Intra- and inter-observer precision
The mean morphological parameters and their intra- and inter-observer precision are shown
in Table 2 and 3. The distribution of values observed over the entire ROI and at the site of
the plaque does not show any trend with respect to the mean value observed by a single or
both observers. The intra- and inter-observer precision of diameters is good (coefficient of
variation: 1-5%) whereas the precision of distension is poor (coefficient of variation: 21-50%).
Except for plaque compression, intra-observer precision of all parameters is considerably
smaller than inter-observer precision. The intra- and inter-observer coefficient of variation
(CV) of lumen diameter (2% and 5%) and distension (28% and 41%), as obtained over the
entire region of interest, are larger than those of the adventitia-adventitia diameter (1% and
3%) and its distension (21% and 39%). Both intra- and inter-observer precision of adventitia-adventitia and lumen diameter and distension are smaller than the standard deviation of
our patient population. However, intra- and inter-observer precision of plaque compression
are higher than the mean compression and are of the same order as the standard deviation
of plaque compression of our patient population. Therefore, plaque compression cannot be
precisely determined and will not be considered for further analysis.
Table 1
Patient characteristics. Data are presented as mean ± standard deviation or number (%).
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N

23

Age

70±9 years

Male

23 (66%)

Degree of stenosis

48±13%

Plaque location
Posterior wall only
Both walls

8 (35%)
15 (65%)

Indication
Stroke
TIA
Amaurosis fugax
Other

7 (30%)
7 (30%)
1 (4%)
8 (35%)
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Orthogonal and vertical lumen diameter
The mean lumen diameter (smallest 40%) along the radius of the 23 patients is 4720±1176
µm whereas the lumen diameter along the ultrasound beam is 5344±1094 µm. Therefore, the
orthogonal lumen diameter is significantly smaller than the vertical diameter (mean difference
625 µm, p-value<0.001) and reflects more properly local lumen narrowing, indicating the
importance of orthogonal measurements.

Dynamic parameters at the CCA with and without plaque
Fourteen of the 23 patients had a mean posterior wall thickness lower than 1500 µm proximal
as well as distal to the largest plaque. As expected, the end-diastolic lumen diameter at the
plaque is significantly lower than proximal or distal to the plaque (Table 4; mean difference
1544 and 1903 µm, p-value=0.001 and <0.001, respectively). The end-diastolic adventitia-adventitia diameter at the plaque is significantly larger than at the CCA proximal to the plaque
(mean difference 411 µm; p-value=0.009), suggesting outward remodeling. However, the
end-diastolic adventitia-adventitia diameter at the CCA distal to the plaque is even borderline
significantly larger than at the site of the plaque (mean difference 183 µm; p-value=0.087),
which is in line with a diverging CCA towards the bifurcation and contradicting outward reTable 2
Intra-observer precision and mean values of diameter and distension estimates. Adventitia-adventitia and lumen
diameters and distensions could be determined with good intra-observer precision. However, intra-observer
precision of plaque compression is larger than the mean compression and is of the same order as the standard
deviation of plaque compression of our patient population. Therefore, plaque compression cannot be precisely
determined. Values are presented as mean ± standard deviation. Intra-observer precision is defined as the
standard deviation of differences between repeated measurements and their average. CV, Coefficient of variation.
N=15
Entire region of
interest

Adventitia to
adventitia
Lumen

At maximal
Adventitia to
posterior plaque adventitia
thickness
Lumen

Plaque

Mean

Intra-observer
precision

CV [%]

End-diastolic
diameter

8822±724 µm

59 µm

1

Distension

193±128 µm

40 µm

21

End-diastolic
diameter

5351±1030
µm

107 µm

2

Distension

213±128 µm

59 µm

28

End-diastolic
diameter

8932±864 µm

78 µm

1

Distension

200±160 µm

62 µm

31

End-diastolic
diameter

4078±1049
µm

113 µm

3

Distension

216±126 µm

67 µm

31

Compression

8±113 µm

141 µm

1763
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modeling. Indeed, the plaque adventitia-adventitia diameter does not deviate from the mean
of the proximal and distal adventitia-adventitia diameters (Table 4; p-value=0.23). The adventitia-adventitia and lumen distension at the plaque are similar to either the distension at the
CCA proximal or distal to the plaque (mean difference <70 µm; p-value>0.15).

Dynamic parameters and grey scale values
Scatterplots of the relative adventitia-adventitia and lumen distension compared to the 75th
percentile of the normalized grey scale value (GS75) are shown in Figure 2. The relative
adventitia-adventitia and lumen distensions are negatively correlated to the GS75 (Pearson
correlation=-0.35 and -0.5, p-value=0.097 and 0.015, respectively). The group median of
the GS75 is 72 (on the normalized 0-199 scale). Patients with a GS75 higher than 72 (N=11)
exhibited a (borderline) significantly lower relative adventitia-adventitia and lumen distension
(p-value=0.084 and 0.009, respectively), indicating higher vessel wall stiffness.
Table 3
Diameter and distension determined by two observers. Adventitia-adventitia and lumen diameters and distensions
could be determined with good inter-observer precision. However, inter-observer precision of plaque compression
is larger than the mean compression and is of the same order as the standard deviation of plaque compression
of our patient population. Therefore, plaque compression cannot be precisely determined. Values are presented as
mean ± standard deviation. Inter-observer precision is defined as the standard deviation of differences between
measurements and their average of all observers. CV, Coefficient of variation.
N=15
Entire region
of interest

At maximal
posterior plaque thickness

Inter-obser- CV [%]
ver precision

8555±756 µm

289 µm

Adventitia to
adventitia

End-diastolic
diameter
Distension

213±153 µm

84 µm

39

Lumen

End-diastolic
diameter

5547±1066
µm

278 µm

5

Distension

234±163 µm

95 µm

41

Adventitia-to-adventitia

End-diastolic
diameter

8648±885 µm

330 µm

4

Distension

189±158 µm

76 µm

40

Lumen

End-diastolic
diameter

4218±1036
µm

183 µm

4

Distension

222±159 µm

112 µm

50

Compression

-6±130 µm

146 µm

2433

Plaque

124

Mean

3

Figure 2
Orthogonal relative adventitia-adventitia (left) and lumen distension (right) are negatively correlated with the 75th percentile of the grey-scale value (Pearson correlation of
-0.35 and -0.5, with p-value of 0.097 and 0.015, respectively).
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Distension

Diameter

311±196 µm

Lumen

294±211 µm

351±235 µm

286±183 µm

194±161 µm

Adventitiaadventitia

216±161 µm

6592±1098
µm

6233±1195 µm 4689±1071 µm

8419±843 µm

Distal

Lumen

8237±842 µm

Plaque

7826±863 µm

Proximal

Adventitiaadventitia

N=14

0.71

0.49

0.001

0.009

p-value¹

0.27

0.15

<0.001

0.087

p-value²

0.40

0.46

<0.001

0.23

p-value³

Table 4
Lumen and adventitia-adventitia diameters and distensions at three locations about the plaque site. Though the adventitia-adventitia
diameter at the plaque is larger than at the CCA proximal to the plaque (1p-value), suggesting outward remodeling, the difference vanishes
for the distal diameter (2p-value) or for the mean of both proximal and distal diameters (3p-value). No spatial differences are observed
for the local distensions.
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Discussion
The present study explored the option to extract from ultrasound images the orthogonal dimensions of the common carotid artery (CCA) and plaques, i.e., the values perpendicular to
the local orientation of the artery centerline. Adventitia-adventitia and lumen diameters and
distensions could be determined with good intra- and inter-observer precision. The orthogonal lumen diameter at the site of the plaque differs substantially from the one measured along
the ultrasound beam (vertical direction for B-mode image obtained with a linear array). Since
the intra- and inter-observer precision of plaque compression is of the same order as the
standard deviation of the plaque compression of the patient population, plaque compression
cannot be precisely determined. Contrary to the general concept of outward remodeling
(induced by the locally increased wall shear strain) at the site of the plaque, we observed a
gradually increasing adventitia-adventitia diameter across the CCA. Furthermore, orthogonal
relative adventitia-adventitia and lumen distensions at the site of the plaque are negatively
associated with the 75th percentile of the normalized grey scale value.
As expected, the observed intra-subject precision of the orthogonal adventitia-adventitia diameter is low (coefficient of variation 1%) and similar to the values reported in literature
(coefficient of variation 1.5%) without correction for the angle of interrogation (Steinbuch
et al. 2016a). The observed intra-subject precision of orthogonal distension (40 µm) is also
similar to the CCA distension (44 µm) of patients with plaques in the internal carotid artery
(Steinbuch et al. 2016a) and to the subgroups of Graf et. al. (Graf et al. 2010) with plaques
in the ipsilateral or contralateral common or internal carotid artery. Note that we use the
average of repeated measurements as reference for calculating the intra-subject precision
whereas Graf et. al. only used one measurement as reference for the other, resulting in an
intra-subject precision twice as high as in our approach. However, due to a smaller mean distension (193±128 µm) as a consequence of the plaque (Table 2), the coefficient of variation is
substantially larger (21%) than reported values determined in the CCA without plaque (mean
distension 377±122 µm; CV=12%) (Steinbuch et al. 2016a). The mean adventitia-adventitia
distension (193 µm) is also substantially smaller than reported (>300 µm) by others for common carotid artery plaques (Paini et al. 2007; Beaussier et al. 2008; Beaussier et al. 2011). This
is explained by the fact that we considered the orthogonal distension along the entire segment
rather than the proximal value only where pulse pressures are higher because of pulse wave
reflection (Hoeks et al. 2008).
The intra-observer coefficients of variation (CVs) of the orthogonal lumen diameter and distension are smaller than the inter-observer CVs. No specific rules were issued regarding the
segmentation, allowing free interpretation of the observer and explaining larger inter-observer variations. The CVs of lumen diameter (2 and 5%) and distension (28 and 41%) are larger
than the CVs of the adventitia-adventitia diameter (1 and 3%) and distension (21 and 39%) for
both intra- and inter-observer variability. This is likely due to the problems associated with the
determination of the lumen-intima transition at the near wall. Accordingly, the Mannheim consensus recommends assessment of intima-media thickness at the far wall only instead of near
and far wall (Touboul et al. 2012). Since both intra- and inter-observer precision of adventi-
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tia-adventitia and lumen diameters and distensions are substantially smaller than the observed
standard deviation of those parameters in our patient population, orthogonal diameter and
distension can be precisely determined from ultrasound images.
In contrast to the distension and diameter, orthogonal plaque compression cannot be precisely determined. This is because intra- and inter-observer precisions of plaque compression
are higher than the actual compression and are of the same order as the standard deviation
of compression in our patient population. The main reason for the high intra-and inter-observer variability is the ultrasound resolution (300 µm (Steinbuch et al. 2017)) in combination
with the small variation of the plaque thickness. The variability which cannot be adequately
improved by averaging over subsequent heart beats. Another option is to consider spatial averaging over adjacent plaque segments. However, plaque compression may vary across
multiple plaque segments due to spatial variations of plaque thickness, composition and local
pulse pressure.
In this study, we explored the possibility to extract the CCA dimensions and plaque thickness
perpendicularly to the local orientation of either the adventitia-adventitia or lumen centerline.
Since the CCA is commonly parallel to the skin surface, the orthogonal artery dimensions
for segments without a plaque do not deviate from those obtained with standard procedures (Graf et al. 2010; Steinbuch et al. 2016a). However, at a stenotic segment the artery
orientation will change with position along the stenotic segment (Figure 1). Consequently,
the orthogonal dimensions at the proximal and distal plaque segments are lower than those
observed along the ultrasound beam, despite the parallel orientation of the CCA. For artery
segments with an oblique orientation, e.g., the ICA, larger differences may occur between
orthogonal and perpendicular assessment.
As stated earlier, the presence of a stenosis will locally increase the blood flow velocity and,
hence, the wall shear stress. This will stimulate the endothelium to release a vasodilating agent
(NO) in an attempt to restore the local wall shear stress (Glagov et al. 1997; Samijo et al.
1998; Dammers et al. 2003). Consequently, the adventitia-adventitia diameter should be larger at the site of a stenosis (outward remodeling). To investigate this effect, we considered
the adventitia-adventitia and lumen diameter and distension proximal and distal to a plaque
in a subset (N=14). Because of the stenosis, the lumen diameter at the plaque is significantly
smaller than either the corresponding lumen diameter proximal or distal to the plaque (Table
4). On the other hand, the adventitia-adventitia diameter at the plaque is significantly larger
than the diameter proximal to the plaque (Table 4), suggesting outward remodeling. This is
in line with studies where outward remodeling was observed for some of the CCA plaques
considered (Paini et al. 2007; Beaussier et al. 2008; Beaussier et al. 2011). However, the
adventitia-adventitia diameter at the plaque was borderline significantly smaller than the diameter distal to the plaque (Table 4) while there was no difference with the mean of proximal
and distal diameters. Those observations are in line with a diverging CCA towards the bifurcation and contradicts the concept of outward remodeling. Since CCA plaques are relatively
stable compared to plaques at the downstream bifurcation, outward remodeling may indeed

128

Orthogonal measurements and carotid plaques

be limited, even though the average stenosis degree is 48% (Table 1). In addition, it should
be realized that proximal or distal to a recording location plaques may exist which affect the
parameters extracted from the recording.
Orthogonal adventitia-adventitia and lumen relative distension at the site of the plaque are
negatively associated with the GS75. Thus, a locally stiffer vessel wall, as reflected by the
decreased relative lumen distension, is associated with echogenic plaques, which is probably
due to a higher calcium content. The current study is performed in a relatively small cohort
(N=23) which might explain the borderline association between the adventitia-adventitia distension and GS75.
A limitation of this study is the stability of CCA plaques; CCA plaques will almost never lead
to rupture. However, CCA plaque evaluation will contribute to the knowledge of plaque
dynamics and the relation with plaque morphology and composition. In the near future, the
association between the relative adventitia-adventitia and lumen distensions at the plaque
within the carotid bulb and plaque progression and/or rupture risk will be investigated in the
PARISK follow-up study (Truijman et al. 2014).
In conclusion, we demonstrated the feasibility to extract from a sequence of ultrasound
B-mode frames the orthogonal dynamic dimensions of the common carotid artery and plaques, albeit that the proposed approach appears inadequate to establish plaque compression.
At the site of the plaque the orthogonal lumen diameter is significantly smaller than the lumen
diameter along the ultrasound beam. Surprisingly, we did not found outward remodeling with
the CCA plaques. Orthogonal relative lumen distension is negatively associated with plaque
echogenicity, which is in line with the known larger stiffness of lesions with increased echogenicity.
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Introduction
This thesis is a step towards identification of plaques at risk with ultrasound and pertains to
baseline ultrasound recordings (2010-2014) of the 2-year follow-up Plaque At RISK study
(PARISK). The main aim of this thesis is to develop and validate new techniques to extract
from ultrasound recordings the morphological and mechanical properties of carotid arteries
and plaques in order to provide accurately and precisely characteristics specific for a plaque at
risk. The first part of this thesis addresses the mechanical properties of the common carotid
artery in association with distal plaques, while the second part of this thesis focuses on carotid
plaques itself. For this purpose, we have developed and validated a method to extract mechanical properties of the carotid artery, such as diameter, distension, intima-media thickness, distension rise time characteristics, and the spatial inhomogeneity of these quantities. They were
obtained with a novel edge detection technique facilitating tracking of tissue interfaces over
time and applicable to image sequences as obtained in the clinic with a standard ultrasound
echo system. In addition, we developed a novel technique to obtain morphological information of arteries and plaques along the relevant axis (center line lumen) rather than along the
line of observation (ultrasound beam axis).
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PARISK study
The Plaque At RISK (PARISK) study (clinical trials.gov NCT01208025) aims to evaluate plaques at risk with multiple non-invasive imaging techniques to improve, in a final application stage, identification of patients at increased risk of stroke, even before a first stroke or transient
ischemic attack (TIA) has occurred (Truijman et al. 2014). More specifically, PARISK aims to
identify suitable plaque parameters (including morphology, composition and mechanical parameters) that can be assessed with the selected imaging techniques with high sensitivity and
specificity. The study involves cross-sectional as well as longitudinal clinical validation. Therefore, PARISK will eventually enable to 1) diagnose plaques at an early stage and monitor progression, 2) assess individual risk for stroke or TIA, 3) assess efficacy of individual drug therapy
and intervention for (asymptomatic) patients at risk for a (recurrent) stroke or TIA and 4)
develop surrogate endpoints of non-invasive imaging techniques in novel drug development.

Current status of the PARISK study
240 patients who recently had an ischemic stroke or transient ischemic attack (TIA) and a
mild-to-moderate stenosis (30-70%) in the ipsilateral carotid bifurcation or internal carotid
artery (ICA) were included within three months after the clinical event. Image modality recordings, i.e., Magnetic Resonance Imaging (MRI), multidetector Computed Tomography Angiogram (MDCT), ultrasound and Transcranial Doppler (TCD), were performed after inclusion.
Currently, baseline results of the PARISK study are available (Figure 1). Average time between
the clinical event and ultrasound recording is relatively long (N=233; 55±73 days). To assess
determinants for plaque progression and assess changes in baseline and follow-up parameters,
all image modalities were reapplied in the first 150 patients after two years. Analysis will be
completed shortly. To determine the primary endpoints, i.e., which patients endured a new
recurrent stroke or transient ischemic attack, patients will be evaluated clinically when a follow-up brain MRI is repeated two years after inclusion in all patients in order to also detect
clinically silent infarctions.
This thesis mainly describes (the integration of ) morphological and mechanical characterization of the common carotid artery with or without plaque as determined with ultrasound.
Analysis of internal carotid artery ultrasound recordings is only performed for grey-scale median values. In the future, the mechanical properties of the internal carotid artery plaques will
also be investigated.
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Compatibility between centers
PARISK focusses on multiple existing non-invasive imaging techniques such as magnetic resonance imaging (MRI), multidetector computed tomography angiogram (MDCTA), ultrasound
(US) and transcranial Doppler (TCD). All imaging techniques are already rather standard in
the clinic, which makes it feasible to translate the findings of the PARISK study directly into
daily practice. The imaging modalities were recorded in four centers in the Netherlands, i.e.,
Maastricht University Medical Center, Erasmus Medical Center, University Medical Center
Utrecht and Amsterdam Medical Center. Multiple participating centers are necessary to provide a large sample size to ensure enough power for the primary endpoints, i.e., which patients endured a new ipsilateral recurrent ischemic stroke or transient ischemic attack. On the
other hand, multiple centers might contribute to a higher variability. To reduce the variability
between centers, similar devices were used for all image modalities. For the ultrasound recordings, all centers used a standard echo machine, the Philips iU22 scanner (Philips Medical
Systems, Bothell, USA), operating at a frame rate of approximately 40 fps. However, different
transducers were used depending on the depth of the carotid artery (either 17-5, 12-5 or 9-3
MHz probe) reflecting the daily practice. In addition, settings were not standardized across
centers leading to more diversity and easier translation to other devices. Pooling data and
translation of the results is only possible if inter-subject values between centers are not significantly different. The inter-subject values of morphological and mechanical characteristics derived from ultrasound recordings (end-diastolic diameter, distension, intima-media thickness,
its inhomogeneity) of the common carotid artery were similar between the different centers
(Chapter 4; ANOVA: p-value=>0.1). However, risetime and its inhomogeneity across the
distension distribution were significantly lower for one center (Chapter 6; ANOVA: p-value<0.001 and 0.008, respectively), which might be caused by presence of more vulnerable
plaques as confirmed by the MRI.

Severe stenosis cohort
In addition to the large cohort follow-up study (clinicaltrials.gov: NCT01208025), a small second cohort was included in the PARISK study (clinicaltrials.gov: NCT01709045) by the Maastricht University Medical Center. This subcohort consists of 71 patients with a recent stroke
or transient ischemic attack and severe stenosis (>70%), undergoing carotid endarterectomy.
The same imaging modalities as in the large cohort (see above) were applied one day before
the surgery. This small cohort allows investigation of severe plaques and enables eventually
comparison and validation of the imaging results against histology of the surgically removed
(plaque) tissue.
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Recruited
numbers in each
center

MUMC

EMC

UMCU

AMC

128

57

37

18

Total recruited

240

Enrollment

238

Image modalities

MRI

CTA

US

TCD

230

201

233

166

Brain

Carotid

230

228

Figure 1
Flow chart of patient recruitment and inclusion, and numbers investigated for each imaging modality, i.e.,
Magnetic Resonance Imaging (MRI), multidetector Computed Tomography Angiogram (CTA), ultrasound (US) and
Transcranial Doppler (TCD). In total, 240 patients were recruited. Two patients were excluded due to withdrawal
of the informed consent during the measurements, resulting in 238 patients. Exclusions of the different imaging
modalities were mainly due to contra-indications or technical recording failure. Participating centers are Maastricht
University Medical Center (MUMC), Erasmus Medical Center (EMC), University Medical Center Utrecht (UMCU)
and Amsterdam Medical Center (AMC).
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CCA plaque study
In the PARISK study, two-dimensional (2D) ultrasound images of the common carotid artery
(CCA) and internal carotid artery (ICA) were collected of patients with a plaque in the carotid bifurcation or ICA. As a first step towards plaque characterization in the ICA, we set up a
small pilot study (N=40) in the Maastricht Medical University Center to evaluate our method
in CCAs with plaque (Chapter 7). It should be noted that CCA plaques are rare and relatively stable (Figure 2).
Since CCA plaques are easily accessible for ultrasound, CCA plaques can enhance our knowledge of plaque and plaque imaging. However, we realize that CCA plaque do usually not
rupture and, hence, hardly contribute to relevant stroke risk assessment. We will return to
this issue after we have discussed the proposed analysis methods in detail.

Figure 2
Minor plaque (left) and severe plaque (right) in the common carotid artery. These plaques are relatively stable, as
can be deduced from the echogenic appearance (normalized grey scale median: 56±46 and 45±42, respectively).
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B-mode edge detection/tracking in the common carotid
artery
Since the internal carotid artery is usually curved at a variable depth, we validated our novel
edge detection and tracking technique (Chapter 3) in the common carotid artery (CCA).
In addition, mechanical characteristics of the CCA were determined (Chapter 3-6). These
characteristics might be risk factors for plaque formation.

B-mode wall edge tracking accuracy and precision
Arterial stiffness of the common carotid artery, determined by the distensibility coefficient,
i.e., the relative change in diameter normalized to the driving pulse pressure, is associated
with coronary heart and vascular disease (Leone et al. 2008; van Sloten et al. 2014). Local
distension, defined as the local diameter change over the cardiac cycle, is commonly extracted with radiofrequency phase tracking applied to recordings obtained at a high frame rate
(Meinders et al. 2001). Because this technique requires an expensive and dedicated ultrasound
machine, its application is restricted to a limited number of specialized hospitals. We showed
in Chapter 3 that the local diameter, and hence its change over the cardiac cycle (distension)
can be extracted with semi-automatic edge tracking applied to standard B-mode echo images
acquired at a video frame rate of approximately 40 Hz. More specifically, in an elderly patient population, which often has curved vessels with motion artefacts, the proposed method
provides distension as precise and accurate as radiofrequency phase tracking applied to high
frame rate echo sequences. Since distension can be properly extracted in this technically most
challenging patient group, it is likely that our edge tracking technique will also work adequately
in younger patients or those without atherosclerotic disease.

Common carotid wall thickness parameters as risk factors
Mean and maximal intima-media thickness (IMT) are potential risk markers for atherosclerotic
disease. Although increased mean and/or maximal IMT are associated with presence of an
atherosclerotic plaque in the internal carotid artery (ICA) (Persson et al. 1994; Bonithon-Kopp
et al. 1996; Rundek et al. 2015) and with increased risk on a first or recurrent stroke in a large
population (O’Leary et al. 1999; Tsivgoulis et al. 2006; Talelli et al. 2007; Silvestrini et al. 2010;
Roquer et al. 2011), recent literature shows that mean or maximal IMT is not suitable to predict for an individual patient the risk of (future) cardiovascular events (Lorenz et al. 2010; den
Ruijter et al. 2013; van den Oord et al. 2013; Bots et al. 2014). IMT inhomogeneity, defined
as the spatial standard deviation of IMT over the recorded B-mode image, may be a good
alternative for mean or maximal IMT, because it reflects the irregular appearance of the lumen-intima interface. To investigate IMT and its inhomogeneity, we included the detection of
the posterior lumen-intima transition (Figure 3) in our semi-automatic edge tracking program
(Chapter 4).
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Figure 3
To extract the intima-media thickness and its inhomogeneity, the lumen-intima (green line) and media-adventitia
transitions (yellow lines) of the common carotid artery are determined by edge detection.

We demonstrated that common carotid arteries (CCAs) with a high relative IMT inhomogeneity are associated with a larger median IMT (p-value<0.001), distension inhomogeneity
(p-value=0.01) and degree of ICA stenosis (p-value=0.023). Furthermore, after adjustment
for traditional risk factors, i.e., age, Body Mass Index, smoking, diabetes mellitus and hypertension, relative IMT inhomogeneity remained independently associated with the degree of
ipsilateral ICA stenosis (stepwise linear regression, standardized β=0.18, p=0.016). However,
in Chapter 5 it appeared that mainly CCA plaques dominate the association with the degree
of ipsilateral ICA stenosis (p-value<0.001). Henceforth, we conclude that IMT inhomogeneity
does not add extra information on top of maximal IMT.
Although Chapter 4 and Chapter 5 indicate a relation between wall thickness parameters
and the degree of stenosis, it remains unclear whether the wall parameters are abnormal
previous to plaque formation. It seems reasonable that the vessel wall first exhibits IMT irregularity followed by plaque formation. However, it is also possible that IMT and plaque formation are different and independent processes (Spence and Hegele 2004; Hegele et al. 2005;
Spence 2008). It requires a longitudinal study in a large asymptomatic population to evaluate
changes in wall parameters prior to plaque formation. Eventually the PARISK follow-up study
will provide wall thickness parameters in relation to plaque progression and recurrent stroke.
An important finding of our study is that risk classification for having a distal moderate stenosis
(>50%) is affected when wall thickness in relation to the actual common carotid artery diameter is considered rather than its absolute value (Chapter 5). This is in line with the physiological consideration that wall tension will be the same for a constant ratio of wall thickness
and diameter as expressed by the Lamé equation (Liang et al. 2001; Nichols et al. 2011). To
rate wall thickness properly, it is advised always to use relative instead of absolute IMT. The
potentially greater relevance of the relative compared to absolute wall thickness parameters
in association with plaque progression and stroke recurrence is further investigated in the
PARISK follow-up study.
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Vulnerable plaque identification
Common features of vulnerable plaques, i.e., plaques prone to rupture, are a lipid-rich necrotic core with a thin fibrous cap (<65 µm), accumulation of macrophages and lack of smooth
muscle cells (Lusis 2000; Virmani et al. 2000; Virmani et al. 2006). Plaque deformation, and
eventually plaque rupture, will vary with plaque morphology (size and shape) and composition, as well as the mechanical load exerted by (transmural) blood pressure, pulse pressure, and
wave reflections (Hoeks et al. 2008). The ability to assess by ultrasound the composition of
(vulnerable) plaque will be beneficial since it simplifies procedures by bypassing Magnetic Resonance Imaging or Computed Tomographic scans and thereby may reduce healthcare costs.

Degree of stenosis
The degree of stenosis of the internal carotid artery (ICA) can be determined by ultrasound,
Computed Tomographic (CT) or Magnetic Resonance Angiography according to either the
European Carotid Surgery Trial (ECST) criterion (European Carotid Surgery Trialists’ Collaborative 1998) or the North American Symptomatic Carotid Endarterectomy Trial (NASCET) criterion (North American Symptomatic Carotid Endarterectomy Trial 1991). The
ECST criterion divides the lumen diameter at the site of the plaque by the assumed original
vessel diameter at the same location, whereas the NASCET criterion considers the ratio of
the lumen diameter at the site of the plaque by the vessel diameter just distally to the plaque
location. In the Netherlands, the degree of stenosis is commonly classified in the clinic by the
highest peak velocity of the Doppler ultrasound signal, most likely obtained within or just
distal to a stenosis, and linked to the NASCET criterion (Grant et al. 2003). However, the
degree of stenosis from ultrasound Doppler velocities is only available as categorical rather
than continuous data. Moreover, plaques with less than 50% degree of stenosis hardly affect
peak velocities, so this method is unsuited for minor plaques. However, half our patient population has an average degree of ICA stenosis below 50%. In addition, Doppler velocities as
well as NASCET criterion underestimate the actual burden of atherosclerosis (Staikov et al.
2000; Sabeti et al. 2004; Schreuder et al. 2009). Therefore, we advocate the use the degree of
ICA stenosis on a continuous scale as determined with the ECST criterion on CT recordings.

Plaque composition
Plaque composition can be determined either by Magnetic Resonance Imaging (MRI) (Yuan
et al. 2001; Cappendijk et al. 2004; Cappendijk et al. 2005; Saam et al. 2005) or ultrasound
applying grey scale median (GSM) values (El-Barghouty et al. 1996; Tegos et al. 2000; Lal et
al. 2002; Goncalves et al. 2004; Sztajzel et al. 2005). Echolucent plaques, i.e., plaques with
relatively low echo amplitude, tend to be rather homogeneous of composition (Chapter 2)
and are associated with increased risk of cerebrovascular events (Biasi et al. 1999; Gronholdt
et al. 2001; Mathiesen et al. 2001; Topakian et al. 2011). However, plaque echogenicity alone
is not powerful enough to select patients for carotid endarterectomy (Gupta et al. 2015). The
predictive value of MRI plaque composition for determining plaques at risk is further investigated in the PARISK follow-up.
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Distance and displacement measurements
In standard transcutaneous ultrasound applications, echoes and scattered signals from tissue
transitions are received as function of depth. This implies that a (change in) distance between
echo transitions will be measured along the ultrasound beam. For structures parallel to the
skin surface, e.g., the common carotid artery, the signals obtained will adequately reflect the
actual properties of the structures under study. Even a deviation of 10 degrees from perpendicular insonation will hardly affect distance measurement of, for example, lumen diameter,
wall thickness or plaque thickness. The situation changes drastically (Figure 4) for the carotid
bifurcation and internal carotid artery that are oriented oblique to the skin surface and are
frequently tortuous. The situation is aggravated by plaques where the local relevant tissue
orientation may reach angles of 45 degrees. Under these conditions, distance and displacement measurements along the ultrasound beam lose their relevance.
For a proper assessment of local lumen diameter and wall thickness, distance measurements
should preferentially be performed along the radius, i.e., perpendicular to the local orientation of the lumen axis. In Chapter 7, the concept of orthogonal distance measurements was
introduced. It is based on manual outlining of the anterior and posterior lumen-intima and
media-adventitia transitions, followed by automatic extraction of the local radius orientation,
at an interspacing of 1 mm, and associated distances (Figure 5). This procedure is executed for
the diastolic as well as the systolic images of a B-mode video sequence (established using the
method as proposed in Chapter 7). For each video sequence, the result is a large compilation of measurements, even involving diastolic to systolic longitudinal motion of the observed
artery segment based on the cross-correlation of the lumen shape.

Figure 4
The common carotid artery (left) and internal carotid artery (right) of the same patient. The common carotid artery
is observed perpendicularly (ultrasound probe at top) whereas the internal carotid artery changes continuously in
orientation leading to errors in distance and displacement measures.
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Figure 5
Manual outlining of the anterior and posterior lumen-intima (green dots) and media-adventitia transitions (red
dots) of the internal carotid artery with a posterior plaque. Manual outlining (left) is followed by automatic
extraction (right) of the local radius orientation (red and green lines) at an interspacing of 1 mm using the lumen
(yellow dots) or adventitia-adventitia centerlines (blue dots).

A complicating factor for orthogonal distance assessment is that for tissue interfaces not perpendicular to the ultrasound beam the character of the received echo signals shifts from reflection to scattering. Moreover, the lateral ultrasound resolution imposed by the beam width
(Chapter 2), which is about a factor 5 poorer than the depth resolution along the beam, will
blur images. As a consequence, tissue transitions may be less distinct, complicating manual
outlining of tissue interfaces. To separate sources of error, i.e., manual outlining and image
quality, we first applied the proposed method to common carotid arteries with plaques.
The orthogonal approach facilitates, with good intra- and inter-observer precision (coefficient
of variation: diameter 3-5%), assessment of the external and internal diameter of the vessel
near and at the CCA plaque (Chapter 7). However, intra- and inter -observer precisions are
limited by the US resolution in depth (around 300 µm). This is of specific relevance for the
assessment of diastolic to systolic changes in distances (coefficient of variation: distension 4060%). For example the plaque compression, i.e. the relative change in plaque thickness from
diastole to systole, cannot be determined precisely. The intra- and inter-subject precision is
141 and 146 µm, respectively, which is higher than the actual compression (should be below
10%). Averaging over adjacent plaque segments might improve the inter- and intra-observer
precision, though compressibility values might vary across plaque segments due to plaque
structure and composition (especially near plaque borders). Alternatively one may consider
plaque motion based on the movement of the plaque center, which is likely less resolution
dependent. Baseline results of center movement of plaques in the internal carotid artery will
be available soon.
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Integrating morphological and biomechanical characteristics
As shown in Chapter 3, edge detection of anterior and posterior wall-lumen transition for
a sequence of B-mode images provides the distribution of diameter distension waveforms
over the observed artery segment. The local transmural blood pressure is cushioned by the
artery compliance which is inversely related to wall stiffness (Nichols et al. 2011). It is, therefore, anticipated that the diastolic to systolic risetime of the distension waveform is long for
young subjects with highly compliant arteries and shortens with age. The relevant distension segment, obtained from a standard B-mode video sequence, contains only a few sample
points. Therefore, determination of diastolic and systolic time points (minimum and maximum) always has a low precision. That is why we proposed in Chapter 6 to interpolate the
distension waveform distribution by a factor of 25 and considered the time points for 20 and
80% of the systolic upstroke as relevant for the risetime. Based on repeated recordings we
could show that, following this approach, we could achieve a precision of 7 ms for the median
risetime (Chapter 6), which is well below the B-mode interframe spacing of about 25 ms.
To assess the effect of wave reflections on the distension waveform distribution, median
risetime and its inhomogeneity over the common carotid artery were compared with the
degree of stenosis and plaque composition of the internal carotid artery (Chapter 6). Both
a mild stenosis (<50% according to ECST criterion) and moderate stenosis (50-70% according
to ECST and NASCET criterion, respectively) in the internal carotid artery did not have a
notable effect on the common carotid artery risetime and its inhomogeneity (Chapter 6;
Student t-test: p-value>0.7). The magnitude of wave reflections is directly related to changes
in hemodynamic impedance caused by a stenosis, explaining why the association between
risetime and stenosis degree did not reach significance for mild and moderate stenoses. Hence, median risetime should be specifically investigated for severe plaques (>70% according
to NASCET criterion). This is eventually possible for the second small cohort of the PARISK
study, i.e., patients with a recent stroke or transient ischemic attack and severe stenosis undergoing carotid endarterectomy.
However, the risetime inhomogeneity of the common carotid artery distension waveform
distribution is higher for a stable, hard distal plaques than for a soft plaque, having substantial
proximal lipid-rich necrotic core (LRNC) and thin/ruptured fibrous cap (Chapter 6; mean
difference 4.5 ms, Student t-test: p-value=0.001). In the latter case, the risetime inhomogeneity was of the same order as the baseline value, based on the contralateral common carotid
artery with a small degree of distal stenosis (<30% according to ECST criterion). These observations corroborate the cushioning effect of a lipid rich necrotic core at the proximal part of
a plaque on wave reflections. Therefore, risetime inhomogeneity of the distension waveform
distribution seems to offer a non-invasive and inexpensive method to characterize the nature
of a distal plaque. To assess the possibility of vulnerable plaque discrimination with risetime
inhomogeneity in a patient population, a cut-off value for risetime inhomogeneity needs to be
defined in relation to histology of the plaque.
We observed across our patient population a high standard deviation of the risetime inhomo-
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geneity of the distension waveform. Moreover, a low risetime inhomogeneity on the order of
the baseline values was also observed for patients without a lipid rich necrotic core. Hence,
the specificity and sensitivity of risetime inhomogeneity will be likely too low for predicting
plaque vulnerability for individual patients. However, these issues (effect of severe stenosis,
true baseline value, and histology comparison) will enhance our understanding of the mutual
interaction of, on the one hand, pressure waves and associated wave reflection and, on the
other hand, morphology, structure and, composition of arteries and plaques.
The grey scale medium (GSM) value of a plaque is predominantly determined by the elastin
and calcium content of the plaque (Goncalves et al. 2004) and is affected by acoustic shadowing in case of strong calcification of a plaque. Hence, risetime inhomogeneity might provide
more potential than GSM values to identify non-invasively the nature of a plaque and thereby
plaque vulnerability. On the other hand, risetime inhomogeneity was only borderline significantly lower for vulnerable plaques (N=59), containing a LRNC, intraplaque haemorrhage
and thin or rupture fibrous cap, compared to stable plaques (N=75; no LRNC; Student t-test
p-value=0.06). If the analysis is restricted to subjects with a LRNC of more than 10% (N=45)
the association with risetime inhomgeneity becomes highly significant (p-value=0.008). Surprisingly, risetime inhomogeneity is not associated with GSM values (Pearson coefficient=0.05,
p-value=0.3). This observation is likely due to the fact that GSM is a composite reflection of
the total plaque composition including calcifications, a LRNC and intraplaque hemorrhage
whereas risetime inhomogeneity is mainly associated with LRNC at the proximal part of the
plaque (Chapter 6).
We hypothesized that the plaque composition may affect its compressibility and hence the
local artery distension (Paini et al. 2007; Beaussier et al. 2008; Beaussier et al. 2011). For this
purpose, external and internal relative distension of the vessel wall at the maximal posterior
plaque in the common carotid artery (CCA) were determined in 23 patients (Chapter 7).
Since it is likely that calcium content of the plaque mostly determines the local vessel stiffness, we looked at the 75th percentile of the normalized GSM values. Although the patient
number is relatively low, patients with a high 75th percentile of the normalized GSM values
(>72; N=11) of the CCA plaque had a (borderline) significantly lower external and internal
relative distension of the vessel wall at the CCA plaque (Student t-test: p-value=0.084 and
0.009, respectively) compared to patients with a low 75th percentile of the normalized GSM
values (<72; N=11). Therefore, plaque echogenicity is associated with a stiffer vessel wall.
This study was performed in a relatively small cohort with CCA plaques (N=23). The association between morphological characteristics (degree of stenosis, grey scale median) and
mechanical characteristics (distension, plaque movement) of the internal carotid artery plaque
in the large PARISK cohort will be further investigated. In addition, compliant plaques might be
more vulnerable for rupture. Therefore, the association between external or internal relative
distension at the plaque and plaque progression and/or risk of rupture will be investigated in
the PARISK follow-up study.

145

8

Chapter 8

Table 1
Lumen and adventitia-adventitia diameter at three locations, i.e., proximal to the plaque, at the plaque and distal
to the plaque.
Proximal

Plaque

Distal

p-value¹ p-value²

Lumen diameter

6233±1195 µm

4689±1071 µm

6592±1098 µm

0.001

<0.001

adventitia-adventitia
diameter

7826±863 µm

8237±842 µm

8419±843 µm

0.009

0.087

¹p-value between the diameter at the plaque and proximal to the plaque. ²p-value between the diameter at the
plaque and distal to the plaque.

One of the features of a plaque is outward remodeling (Naghavi et al. 2003), i.e. an enlarged
adventitia-adventitia diameter at the site of the plaque compared to the nearby proximal or
distal artery segment, to restore lumen diameter and hence wall shear stress (Glagov et al.
1997). To investigate the relevance of outward remodeling of the CCA plaques, the adventitia-adventitia and lumen diameter proximal and distal to the CCA plaque were analyzed
in a subset of the CCA plaque study (N=14; Chapter 7). The lumen diameter at the plaque was significantly smaller than either the lumen diameter proximal (Table 1; paired t-test
p-value=0.001) or distal (Table 1; paired t-test p-value<0.001) to the plaque.The adventitia-adventitia diameter at the plaque was significantly larger than the corresponding diameter
proximal to the plaque (Table 1; paired t-test p-value=0.009), corroborating the concept of
outward remodeling. However, the adventitia-adventitia diameter at the plaque was borderline significantly smaller than distal to the plaque (Table 1; paired t-test p-value=0.087), indicating diverging of the vessel towards the bifurcation and contradicting outward remodeling.
Therefore, in contrast to literature where outward remodeling was observed for some of
the CCA plaques considered (Paini et al. 2007; Beaussier et al. 2008; Beaussier et al. 2011),
outward remodeling of the plaques is either not present or obscured by diverging. Since CCA
plaques are relatively stable (Chapter 2), it is likely that outward remodeling is limited.
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Limitations
2D imaging
Out of plane motion of the vessel wall or plaque can occur, complicating analysis of 2D recordings. For circular structures in straight healthy vessels, for example the intima and media
layers of the common carotid artery, out of plane motion is limited and will not affect the
outcome of intima-media thickness since the received echo primarily originates from a segment perpendicular to the ultrasound beam. However, assessment of plaque compression or
center movement in a 2D recording, especially for plaques located in curved twisting vessels,
will not only depend on the pressure wave and plaque composition, but might also be influence by the out of plane motion of the plaque, complicating interpretation. As demonstrated in
Chapter 7, reliable segmentation of a simple 2D echo image with a minimum of observation
and motion artefacts remains problematic. This can be attributed to the nature of ultrasound
echo signals (originating from tissue interfaces; Chapter 2), to the depth-dependent shape of
the point spread function (leading part and trailing part of an echo have a different shape), and
to reverberations mixing with true echoes. Recently, using plane wave imaging 3D ultrasound
imaging with an exceptional high frame rate (>1000 Hz) became possible (Jensen et al. 2006;
Tanter and Fink 2014). 3D imaging eventually allows determination of plaque motion in either
direction if procedures for proper segmentation of the artery trajectory in space and in time
become available. Disadvantages of 3D imaging are the costs, compromised lateral resolution because of tissue dependent time of flight, and dedicated operation. Due to resolution
limitations, it is questionable whether 3D recordings would indeed improve plaque motion
assessment.

Manual plaque segmentation
In the presence of plaques, the tracking of vessel walls in 2D images over time is complicated
because of echogenicity, shadowing and out of plane movement. Therefore, we choose to
manually segment the vessel wall (Figure 6) including plaques at diastolic and systolic frames
to arrive at (dynamic) characteristics for artery diameter, lumen and plaques (Chapter 7) or
the plaque itself to obtain grey scale median values (Chapter 7).
Wall/lumen identification for fr 1 of 10 frs (Diastolic phase)

8

CCA006−le−BM−1.dcm; image 9 of 12 (frame 110 of 352 frames at 35.2 Hz, 66.4 um/pixel)
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Figure 6
Manual segmentation of vessel walls (left) or plaque (right) of the common carotid artery to determine either
the vessel wall characteristics or grey scale median value of the echogenic plaque. Green dots indicate the
lumen-intima transitions, red dots the media-adventitia transitionsand white dots indicate the plaque boundary.
Automatic tracking is hampered by the echogenic and echolucent parts of the plaque.
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The use of electrocardiogram as time reference is avoided by lumen tracking for a vessel
segment without a plaque for the determination of diastolic and systolic frames from the average distension waveform prior to the manual segmentation. Manual segmentation makes the
process more time-consuming and observer- dependent (cf. Chapter 7). As stated earlier,
the nature of ultrasound, lumen orientation relative to the ultrasound beam, and shadowing
and plaque echogenicity renders automatic tracking nearly impossible; manual corrections will
always be necessary to accurately segment the vessel wall at the plaque and the plaque itself.
Semi-automatic interactive tracking will reduce observer dependency and might be the best
possible option.
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Future clinical perspectives
Plaque progression shortly after a cerebrovascular event
As mentioned in the Introduction, it is beneficial to operate patients with a severe stenosis
(>70%) in the carotid bifurcation (North American Symptomatic Carotid Endarterectomy
Trial 1991; Barnett et al. 1998; European Carotid Surgery Trialists’ Collaborative 1998; Rothwell et al. 2003), whereas it is only moderately beneficial to operate patients with a moderate
stenosis (50-70%) (Barnett et al. 1998; Rothwell et al. 2003). However, the benefit of surgery
also depends on its timing after the last event: operating within two weeks after the last event
is most beneficial whereas the benefit of the surgery rapidly decreases with a longer time
delay (Rothwell et al. 2004). Apparently, most carotid artery plaques stabilize within a few
weeks after stroke.
As stated earlier, the time between an event and image recording in the PARISK study is relatively long (55±73 days) after which most plaques would have already stabilized. The mechanism of early plaque development, destabilization and restabilization is still unclear, especially
in the first weeks after stroke. Periodic imaging after a stroke or transient ischemic attack will
help to understand plaque progression and regression shortly after stroke. Since ultrasound
is an affordable and harmless imaging technique, which is readily accessible even in an ambulatory fashion due to high quality portable devices, it provides a good platform for repeated
examinations within a short time window.

PARISK Follow-up
This thesis focuses on the baseline results of the PARISK study. All non-invasive imaging techniques were reapplied in 150 patients 2 years after inclusion (Truijman et al. 2014). From
these follow-up data, plaque progression as quantified by its size can be extracted, allowing its
association with potential risk factors as obtained with the non-invasive imaging techniques,
i.e. ultrasound, Magnetic Resonance Imaging (MRI) and Computed Tomography, at baseline.
In addition, changes in the investigated parameters between baseline and follow-up can also
be assessed. Furthermore, the primary endpoints of the follow-up study (which patients endured a new ipsilateral recurrent ischemic stroke or transient ischemic attack) will be available
in the summer of 2016. Since the expected incidence of ischemic stroke is rather low (2,5%
per year), new silent ischemic brain lesions (around 19%) on MRI at follow-up will also be considered as primary endpoint (Truijman et al. 2014). In addition, the follow-up time of PARISK
study is extended for another three years. At the end of the PARISK follow-up study, potential
risk factors to predict recurrent stroke or transient ischemic attack and therefore plaque rupture can be determined. In addition, results from all multiple non-invasive imaging techniques
will be compared and the best possible individual risk stratification can be considered. One
may question whether the results of the PARISK study can also be directly translated to the
clinic, when other ultrasound systems are used. Since settings were not standardized and
inter-subject values were similar across centers for the ultrasound recordings, another device
will probably not change the outcome. After determination of the potential risk factors, a large randomized longitudinal trial will be necessary to prove the predictive value of the potential
risk factors prior to eventually incorporating the new approach in the clinical workflow.
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General conclusion
This thesis is a step towards identification of plaques at risk with ultrasound and pertains to
the baseline ultrasound recordings (2010-2014) of the 2-year follow-up PARISK study. The
morphological and mechanical characteristics of the carotid artery walls and plaques were
investigated by ultrasound. We developed analysis techniques to extract these characteristics
with a novel edge detection algorithm which performed properly on standard ultrasound echo
images as recorded in the clinic. Wall thickness parameters of the common carotid artery
are associated with the degree of internal carotid artery stenosis. Integrating mechanical and
morphological characteristics showed associations between the mechanical characteristics,
i.e., the risetime inhomogeneity of the common carotid artery and the relative distension of
the internal carotid artery, and the plaque composition determined by either Magnetic Resonance imaging or ultrasound, respectively. In conclusion, integrating mechanical and morphological characteristics might provide predictors for plaque vulnerability. The predictive value of
vessel wall and plaque characteristics for plaque progression and cerebrovascular events will
be evaluated in the follow-up phase of the PARISK study.
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In Europe, around 1 million people die annually of stroke which is the second most common
cause of death (Nichols et al. 2012). The most common type of stroke is an ischemic stroke,
caused by an occluded artery due to a thrombosis or embolism. 15-20% of ischemic strokes
are caused by the rupture of a vulnerable atherosclerotic plaque in the carotid bifurcation or
internal carotid artery (Chaturvedi et al. 2005). In the Netherlands, around 6,000 people die
annually of ischemic stroke and around 33,000 people are annually hospitalized for more than
one day (Koopman et al. 2014), leading to high health care costs.
To prevent a stroke or transient ischemic attack (TIA), patients are either only medically treated, i.e., with cholesterol synthesis inhibitors (statins) and anti-thrombotic therapy, or are additionally selected for a carotid endarterectomy (CEA). During a CEA procedure, the atherosclerotic plaque is surgically removed. Current clinical guidelines only consider the degree of
stenosis when selecting patients for CEA. Previous trials have shown that patients with more
than 70% degree of stenosis benefit from CEA (number to treat = 6), whereas patients with
a 50-70% degree of stenosis only moderately benefit from CEA (Barnett et al. 1998; Rothwell
et al. 2003). The benefit of surgery is also related to age and the time between the ischemic
stroke or TIA and the CEA (Rothwell et al. 2004a; Rothwell et al. 2004b). However, it has
been reported that 15% of the medically treated women with a moderate stenosis (50-69%)
will experience a recurrent ipsilateral stroke within five years after the first event (Barnett et al.
1998). Nowadays, the risk of recurrent stroke is lower due to better medical treatment (Park
and Ovbiagele 2015), which challenges the effectiveness of CEA and, hence, requires the best
possible selection of patients who will undergo surgery.
The possibility to assess the risk of plaque rupture will have tremendous impact in clinical
decision making and may help to reduce healthcare costs. Previous studies have shown a
good correlation between imaging to assess plaque vulnerability and histological and/or clinical characteristics. However, these studies considered only one or two non-invasive imaging
techniques in relatively small cohorts and did not deliver the necessary evidence to change the
current clinical guidelines (Nederlandse vereniging voor Neurologie 2008).
The Plaque At RISK (PARISK) study aims to evaluate plaques at risk with multiple non-invasive
imaging techniques to improve identification of patients at increased risk of stroke, even before a first stroke or TIA has occurred (Truijman et al. 2014). PARISK is an ongoing, multicenter
follow-up study. Patients who recently had an ischemic stroke or a TIA and had a mild-to-moderate stenosis (30-70%) in the ipsilateral internal carotid artery are included within three
months after the clinical event. Participants do receive medical treatment and are enrolled in
a 2-year follow-up study.
Ultrasound imaging is affordable and versatile, widely accessible and can be used readily after observation of complaints. Therefore, the present PhD thesis focuses on extraction of
morphological and mechanical properties by means of ultrasound recordings of carotid arteries and plaques, to improve non-invasive characterization of plaques at risk. For this purpose, we developed and validated image analysis programs to determine miscellaneous carotid
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artery properties, such as diameter, distension and intima-media thickness, with a novel edge
detection technique applied to standard ultrasound echo images as recorded in the clinic,
favoring widespread application.
To support thorough understanding of all chapters of this thesis, Chapter 2 provides a description of the underlying ultrasound principles.
Since the internal carotid artery (ICA) is located deeply and is usually curved and angulated
with respect to the line of sight, we have validated our edge tracking method for the relatively
straight common carotid artery (CCA). The local diameter change over the cardiac cycle
(distension) is commonly extracted with radiofrequency phase tracking applied to high frame
rate echo recordings (>300 fps) (Meinders et al. 2001). Because this technique requires an
expensive and dedicated ultrasound machine, its application is restricted to a limited number of specialized hospitals. We show in Chapter 3 that the local diameter and distension
can also be extracted with edge tracking applied to standard echo recordings acquired at a
video frame rate of approximately 40 fps. In a relevant patient population (N=30) the CCA
distension obtained with edge tracking is as precise and accurate as the CCA distension obtained with radiofrequency phase tracking. Since our proposed method based on standard
equipment functions properly in this technically most challenging patient group, it allows more
widespread use of distension recordings.
Mean or maximal intima-media thickness (IMT) are not suitable to predict the risk of cardiovascular events for an individual patient (Lorenz et al. 2010; den Ruijter et al. 2013; van den
Oord et al. 2013; Bots et al. 2014). However, the spatial inhomogeneity of the IMT, a measure
of the irregularity, could be a promising alternative. We showed in Chapter 4 that common
carotid arteries with a high relative IMT inhomogeneity are associated with a larger median
IMT, distension inhomogeneity and degree of ICA stenosis. Furthermore, after adjustment for
traditional risk factors, relative IMT inhomogeneity remains independently associated with the
degree of ICA stenosis.
Mean or maximal IMT is commonly used as surrogate endpoint in intervention studies. However, the effect of normalization to surrounding IMT, to median IMT, or to diameter is
unknown. In addition, it is unclear whether IMT inhomogeneity is a useful predictor beyond
common arterial wall parameters like maximal wall thickness, whether absolute or normalized
to IMT or to lumen size. Therefore, we compared multiple wall thickness parameters of the
CCA in relation to the degree of ipsilateral ICA stenosis in Chapter 5. Mainly CCA plaques
dominate the association with the degree of ipsilateral ICA stenosis. Henceforth, IMT inhomogeneity does not add extra information on top of maximal IMT. An important finding is that
risk classification for having a distal moderate stenosis (>50%) is affected, when wall thickness
relative to the actual CCA adventitia-adventitia diameter is considered rather than its absolute
value. It is more reasonable to normalize maximal wall thickness to end-diastolic adventitia-adventitia diameter rather than to surrounding IMT, affecting risk classification.
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CCA rise time characteristics of the distension waveform may be influenced by pressure wave
reflections from distal plaques. Therefore, we investigated the associations between CCA rise
time characteristics, degree of ICA stenosis and MRI plaque features in Chapter 6. CCA risetime inhomogeneity is significantly higher for stable plaques as compared to vulnerable ICA
plaques (lipid-rich necrotic core >10% and thin/ruptured fibrous cap). Surprisingly, for the
latter group the risetime inhomogeneity was close to baseline indicating a cushioning effect of
the lipid-rich necrotic core on wave reflection. This might offer a non-invasive and inexpensive
method to characterize the composition/stability of distal plaques.
For proper assessment of local morphological and dynamic parameters of the artery, distance
measurements should preferentially be considered along the artery radius. Therefore, we
introduced the concept of orthogonal distance measurements in Chapter 7. To make a step
towards wall tracking of a carotid bifurcation with plaques, we considered CCA plaques in a
relatively small cohort (N=23). Since automatic edge detection in the presence of plaques is
challenging, vessel wall and CCA plaques were manually segmented. We demonstrated the
feasibility to extract orthogonal dimensions of the CCA and plaques. At the site of the plaque
the orthogonal lumen diameter was significantly smaller than the vertical lumen diameter,
i.e., along the line of view. However, the proposed approach, because of its poor precision,
appears inadequate to establish plaque compression. Surprisingly, the CCA plaques in our
population did not show evidence of outward remodeling. In addition, orthogonal relative lumen distension was significantly lower for artery segments with echogenic plaques, indicating
a higher stiffness, than those with echolucent plaques.
In Chapter 8, an overall discussion of the major findings and final conclusion of the PhD thesis are presented. In addition, future perspectives for integrated morphological and dynamic
characterization of plaques are described.
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In Europa sterven per jaar ongeveer 1 miljoen mensen aan een beroerte (Nichols et al. 2012).
In Nederland overlijden er ongeveer 6.000 mensen per jaar ten gevolge van een ischemische
beroerte en ongeveer 33.000 mensen per jaar moeten meer dan één dag in het ziekenhuis
verblijven (Koopman et al. 2014), wat leidt tot hoge zorgkosten. Bij een beroerte wordt een
arterie afgesloten door een bloedstolsel waardoor een gedeelte van de hersenen niet meer
(voldoende) bloed, en dus zuurstof, krijgt (ischemische beroerte). Voor 15-20% van de ischemische beroertes zijn de bloedstolsels afkomstig van een opengescheurde atherosclerotische
plaque in de vertakking van de halsslagader of interne halsslagader (Chaturvedi et al. 2005).
Een plaque ontstaat geleidelijk na een ontsteking van de vaatwand en leidt tot versnelde opname van cholesterol, een lokaal stijvere vaatwand (atherosclerose) en afname van de doorstroomopening (stenose).
Om een beroerte of voorbijgaande ischemische aanval (E: transient ischemic attack ofwel TIA)
te voorkomen, worden patiënten ofwel alleen medisch behandeld, bijvoorbeeld met cholesterol synthese remmers (statines) en anti-stolling therapie, of wordt aanvullend de atherosclerotische plaque chirurgisch verwijderd: carotis endarteriëctomie (CEA). Op dit moment is
de selectie van CEA patiënten voor operatie slechts gebaseerd op de graad van de stenose.
Of een operatie gunstig is, is ook afhankelijk van leeftijd en de tijd tussen de ischemische
beroerte of TIA en de CEA (Rothwell et al. 2004a; Rothwell et al. 2004b). Eerdere klinische
studies hebben laten zien dat patiënten met meer dan 70% stenose vernauwing inderdaad
profijt hebben van een CEA. Daarbij moeten minstens 6 patiënten geopereerd worden om
één vervolgberoerte te vóórkomen (Rothwell et al. 2003). Alleen mannen met een 50-70%
vernauwing profiteren slechts matig van een CEA, vrouwen helemaal niet (Barnett et al. 1998;
Rothwell et al. 2003). 15% van de medisch behandelde vrouwen met een matige stenose
(50-69%) zou binnen 5 jaar na de eerste beroerte of TIA opnieuw een beroerte in dezelfde
hersenhelft krijgen (Barnett et al. 1998). Tegenwoordig is het risico op een vervolgberoerte lager vanwege betere medische behandeling (Park and Ovbiagele 2015), waardoor de relatieve
effectiviteit van een CEA mogelijk verslechterd is. Vanwege het operatierisico en de kans op
succes zou een betere selectie van patiënten voor een operatie moeten plaats vinden en niet
alleen afhankelijk moeten zijn van de mate van vernauwing.
Ischemische beroertes ontstaan voornamelijk door het scheuren van een plaque. De mogelijkheid om het risico op het scheuren van een plaque vast te stellen zou daarom een enorme
impact op de klinische besluitvorming hebben en de zorgkosten reduceren. Eerdere studies
hebben laten zien dat beeldvormende technieken de potentie hebben om de kwetsbaarheid
van een plaque vast te stellen, in overeenstemming met histologische en/of klinische karakteristieken. Echter, deze studies hadden betrekking op een of twee niet-invasieve beeldvormende technieken in relatief kleine patiëntengroepen en leverden niet het nodige bewijs om
de huidige klinische richtlijnen te veranderen (Nederlandse vereniging voor Neurologie 2008).
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De Plaque At RISK (PARISK) studie is bedoeld om plaques met meerdere niet-invasieve
beeldvormende technieken te evalueren zodat patiënten met een hoger risico op een beroerte geïdentificeerd kunnen worden, zelfs voordat de eerste beroerte of TIA heeft plaatsgevonden (Truijman et al. 2014). Patiënten met recentelijk een ischemische beroerte of TIA én een
milde tot matige stenose (30-70%) in de interne halsslagader aan dezelfde kant (d.w.z. links
of rechts) worden in de studie opgenomen, medisch behandeld en gedurende 2 jaar gevolgd.
De kans op een beroerte als gevolg van een instabiele plaque wordt vervolgens afgeleid uit de
waarnemingen aan het begin en het eind van de studie in combinatie met het optreden van
eventuele volgende beroertes.
Ultrageluid is een beeldvormende techniek die gebaseerd is op de weergave van de echo amplitude (E: brightness- ofwel B-mode) afkomstig van weefselovergangen. Vanwege het relatief
goedkope en breed toegankelijke karakter van deze techniek kan deze direct na observatie
van klachten worden ingezet. Daarom focust deze thesis op de analyse van echobeelden zoals
die met standaard apparatuur kunnen worden opgenomen. Dat laatste is van belang om snel
een brede toepassing mogelijk te maken. Om diagnostiek van risicovolle plaques te verbeteren ontwikkelen en valideren we analyseprogramma’s voor de bepaling van de morfologische
eigenschappen van de halsslagader, zoals wanddikte en diameter, maar ook dynamische/mechanische eigenschappen, zoals de diameterverandering over een hartcyclus (distensie).
Hoofdstuk 2 beschrijft de mogelijkheden (en beperkingen) om met ultrageluid op een
niet-invasieve manier informatie over afmetingen en beweging van structuren te verkrijgen.
Vanwege de oppervlakkige ligging en oriëntatie (voornamelijk parallel aan de huid) van de gemeenschappelijke halsslagader en zijn vertakking (bifurcatie) in interne en externe halsslagader
hebben we gekozen voor een ultrageluidssysteem dat zijn echobeelden opbouwt met parallelle echolijnen (lineair array van transducenten) en een doordringingsdiepte heeft van 3-5 cm.
Aangezien de interne halsslagader (E: internal carotid artery ofwel ICA) tamelijk diep ligt,
meestal gebogen is en niet parallel aan de huid ligt, hebben we onze vaatwand detectie methode in eerste instantie gevalideerd voor de relatief rechte gemeenschappelijke halsslagader
(E: common carotid artery ofwel CCA). De lokale diameterverandering (distensie) als gevolg
van de pulsatiele verandering van de bloeddruk is een belangrijke parameter om slagaderverkalking (atherosclerose) vast te stellen. De distensie wordt meestal bepaald door middel
van fase detectie toegepast op de radiofrequente echo signalen. Dit vereist echter een dure
en gespecialiseerde ultrageluidmachine die in staat is om meer dan 300 beelden per seconde
te genereren (Meinders et al. 2001). Daardoor is een dergelijke toepassing beperkt tot een
gelimiteerd aantal gespecialiseerde ziekenhuizen. We laten in Hoofdstuk 3 zien dat de lokale diameter en distensie ook kunnen worden bepaald uit echo beelden van een standaard
echoapparaat met een beeldfrequentie van ongeveer 40 beelden per seconde. Daarbij wordt
voor ieder echobeeld de positie van de voor- en achterwand van een bloedvat bepaald. Het
onderlinge verschil geeft dan de diameter terwijl uit de verandering daarvan over een reeks
van beelden de distensie kan worden afgeleid. In een kleine doch relevante patiënten populatie
(N=30) is de CCA distensie, op basis van vaatwand detectie, net zo precies (47 µm precisie)
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als de CCA distensie verkregen met radiofrequente fase detectie (44 µm precisie). Omdat
in deze technisch moeilijke patiëntengroep onze methode goed functioneert met standaard
apparatuur staat niets een brede toepassing van distensie analyse met eenvoudige apparatuur
in de weg.
De vaatwand van een halsslagader is grofweg opgebouwd uit een zeer dunne binnenlaag (±
0.02 mm, intima met endotheel laag aan de binnenzijde in contact met het bloed), een elastische middenlaag (media; 0.3-1 mm dik afhankelijk van leeftijd) en een buitenlaag (adventitia)
die voornamelijk bindweefsel bevat. De dikte van de intima en media samen neemt geleidelijk met de leeftijd toe (Engelen et al. 2013) en zou indicatief zijn voor het optreden van
atherosclerose (Persson et al. 1994; Bonithon-Kopp et al. 1996; Rundek et al. 2015). Op
een echobeeld met een goede diepteresolutie zijn, met name van de achterwand, zowel de
overgang van de vaatholte (lumen) naar de intima als die van de media naar de adventitia
duidelijk te zien als echopieken (Pignoli et al. 1986). De overeenkomstige afstand daartussen
is de intima-media dikte (E: intima Media Thickness ofwel IMT). De gemiddelde of maximale
IMT zijn ongeschikt gebleken om het risico van toekomstige cardiovasculaire events voor een
individuele patiënt te voorspellen (Lorenz et al. 2010; den Ruijter et al. 2013; van den Oord
et al. 2013; Bots et al. 2014). Echter, de ontwikkeling van een plaque gaat gepaard met lokale
veranderingen van de wanddikte. De spatiele inhomogeniteit van de IMT (een maatstaaf voor
een onregelmatige vaatwanddikte; bepaald met de standaard afwijking van de IMT) zou daarom indicatief kunnen zijn voor het risico op cardiovasculaire events. We laten in Hoofstuk
4 zien dat de gemeenschappelijke halsslagaders met een hoge relatieve IMT inhomogeniteit
(>2%) geassocieerd zijn met een hogere graad van ICA stenose (5% groter). Bovendien is,
ook na correctie voor traditionele risicofactoren (zoals leeftijd, hoge BMI, roken, diabetes en
hoge bloeddruk), de relatieve IMT inhomogeniteit onafhankelijk geassocieerd met de graad
van ICA stenose.
De gemiddelde of maximale IMT wordt vaak gebruikt als surrogaat eindpunt in interventie
studies. Daarvoor moet men wel een referentie hebben die geldig is voor een brede populatie
(mannen/vrouwen, jong/oud) met grote onderlinge verschillen in de afmetingen van de CCA
(6-9 mm). Echter, het effect van het normaliseren van de vaatwanddikte op de IMT van een
nabijgelegen vaatwand, op de mediaan IMT, of op de diameter is onbekend. Daarnaast is het
onduidelijk of IMT inhomogeniteit (Hoofdstuk 4) een nuttige voorspeller is naast de vaatwand parameters zoals de maximale IMT, hetzij de absolute waarde daarvan hetzij genormaliseerd op de mediaan IMT of op de (lumen) diameter. In Hoofdstuk 5 vergelijken we daarom
meerdere wanddikte parameters van de CCA in relatie tot de graad van ICA stenose. De aanwezigheid van CCA plaques domineren de associatie met de graad van ICA stenose. Absolute
of relatieve IMT inhomogeniteit geeft geen extra informatie bovenop de absolute of relatieve
maximale IMT. Een belangrijke bevinding is dat de risicoclassificatie voor het hebben van een
matige ICA stenose (>50%) wordt beïnvloed (55 CCAs (15%) worden gereclassificeerd naar
een andere risico classificatie waarvan 20 CCAs naar een hoger risico) wanneer de wanddikte
relatief t.o.v. de adventitia-adventitia diameter wordt beschouwd in plaats van zijn absolute
waarde. Het is derhalve vor de patient relevanter om de maximale IMT te normaliseren op de
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eind-diastolische adventitia-adventitia diameter in plaats van op de nabijgelegen IMT omdat de
laatste aanzienlijk meer ruis veroorzaakt.
De distensiegolfvorm (distensie als functie van de hartcyclus) heeft grofweg dezelfde vorm als
die van de lokale bloeddruk, een snelle stijging van de minimale, diastole, naar de maximale,
systole, diameter gevolgd door een geleidelijker afname. Onze echo analyse-techniek geeft
voor iedere positie van een arterie segment de distensiegolfvorm en de bijbehorende stijgtijd.
De CCA stijgtijd karakteristieken van de distensiegolfvorm worden mogelijk beïnvloed door
drukgolfreflecties van ICA plaques. Daarom onderzochten we in Hoofdstuk 6 de associaties
tussen CCA stijgtijd karakteristieken, de graad van ICA stenose en MRI plaque karakteristieken. Met name de CCA stijgtijd-inhomogeniteit (langs het arteriesegment) is significant hoger
(verschil 4.4 ms, p=0.001) bij stabiele ICA plaques vergeleken met kwetsbare plaques (vetrijke
necrotische kern >10% en dunne/gebroken fibreuze kap). Verassend genoeg was de stijgtijd-inhomogeniteit voor kwetsbare ICA plaques vergelijkbaar met de baseline waarde (beide
14-15 ms) in gevallen waarbij er geen distale plaque was, hetgeen wijst op een dempend effect
van de vetrijke necrotische kern op de mate van golfreflectie. Dit biedt mogelijk een niet-invasieve en relatief goedkope methode om de compositie cq de stabiliteit van distale plaques
te karakteriseren.
Voor een adequate beoordeling van lokale morfologische en dynamische parameters van
een arterie zouden dimensies (en afgeleiden) bepaald moeten worden loodrecht op de as
van de arterieholte. Daarom introduceren we in Hoofdstuk 7 het concept van orthogonale
(loodrecht op de as) afstandsmetingen. Voordat we de stap kunnen maken naar orthogonale afstandsmetingen in een gekromde carotis bifurcatie met plaques, hebben we eerst de
techniek ontwikkeld voor plaques in de CCA van een relatief klein cohort (N=23). Omdat
automatische vaatwand detectie in de aanwezigheid van plaques moeilijk is, worden de vaatwand en CCA plaques handmatig gesegmenteerd. We demonstreerden de haalbaarheid van
het bepalen van orthogonale dimensies van de CCA en plaques. Op de plaats van de plaque
is de orthogonale lumen diameter significant kleiner dan de lumen diameter langs de echolijnen. Daarentegen blijkt de voorgestelde aanpak, vanwege een te slechte precisie, inadequaat
voor de bepaling van diastole-systole plaque compressie. Verassend genoeg vertonen de CCA
plaques in onze populatie geen buitenwaartse remodellering, d.w.z. de vaten vertonen geen
verwijding van de buitenwand. Daarnaast is de orthogonale relatieve lumen distensie significant lager voor arteriesegmenten met echorijke plaques, wat een indicatie is van een hogere
stijfheid, dan voor segmenten met echoarme plaques.
Hoofstuk 8 bevat een discussie van de belangrijkste bevindingen en eindconclusies van de
PhD thesis. Daarnaast zijn de mogelijkheden voor een geïntegreerde morfologische en dynamische karakterisatie van plaques beschreven hetgeen mogelijke voorspellers voor het
scheuren van een plaque kan opleveren. De voorspellende waarde van vaatwand en plaque
eigenschappen voor plaque ontwikkeling en nieuwe beroertes zal worden geëvalueerd in de
follow-up fase van de PARISK studie.
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Relevance
In Europe, around 1.1 million people die annually of stroke, which is the second most common cause of death (Nichols 2012) The estimated total cost for the EU economy due to
stroke is over 38 billion Euros a year (Nichols 2012). In the Netherlands, around 6,000 people
die annually of ischemic stroke and around 33,000 people are hospitalized annually, excluding
day care (Koopman et al. 2014). The high costs of stroke are not only due to healthcare costs
but also include substantial productivity losses and informal care of stroke patients.
The most common type of stroke is ischemic stroke, caused by an occluded artery due to
thrombosis or embolism. Ischemic strokes (15-20%) predominantly originate from rupture of
a vulnerable atherosclerotic plaque in the carotid bifurcation or internal carotid artery (ICA)
(Chaturvedi et al. 2005), resulting in the release of thrombogenic material and subsequent
thrombus formation. The possibility to assess the risk of rupture of a plaque will have tremendous impact in clinical decision making. Although many studies focus on the assessment of
plaques at risk, diagnosing impending plaque rupture is still a problem today.
To prevent the patient from suffering symptoms caused by a vulnerable plaque, the plaque can
be removed by a surgeon during carotid endarterectomy (CEA). Despite the overt role of
plaque morphology nowadays, clinical guidelines only take the luminal narrowing by a plaque
into account to select patients eligible for surgery. Previous studies concluded that it is beneficial to operate patients who (1) have experienced a stroke or transient ischemic attack (TIA),
(2) have plaques in the carotid bifurcation, and (3) have a severe stenosis (luminal narrowing
>70%). Patients with a mild-to-moderate plaque (30-70%) only have a marginal to moderate
benefit from CEA. Therefore, these patients usually are medically treated. Nowadays, the
risk of recurrent stroke is lower due to better medical treatment (Park and Ovbiagele 2015),
which challenges the effectiveness of CEA demanding the best possible selection of patients
for surgery. To reduce health costs and provide a better health care (Buisman et al. 2015),
indicators to predict individually the risk of plaque rupture are necessary.
Previous studies have shown a good correlation between non-invasive imaging and histology
and/or clinical characteristics. However, these studies employed only one or two imaging
techniques in relatively small cohorts and did not deliver the necessary evidence to change
the current clinical guidelines (Nederlandse Vereniging voor Neurologie 2008). The PARISK
(Plaque At RISK) research program is a longitudinal study (baseline and follow-up after 2
years) aimed to evaluate plaques at risk with multiple non-invasive imaging techniques such
as ultrasound, MRI, CT and PET. The main advantage of the PARISK study is the use of
multiple non-invasive imaging techniques, thereby enabling comparison. Since patients with
mild-to-moderate stenosis only marginally or moderately benefit from CEA, PARISK concentrates on this patient group. The present thesis primarily focuses on ultrasound imaging to
detect a vulnerable plaque. The main advantage of ultrasound is that it is affordable and can
be used readily after anamnestic assessment of symptoms. Ultrasound provides information
about the mechanical and morphological characteristics of a blood vessel or plaque. Furthermore, ultrasound can also provide information about plaque composition due to the grey
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values of the plaque. Therefore, it would be beneficial for healthcare and healthcare costs to
predict the risk of plaque rupture with ultrasound.
The results of this thesis are of interest for many professionals. The mechanism of plaque development is still unclear, especially shortly after stroke. Ultrasound provides a good platform
for repeated examinations within a short time window to observe changes in morphological
and functional characteristics of plaques immediately after stroke. Thereby, repeated ultrasound measurements may enhance the understanding of the mechanisms leading to plaque
progression and regression. Since this thesis only pertains to the baseline results of the PARISK study, other scientists will have to complete the follow-up study to firmly establish the
relationship between plaque progression and clinical endpoints.

Important outcomes
Currently, local distension, i.e., the diameter change over the cycle, is determined with radiofrequency phase tracking applied to recordings obtained at a high frame rate (>300 fps)
(Meinders et al. 2001). Because an expensive and dedicate ultrasound machine is necessary
for high frame rate recordings, its application is restricted to a limited number of specialized
hospitals. We have shown in Chapter 3 that the local artery distension can be extracted with
semi-automatic edge tracking techniques applied to standard B-mode echo recordings (40 fps)
as precise and accurate as with radiofrequency phase tracking. We validated our method in an
older patient population. Despite curved arteries and motion artifacts, which are common for
this population, validation was successful, corroborating that our edge tracking technique will
also work adequately in younger patients or those without atherosclerotic disease. Therefore, the edge tracking technique enables the wider use of local distension technique with the
standard ultrasound systems available in any hospital.
Commonly, distance and distension measurements are performed along the ultrasound beam.
However, in case of plaques or curved vessels, measurements along the ultrasound beam
lose their relevance, because of the discrepancy between the light of sight and the true artery
orientation. Therefore, in Chapter 7 we introduced orthogonal distance measurements,
i.e., along the radius of the artery. It was shown that orthogonal distance measurements have
a direct impact on the morphological evaluation of an artery segment, specifically the lumen
and adventitia-adventitia diameter distribution across a stenosis, providing, e.g., the degree of
a stenosis.
Previous studies often focused on either mechanical or morphological characteristics of a
plaque. An innovative development in this thesis is the integrated assessment of both characteristics to reveal their associations (Chapter 6 and 7). For example, in Chapter 7 we
showed associations between the risetime inhomogeneity of distension distribution obtained
for the common carotid artery, and the composition of a distal plaque as determined by
magnetic resonance imaging. Therefore, the suggested ultrasound technique might simplify
assessment of plaque vulnerability.
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Future perspectives towards clinical implementation
This thesis focuses on the baseline results of the PARISK study, because the 2-year follow-up
study could not be completed within the available time frame. All non-invasive imaging techniques are reapplied in 150 patients 2 years after inclusion. From these follow-up data plaque
progression, i.e. change in plaque size, can be extracted and related to the risk factors obtained with the non-invasive imaging techniques (US, MRI and CT). The main endpoint, i.e. which
patients endured a recurrent TIA or stroke, will be available at the end of 2016. Since only a
few patients will suffer from a recurrent TIA or stroke, the follow-up is extended for another
three years.
It would be very interesting to determine the factors, present at baseline, that predict a TIA or
stroke. Moreover, the results might establish the relative relevance of the respective imaging
techniques including the sequence of application. Preference should be given to techniques
that are widely available and can be imminently applied to act as a first screening tool for
patient selection. A large randomized trial will be necessary to prove the prediction value of
the determined risk factors and to eventually incorporate the new findings in clinical practice.
Already, a large longitudinal study (European Carotid Surgery Trial-2) has started which also
includes MR and ultrasound plaque imaging.
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Na een tijd hard werken is mijn proefschrift afgerond. Dit had ik natuurlijk niet kunnen bereiken zonder de hulp van een groot aantal personen: van begeleiders tot vrienden en van
collegae tot familie. Mijn relaties met deze mensen is heel divers. Het figuur op de pagina
hiernaast illustreert (een deel van) mijn persoonlijke en zakelijke netwerk dat ik de afgelopen
jaren heb opgebouwd. Dit overzicht laat goed zien welke dwarsverbanden er in dit netwerk
aanwezig zijn. Tijdens mijn promotie heb ik me gerealiseerd dat het opbouwen, inzetten en
onderhouden van een netwerk erg belangrijk is. Niet alleen voor het werk zelf, maar ook voor
de broodnodige ontspanning. Graag wil ik alle mensen in mijn netwerk bedanken voor hun
bijdrage of steun, direct of indirect, tijdens mijn promotiewerk.
Het eerste onderdeel van het netwerk rondom mijn promotie is mijn promotieteam. Graag
wil ik hen bedanken voor hun steun, vertrouwen en hun geduld tijdens de afgelopen jaren.
Geachte prof. W.H. Mess, beste Werner, bedankt voor al je input. In het bijzonder jouw klinische invalshoek was erg waardevol. Onze vergaderingen waren inspirerend en leidde vaak tot
nieuwe ideeën. Geachte prof. A.P.G. Hoeks, beste Arnold, ook al ben je wellicht niet officieel
onderdeel van mijn promotieteam; zonder jouw begeleiding was dit proefschrift er nooit in
deze vorm gekomen. Jouw kennis van ultrageluid evenals de door jouw ontwikkelde analyse
methoden maakten mijn promotie een mooie, leerzame tijd. Het omdraaien van redeneringen leidde soms tot verwarring, maar gaf uiteindelijk een dieper inzicht. Koen, je bent pas in
een later stadium betrokken geraakt bij mijn promotie. Bedankt voor je ondersteuning tijdens
deze laatste loodjes. Evelien, ook jij maakt geen deel uit van mijn officiele promotieteam, maar
hoort niet minder in dit rijtje thuis. Ik heb onze discussies altijd erg nuttig en leerzaam gevonden. Bedankt dat je mijn paranimf wilt zijn!
Naast het promotieteam is een belangrijk onderdeel in mijn netwerk de leescommissie. Graag
wil ik prof. dr. A.A. Kroon, prof. dr. P. Boutouyrie, prof. dr. C.L. De Korte, prof. dr. G.W.H.
Schurink en dr. J. Staals bedanken voor de beoordeling van mijn proefschrift.
Naast het promotieteam hebben mijn collega’s van de PARISK studie een belangrijke bijdrage
geleverd aan het onderzoek beschreven in mijn proefschrift. Door deze samenwerking zijn er
meerdere (toekomstige) proefschriften tot stand gekomen. Martine, Floris, Stefan, en Geneviève bedankt voor jullie inzet en medisch inzicht! Ik heb het erg prettig gevonden om samen
een team te vormen en zo elkaar op medisch en technisch gebied verder te helpen. Ook alle
activiteiten buiten het werk waren altijd erg gezellig!
Ik heb met veel plezier gewerkt op de afdeling Biomedische Technologie. Op ons “lab” heerste een serieuze, maar gezellige werksfeer. Naast dat iedereen hard werkte aan zijn onderzoek,
was er ook meer dan genoeg ruimte voor minder serieuze dingen. Van tafeltennis in de pauzes
tot kriek op vrijdagmiddag (bedankt Peter en Lauren!). Tegelijkertijd was er ook altijd iemand
bereid om mee te denken over onderzoek of te helpen met software vragen (Bart, Wouter,
Sjeng bedankt daarvoor!).
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Vrijwel al mijn metingen heb ik uitgevoerd op de afdeling Klinische Neurofysiologie van het
MUMC+. Vanaf het begin heb ik me thuis gevoeld op deze afdeling. Ik heb leuke herinneringen
aan de Sinterklaasavonden en KNF uitjes. Graag wil ik alle laboranten, in het bijzonder Nathal,
Chantal, Odette, en Jos, bedanken voor hun flexibiliteit en inzet bij het uitvoeren van de vele
metingen voor mijn proefschrift.
Met behulp van mijn netwerk ben ik inmiddels toegetreden tot het netwerk van Yacht. Mireille
en Bram, bedankt voor jullie vertrouwen! Al snel heb ik kunnen beginnen aan een uitdagend
project bij Philips Personal Health Solutions. Mieke, Elke, Annelies en Jos, ik werk met veel
plezier met jullie samen.
Naast het zakelijke netwerk heeft iedereen natuurlijk ook een privé netwerk. Tijdens mijn
studie Biomedische Technologie aan de TU in Eindhoven is er een hechte vriendengroep ontstaan, waarvan het merendeel ook is gaan promoveren. Bedankt voor alle leuke etentjes en
uitjes! Het is enerverend om de verschillen, maar zeker ook de overeenkomsten tussen onze
promoties te zien. Het is bijzonder dat we nu de verdediging van elkaars proefschriften kunnen
meemaken.
Mijn netwerk kan natuurlijk niet zonder mijn familie. Gaia en Yuri, bedankt voor jullie steun en
gezellige momenten. Het is interessant om te zien dat wij, als broer en zussen, zulke verschillende persoonlijkheden hebben. Beide opa’s en oma’s, het is bijzonder en leuk dat jullie mijn
promotie kunnen meemaken. Karin, Toine en Krista, bedankt voor jullie steun; we genieten
van jullie heerlijke kookkunsten en gezellige bezoekjes!
Netwerken heb ik niet van een vreemde. Mijn beide ouders hebben ook een groot netwerk.
Van nature ben ik ook altijd leergierig geweest, iets wat thuis altijd gestimuleerd werd. Graag
wil ik mijn ouders, Inge en Maarten, bedanken voor hun steun en adviezen. Maarten, het was
erg boeiend (en relativerend) om te horen hoe jij, als ervaren promotor, een promotietraject
beleeft. Dit is de eerste promotie waarbij je wel betrokken bent maar toch ‘slechts’ in de zaal
mag plaats nemen tijdens de verdediging.
Raf, zonder jouw hulp en steun was ik nooit zover gekomen. Je bent het zwaartepunt binnen
mijn netwerk. Je hebt altijd een luisterend oor en we kunnen goed discussiëren over allerlei
onderwerpen, van privé tot werk. We hebben elkaar altijd kunnen helpen als het bij de ander
even niet goed lukte. Een promotie schijnt een goede relatie test te zijn en wij hebben allebei
onze promoties binnen hetzelfde project van begin tot einde samen gedaan! Werk en privé
gaan dus prima samen; ze hoeven niet (strikt) gescheiden te worden. Een bijzonder feit daarbij
is dat we, vanaf ons eerste jaar op de TU in Eindhoven, op exact dezelfde dagen onze diploma’s hebben gehaald; van onze propedeuse tot onze promoties! Erg bedankt voor je steun en
ik verheug me op onze toekomst samen!
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